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Background: Despite recent trends in declining smoking rates, tobacco smoking remains the most prevent-
able cause of cancer in Europe. We aimed to estimate numbers and proportions of future lung cancer cases
that could be potentially prevented over a 20-year period if countries in Europe were to achieve a compre-
hensive implementation of tobacco control policies.

Methods: Historical data from population-based cancer incidence (or mortality) was used to predict sex-spe-
cific lung cancer incidence for 30 European countries up to 2037. Hypothetical country-specific smoking
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Y prevalence that would be expected if countries would have achieved the highest-level implementation of
Lung cancer .. . .
Prevention tobacco control policies (defined by the maximum total score of the Tobacco Control Scale, TCS) was esti-

mated by combining national prevalence data on current smoking and data on the status of implementation
of key tobacco control policies. Resulting numbers and proportions of potentially preventable lung cancer
cases were estimated taking into account latency periods between changes in smoking prevalence and excess
cancer risks.
Findings: In Europe, an estimated 1-65 million lung cancer cases (21-2%, 19-8% in men and 23-2% in women)
could be prevented over a 20-year period with the highest-level implementation of tobacco control policies.
Large variation was seen in European regions and countries reflecting the current level of tobacco control,
with the largest potential for prevention in Western Europe (24-5%), Southern Europe (23-1%) and Eastern
Europe (22-5%), and the lowest but still substantial potential for further prevention in Northern Europe
(12-5%). In women, among whom lung cancer incidence is expected to increase, we estimated somewhat
larger proportions of preventable lung cancer cases ranging from 9.9 to 33.9% as compared to men
(8-6—28-5%). In the final year of study period (2037), these proportions even exceed 50% in women for some
countries.
Interpretation: Improved and expanded implementation of evidence-based tobacco control policies at the
most comprehensive level could reduce future lung cancer incidence considerably across Europe.
Funding: The study was funded by the German Cancer Aid (“Deutsche Krebshilfe”), grant number 70112097.
© 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND IGO license
(http://creativecommons.org/licenses/by-nc-nd/3.0/igo/)
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Lung cancer is still the most frequently diagnosed cancer and the
leading cause of cancer death worldwide [1]. Tobacco smoking is the
largest preventable cause of lung cancer and contributes to greater
than 80% to the occurrence of this disease [2]. Given the impact of
population aging, the burden of lung cancer related to tobacco smok-
ing is likely to increase in the coming decades [3,4]. Despite recent
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Research in context

Evidence before this study

Tobacco smoking is a major preventable contributor to cancer
morbidity and premature mortality. Tobacco control policies
have shown significant impact to reducing the prevalence of
smoking, in particular those embedded in the World Health
Organization Framework Convention on Tobacco Control. Given
the extended latency time to cancer occurrence, reductions in
the number of cases are difficult to assign to specific prevention
measures and tobacco control achievements therefore often
remain unrecognized. To identify studies on predicted impact
of uptake of comprehensive tobacco control policies on lung
cancer in Europe, we searched PubMed for English articles
between Jan 1 2010 and September 30, 2020 using the search
terms (“Tobacco smoking policy” OR “Tobacco smoking control”
OR “Tobacco control policy”) AND “Cancer”. Previous studies
from different countries have modelled the benefits of imple-
menting specific tobacco control policies on the national future
cancer burden and suggest that up to 25% of future lung cancer
cases could be avoided with a set of country-specific tobacco
control policies. However, to our knowledge, no study has
assessed the impact of a comprehensive tobacco control poli-
cies implementation on future lung cancer incidence across
nations and regions in Europe.

Added value of this study

In this study, we estimated the impact of broadening the imple-
mentation of tobacco control polices on the future burden of
lung cancer in Europe. We used long-term historical data from
countries in Europe to provide a robust estimate of future can-
cer incidence if the current tobacco control practice and trends
were to continue and compared this to a scenario where coun-
tries were to achieve the highest score of tobacco implementa-
tion. Our modeling study provides an assessment of tobacco
control on the burden of lung cancer in Europe taking into
account the time needed for cancer risk to decline after stop-
ping smoking. Our findings provide a long-term view of the
benefit of comprehensive implementation of tobacco control
polices in Europe that could potentially prevent an estimated
165 million lung cancer cases over a 20-year period. Despite
recent declines in smoking prevalence and expected future
declines in lung cancer rates, our findings suggest that
strengthening tobacco control could reduce 9¢9 to 33e9% of
lung cancer cases in women and 86 to 28e5% in men across
European countries.

Implications of all the available evidence

Our estimates provide an assessment of future tobacco policy
impact based on the relation of current implementation and
tobacco smoking prevalence in countries and illustrate the
great potential of comprehensive implementation of tobacco
control policies for 30 European countries separately and com-
bined. This information should be motivation for national and
European-level policy makers to implement comprehensive
tobacco control interventions including taxes, smoke-free legis-
lation, public information campaigns, advertising bans, health
warnings/standardised packaging and access to treatment. Our
model could be extended to other cancer types and regions to
highlight the wide-ranging benefits of tobacco control policies
implementation.

With none of the European countries currently being cov-
ered by a comprehensive tobacco control, more rigorous efforts

in increasing the uptake of tobacco control policies are needed
in the face of substantial challenges that can be expected given
the still high prevalence of smoking and the effects of popula-
tion aging.

declines in smoking prevalence, Europe as a region remains to have
the highest prevalence of tobacco smoking among adults (> 15 years)
in the world with an estimated 36% of men and 20% of women smok-
ing tobacco in 2020 [5,6].

As a global strategy to curb the global tobacco epidemic and to
translate current knowledge of effective prevention strategies into
practice, the WHO Framework Convention on Tobacco Control (WHO
FCTC) was adopted in 2003. The WHO FCTC entered into force in
2005 and comprises evidence-based tobacco control policies to
reduce the demand for and supply of tobacco [7]. To facilitate the
implementation of these policies at country-level, the WHO intro-
duced six cost-effective measures, the so-called MPOWER policy
package, which correspond to one or more articles of the WHO FCTC:
Monitoring tobacco use (article 20); Protect people from tobacco
smoke (article 8); Offer help to quit tobacco use (article 14); Warn
about the dangers of tobacco (articles 11 and 12); Enforce bans on
tobacco advertising, promotion and sponsorship (article 13) and
Raise taxes on tobacco (article 6).

Although there is promising evidence that the WHO FCTC has
accelerated the implementation of tobacco control policies in differ-
ent policy domains, considerable variation remains between coun-
tries in Europe [8,9]. This variation is also demonstrated by the
Tobacco Control Scale (TCS), which was developed by Joossens and
Raw [10] to systematically quantify the implementation of tobacco
control policies at country-level across Europe. This scale is used to
regularly assess the status of implementation of tobacco control poli-
cies and enables a comparison between countries. The TCS allocates
points to six policy domains (price of cigarettes, smoke free public
and workplaces, spending on public information campaigns, bans on
advertising and promotion, health warning labels and standardised
packaging, treatment to help smokers quit) which should be priori-
tised in a comprehensive tobacco control program with a maximum
potential score of 100.

In order to quantify the potential of comprehensive tobacco control
implementation, we estimated the numbers and proportions of future
lung cancer cases that could have been prevented over a 20-year
period. We modelled scenarios assuming that countries in Europe had
smoking prevalences in 2018 that could be achieved through imple-
mentation of comprehensive tobacco control policies in line with the
maximum achievable score of the Tobacco Control Scale. We com-
pared these scenarios to a reference scenario in which we projected
the current level of tobacco smoking and policy into the future.

2. Methods

To quantify the potential impact of tobacco control policies on
future lung cancer incidence in 30 European countries, we used
macro-simulation modeling estimating the potential impact fraction
(PIF) [11]. This approach requires the following population-level
information: 1) lung cancer incidence by age, sex, country and year;
2) country-specific implementation level of tobacco control policies;
3) estimates of the effect of tobacco control policies on smoking prev-
alence; 4) the prevalence of tobacco smoking by country, age and
sex; and 5) risk estimates for the association between smoking and
lung cancer.

2.1. Historical and future lung cancer incidence

For the prediction of country-specific numbers and rates of inci-
dent lung cancer cases up to 2037 by sex and age, numbers of past
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lung cancer cases (International Classification of Diseases (ICD-10:
(C33-C34) were obtained from Cancer Incidence in Five Continents
(CI5plus), national cancer registries, and the World Health Organiza-
tion (WHO) mortality database (if no incidence data were available).
Observed and predicted (based on the UN medium-fertility variant)
population sizes by country, year, sex and age were derived from
the United Nation's World Population Prospects 2017 [12]. The
different data sources and methods of incidence estimation are
described in the supplementary material (Appendix A, Supplemen-
tary Table 1).

The prediction of country-specific lung cancer incidence in 5-year
interval periods was conducted using the NORDPRED software pack-
age, developed by the cancer registry of Norway [13]. Data on
observed cases were aggregated into the three or four most recent 5-
year periods and were extrapolated using an age-period-cohort
model. As it is assumed that current trends do not last forever, an
attenuation effect was included using drift parameters of 25%, and
50% in the second and third prediction period, respectively, and 75%
for the fourth and fifth prediction period.

Both the number of lung cancer cases and rates were interpolated,
using the median year of each 5-year interval period as basis, in order
to obtain number and rates by year of study period. We calculated
age-standardised incidence rates (ASR) per 100,000 person-years for
the population aged 35+ using the European population of 2013 as
standard [14].

2.2. Implementation of tobacco control policy by country and effect of
tobacco control policies on smoking prevalence

The Tobacco Control Scale (TCS) scores in 2010 and 2016 were
used to assess the country-specific implementation level of tobacco
control policies [15,16] (Supplementary Table 2). The TCS, introduced
by Joossens and Raw, systematically quantifies the implementation
of tobacco control policies at country level for different European
countries using a scoring system comprising six evidence-based and
cost-effective tobacco control interventions: tobacco taxes, public
places smoking bans, public information campaigns, advertising
bans, health warnings (including standardised packaging) and access
to treatment [10].

To examine the potential impact of implementing tobacco control
policies on smoking prevalence, we crossed the Tobacco Control Scale
(TCS) score in 2010 with the relative change in tobacco smoking
prevalence between 2009 and 2017. For both years, sex-specific and
age-standardised smoking prevalence at country-level for the popu-
lation aged 35 years and above were calculated using prevalence
data on current tobacco smoking (including cigarettes, cigars, cigaril-
los, and pipe) from the Eurobarometer [17,18] (including 26 Euro-
pean countries). Prevalence for further four countries (France,
Iceland, Norway, Switzerland) was extracted from national statistical
institutes [19-22].

We performed linear mixed effect models to examine the
effect of total country-specific TCS score (independent variable)
on the relative change in smoking prevalence (dependent vari-
able). We included country as random effects in order to take
into account the between-country variability and performed the
regression models for men and women separately and for both
sexes combined.

The TCS score regression coefficients of the sex-specific models
were then utilised to calculate the expected relative change in
tobacco smoking prevalence by country and specifically, if countries
had implemented tobacco control policies at the highest level. For
this purpose, the estimated relation between TCS score on sex-spe-
cific prevalence was multiplied by the difference between the TCS
score for each country in 2016 and the maximum achievable score of
100 points.

2.3. Impact of tobacco control policies on future lung cancer incidence

To assess the number and the proportion of lung cancer incidence
by country that could be reduced if the highest level of tobacco con-
trol policies were implemented, we estimated the population impact
fraction (PIF) [23]. This was performed using data on the prevalence
of current tobacco smoking and relative risk of lung cancer related to
smoking which was superimposed with the effect estimate derived
from the previous step.

2.3.1. Prevalence of tobacco smoking

For our simulation, we used most recent data on prevalence of
current tobacco smoking (including cigarettes, cigars, cigarillos, and
pipe) by sex and age group (35-44, 45-54, 55—-64, 65+) in 2017
(Supplementary Table 3). By multiplying the age- and sex-specific
prevalence with the sex-specific effect estimates, we derived a theo-
retical prevalence under a scenario of highest-level implementation
of tobacco control policies in each country. The change in tobacco
prevalence was assumed to occur in 2018, by applying the effect esti-
mates derived from the regression coefficients calculated at step 2.2
(above).

2.3.2. Risk estimates for tobacco smoking and lung cancer

Sex- and age-specific relative risk (RR) estimates for the associa-
tion between smoking and lung cancer describing the increased risk
of dying from lung cancer among smokers as compared to never
smokers were obtained from a published report of the US health
authorities (Supplementary Table 4) [24].

To account for the time gap between the reduction of tobacco
smoking and reduced risk of lung cancer, the decline in cancer risk
was modelled using the concept of LAT and LAG times [25]. LAT is the
time during which the cancer risk remains constant after changes in
exposure to a cancer risk factor. LAG is the time during which the risk
among previously exposed persons declines to the level of unexposed
persons. For our simulation model, we defined the LAT time to be
5 years and the LAG time to be 15 years assuming an exponential
decline in cancer risk. In our study we assumed that the risk for
developing cancer among people who quit smoking will accordingly
remain unchanged for the subsequent 5 years after smoking cessa-
tion, followed by a gradually 15 years decline in cancer risk until the
level of never smokers (RR=1) is reached.

2.3.3. Statistical analysis

The PIF derives a proportional change in cancer risk from a change
in risk factor exposure due to an intervention. In order to estimate
the PIF we used the prevalence of tobacco smoking in combination
with the relative risk of that risk factor related to cancer, using the
following formula:

_ 2.PRR— Y p'RR
PIF = SRR

where p is the age- and sex-specific prevalence of tobacco smoking;
RR is the corresponding time dependent relative risk of tobacco
smoking and lung cancer, and p* is the prevalence of tobacco smoking
in the counterfactual scenario [23].

Using the predicted lung cancer incidence as reference, we
estimated for each country and year of study period the number
of cancer cases that could be expected if tobacco control policies
were to be implemented at the highest level in 2018 by multiply-
ing the age- and sex-specific PIFs with the predicted number of
lung cancers.

All analyses were performed using R 3.5.3 [26], including
NORDPRED.
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2.4. Sensitivity analyses and secondary results

To deal with uncertainty in the modeling assumptions, sensitivity
analyses were conducted using different periods of latency time
(LAT: 5 years and LAG: 10, 20, and 30 years) and modeling a linear
decrease in lung cancer excess risk. Finally, to show-case impact of
a medium-implementation scenario, we performed the analyses
assuming tobacco smoking prevalence reduction by 30% (see Appen-
dix E for more details).

2.5. Role of the funding source

The funder of the study had no role in study design, data collec-
tion, data analysis, data interpretation, or writing of the report. TG
and IS had full access to all the data in the study and had final respon-
sibility for the decision to submit to publication.

3. Results

In 2017, overall age-standardised prevalence of current tobacco
smoking in the European population aged 35 year and older was
27-4% and 20-2% in men and women, respectively (Table 1). Looking
at the different European regions, the proportion of current smokers
varied considerably with the lowest proportion of smokers for both
sexes found in Northern Europe (men: 16-3%, women: 15-6%) and
highest in Eastern Europe (men: 34-4%, women: 22.3%). Large
between-country and sex-specific variations can be observed with

Table 1

respect to lung cancer burden in 2017. While age-standardised lung
cancer incidence rates ranged from 55-9 to 185-1 per 100,000 in Swe-
den and Hungary, among men, the range among women was
between 24.2 and 136-5 per 100,000 in Portugal and Denmark,
respectively. As for the implementation of tobacco control policies,
the United Kingdom was leading with a TCS score of 81 (out of 100)
in 2016, followed by Ireland (70), while Austria (36) and Germany
(37) ranked bottom among the 30 European countries included in
this study.

The association between the country-specific TCS total score in
2010 and the relative change in smoking prevalence between 2009
and 2017 showed that the level of policy implementation was signifi-
cantly associated with a decline in smoking prevalence in both sexes.
A 10-unit increase in the TCS was associated with an average relative
change in smoking prevalence by-7-9% (95%Cl: —14-3 to —1.5) and
—9.2% (95%:Cl —17-2 to —1-2) among men and women, respectively.
Detailed results of the regression models are presented in the appen-
dix (Supplementary Table 5).

Fig. 1 shows the age-standardised smoking prevalence for the
year 2017 and those estimated for a scenario of highest-level imple-
mentation of tobacco control policies. We observed large decline in
smoking prevalence over the past decades in Sweden (men: -61-0%,
women: —50-8%) and Ireland (men: —56-1%, women: —50-0%), while
in Poland and Switzerland, smoking prevalence had only slightly
declined. On the contrary, smoking prevalence among women
increased in many countries, in particular in Lithuania, Latvia and
Germany (Supplementary Table 6). If countries were to implement

Age-standardised smoking prevalence (35+ years), Tobacco Control Scale (TCS) scores in 2016, estimated num-
ber of cases and age-standardised incidence rates for lung cancer in 2017 in Europe by sex.

Region/country Smoking prevalence ' TCS Lung cancer cases Incidence rate per 100,000
Men Women Men Women Men Women

Europe 274 20-2 227,030 126,520  123.2 69-8
Eastern Europe 344 22-3 40,170 17,460 140-8 51.7
Bulgaria 454 26-7 47 3250 790 1384 305
Czech Republic 323 19-6 40 4320 2410 1232 657
Hungary 29.5 20-3 53 6480 4560 1851 1011
Poland 35.7 253 50 15,290 6110 1381 476
Romania 33.8 188 56 8830 2710 1364 35.8
Slovakia 263 17-8 41 2010 880 1368 52.0
Southern Europe  32-3 211 60,600 25,940 119-0 51-4
Cyprus 39.0 15-2 44 400 120 1268 386
Greece 42.8 35.8 40 6660 1940 1381 383
Italy 323 16-8 51 28,266 14,910 1124 62-6
Malta 323 16-5 51 150 100 96-0 71-5
Portugal 29.8 173 50 3480 1240 86-2 242
Slovenia 309 218 43 790 460 1101 63-0
Spain 30-4 23.7 55 20,860 7180 130-3 45.7
Western Europe 26-4 20-8 86,640 49,410 127.2 74-3
Austria 341 22.7 36 3010 2100 1007 70-8
Belgium 234 17-6 49 5680 2860 1483 78-8
France 41.0 316 64 31,580 13,770 1469 64-5
Germany 26-8 221 37 36,530 22,320 1148 73-8
Luxembourg 270 123 37 210 120 86-4 54.7
Netherlands 217 16-5 53 7880 6150 1293 1122
Switzerland 289 20-8 46 2760 2100 93.9 76-8
Northern Europe  16-3 15-6 38,620 33,700 1059 101.0
Denmark 19-6 183 45 2500 2560 1199 136:5
Estonia 317 149 46 550 210 146-4 40.7
Finland 246 151 60 1800 1060 86.0 51.8
Iceland 133 12:6 69 70 100 733 1201
Ireland 181 159 70 1520 1280 113.7 1073
Latvia 482 219 44 880 220 125.0 259
Lithuania 435 17-8 43 1090 310 1341 270
Norway 220 17-4 63 1770 1560 1017 102.0
Sweden 49 9.7 53 2090 2240 55.9 69-4
United Kingdom 14.0 159 81 26,350 24,160 1115 1132

1 Age-standardised smoking prevalence for Europe and the European regions were calculated by weighting

according to population sizes.
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Fig. 1. Age-standardised smoking prevalence in 2017 and estimated hypothetical prevalence with the highest-level of tobacco control policies (TCP) implementation (measured by
the Tobacco Control Scale), by sex and country.

tobacco control policies at the highest level, the estimated propor- Overall, approximately 1-65 million lung cancer cases could have
tional decreases in smoking prevalence ranged from 15-0% to 50-6% been prevented over the 20-year horizon if the 30 European coun-
among men and from 17-5% to 58-9% among women, respectively. tries were to implement tobacco control policies at highest level in
The largest impact was estimated for Austria, Germany and Luxem- 2018 (Table 2). This corresponds to an estimated 19-8% and 23-2% of

bourg.

all new lung cancer cases that are expected to occur among men and
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Predicted and preventable number (#) and proportions (%) of lung cancer cases by highest-level implementation of tobacco control policies over a 20-year
period (2018—2037) and in 2037 in Europe by sex.

Region/Country Predicted lung cancer cases in 2018—2037  Preventable lung cancer cases in 2018—2037  Preventable lung cancer cases in 2037

Men Women Men Women Men Women

# # #(%) #(%) #(%) #(%)
Europe 4718,000 3095,000 935,000 (19-8) 718,000 (23-2) 83,000 (34-2) 66,000 (38.9)
Eastern Europe 742,000 400,000 154,000 (20-7) 103,000 (25-7) 13,000 (37-7) 9000 (44-1)
Bulgaria 58,400 17,600 12,600 (21-6) 4700 (26-8) 1000 (40-0) 400 (46-4)
Czech Republic 77,700 54,800 19,300 (24-8) 16,800 (30-6) 1600 (45-3) 1500 (52-6)
Hungary 116,400 102,900 22,500(19:3) 24,600 (23-9) 1800 (35-4) 2100 (41-2)
Poland 282,700 141,100 59,000 (20-9) 36,000 (25-5) 5000 (37-7) 3100 (43-9)
Romania 165,300 62,100 30,000 (18-1) 13,900 (22-4) 2400 (33-1) 1200 (38.4)
Slovakia 41,600 21,900 10,600 (25-5) 6700 (30-8) 900 (44-4) 600 (51-6)
Southern Europe  1264,000 678,000 271,000 (21-5) 177,000 (26-1) 24,000 (37-0) 17,000 (42-8)
Cyprus 12,100 3400 3200 (26-8) 1100 (30-6) 300 (42-2) 100 (48.9)
Greece 142,500 52,800 37,700 (26-4) 17,100 (32.4) 3400 (45-3) 1600 (52-6)
Italy 551,600 365,700 116,300 (21-1) 94,300 (25-8) 10,400 (37-0) 8800 (43.0)
Malta 3100 3500 650(21.0) 1000 (27-6) 50(37.0) 100 (42-6)
Portugal 77,700 30,900 17,200 (22-1) 8200 (26-4) 1600 (37.7) 800 (43-8)
Slovenia 14,800 10,500 3600 (24-0) 3100(29-1) 300 (43-1) 300(49-9)
Spain 462,600 211,200 92,700 (20-0) 52,100 (24-6) 8430 (34.0) 5100 (39-5)
Western Europe 1851,000 1196,000 409,000 (22-1) 333,000 (27-2) 37,000 (38-3) 30,000 (45-6)
Austria 66,300 53,400 19,100 (28.5) 18,100 (33.9) 1800 (48-4) 1700 (56-1)
Belgium 119,800 72,500 26,700 (22-3) 19,400 (26-7) 2400 (38-5) 1700 (44-7)
France 672,600 359,200 105,000 (15-6) 68,300 (19-0) 9200 (27-1) 6400 (31-5)
Germany 749,900 543,400 205,200 (27-4) 178,200 (32-8) 18,500 (47.5) 16,100 (55-2)
Luxembourg 4300 2900 1200 (27.9) 1000 (33-2) 100 (47-4) <100 (55-0)
Netherlands 178,900 143,400 37,600 (21-0) 34,300(23.9) 3500 (35-5) 3000 (41-2)
Switzerland 58,200 50,300 13,800 (23-7) 14,100 (28.0) 1200 (40-8) 1300 (47-3)
Northern Europe 861,000 791,000 101,000 (11-8) 106,000 (13-4) 9000 (19-6) 10,000 (22-4)
Denmark 52,700 55,000 12,600 (23-9) 15,200 (27-6) 1100 (41-6) 1300 (48-3)
Estonia 10,000 4600 2200 (22-4) 1300 (27-5) 200 (40-7) 100 (47-4)
Finland 38,000 26,500 6600 (17-4) 5600 (21.0) 600 (30-2) 500(35-2)
Iceland 1500 2400 200(13:6) 400 (16-1) <100 (23-4) <100(27-2)
Ireland 38,600 35,600 5400 (13.9) 5800 (16-4) 500 (22-6) 600 (26-3)
Latvia 14,500 4700 3200(22-3) 1300 (28-1) 300(42-2) 100 (49.0)
Lithuania 19,000 6900 4400 (23-3) 2000 (29-5) 400 (43.0) 200 (50.0)
Norway 40,600 35,900 6700 (16-5) 6800 (18.9) 600 (27.9) 600 (32:5)
Sweden 41,200 46,100 8200(19:9) 10,600 (23-0) 700 (35:5) 900 (41-2)
United Kingdom 605,000 573,500 51,900 (8-6) 56,800 (9-9) 4900 (14-4) 5200(16-7)

women, respectively. The proportion of potentially preventable lung
cancer cases for both sexes was estimated to be largest in particular
in Western Europe (24-5%), followed by Southern (23-1%) and Eastern
Europe (22-5%), and lowest in Northern Europe (12.-5%). Of all coun-
tries the largest proportion of prevented lung cancer cases over the
20-year study period was estimated in Austria (30-9%), followed by
Germany (30-7%) and Luxembourg (30.0%). Overall, we also esti-
mated a larger relative impact in future lung cancer cases among
women; if the highest level of TCS was implemented we would
expect 9-9 to 33.9% preventable lung cancers in women compared to
8.6 to 28-5% in men across European regions. Finally, we also see that
the number of preventable cancers is largest at the end of the investi-
gated time span (in 2037), with marked differences between Euro-
pean regions (and also across countries) ranging between 14.4 to
48.4% in men and 16-7 to 56-1% in women.

Fig. 2a and b show the observed and predicted trends in lung can-
cer rates under the status quo and under the counterfactual scenario.
We observed large variation between predicted rates (with or with-
out highest level of TCS) across regions and also within regions.
Among men, decreases in lung cancer incidence rates are predicted
in all countries with the exception of Cyprus (Fig. 2a). If tobacco con-
trol policies were implemented at highest-level, the lowest incidence
rate in 2037 is expected in Sweden (25-8 per 100,000), while highest
rates were estimated in the United Kingdom (88-2 per 100,000) and
Cyprus (96-3 per 100,000).

Predicted future lung cancer incidence rates among women are
quite different as compared to those of men (Fig. 2b) in that they are
expected to increase over few years, followed by a peak and a slight

decline at the end. If the highest level of tobacco control policies was
implemented, the lowest incidence rate in 2037 was estimated in Lat-
via (14-4 per 100,000), while the highest rate was expected in the
United Kingdom and Malta (92-0 and 97-3 per 100,000).

The results from the sensitivity analyses using different periods of
latency time (LAT and LAG) and modeling a linear decrease in lung
cancer excess risk are presented in Appendix E.

4. Discussion

Given the current progress made in implementation of tobacco
control policies in various countries in Europe, we sought to estimate
the impact of an enforced implementation of tobacco control policies
on the future lung cancer incidence in Europe. Our results suggest
that of all lung cancer cases expected between 2018 and 2037 in the
investigated 30 European countries, approximately 19-8% (~935,000
cases) among men and 23-2% (~718,000 cases) among women could
be prevented by achieving the highest-level implementation of
tobacco control policies by 2018. The impact varies across European
regions, across countries, and between sex: at the end of our study
period, in 2037, we could expect a reduction of lung cancer incidence
by 14-4 to 48-4% in men and by 16-7 to 56-1% in women across Euro-
pean countries if tobacco control efforts were to be taken up to the
highest level.

While Iung cancer incidence rates are currently still lower in
women than in men in almost all countries, they are projected to
rise in the next decade reflecting the differential progression of
the tobacco epidemic. Indeed, the tobacco smoking prevalence
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Fig. 2a. Observed and predicted age-standardised lung cancer incidence rates (per 100,000) among men by country in Europe. In Black (straight): Predicted rates if historical
changes were to continue; In Blue (dashed): Predicted rates if the highest level of tobacco control policies were implemented. Dashed vertical gray line indicates baseline year 2017.

among women is declining much slower in many countries, such
as France and Greece, or is even increasing in few countries such
as Slovakia and the Czech Republic. Contributing factors to the
gender disparity may be the participation of women in tradition-
ally male-led socioeconomic activities as well as the tobacco

companies’ specifically targeted marketing to women [5,27].
To address these differentiated trends in tobacco-use, gender-sen-
sitive policy actions are needed to reverse the increasing trend in
smoking among women in some countries and to further acceler-
ate the downward trend among men.
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Fig. 2b. Observed and predicted age-standardised lung cancer incidence rates (per 100,000) among women by country in Europe. In Black (straight): Predicted rates if historical
changes were to continue; In Red (dashed): Predicted rates if the highest level of tobacco control policies were implemented. Dashed vertical gray line indicates baseline year 2017.

Yet, we have observed a substantial decrease in smoking preva- decline leveled off after 1990 [28]. Although the reasons for this
lence especially among the younger age groups [5]. Since the 1970s, internationally observed trend have not yet been fully researched,
smoking initiation rates in youth and young adults declined continu- alongside general social and cultural changes and an increased

ously across Europe, with the exception of South Europe where this awareness of smoking as leading cause of preventable illness, the
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implementation of tobacco control policies over time may have
played an important role [29]. In particular price increases on ciga-
rettes [6], enforced legislation on smoke-free environments [30] as
well as advertising bans [31] are measures that effectively address
youth and young adults and may have been related to this decrease.
In the Scandinavian countries, which stand at the forefront of efforts
in implementing tobacco control policies, we can observe consider-
ably lower rates of smoking initiation among youth and young adults
than in other European regions [28]. As smoking behavior is typically
established during adolescence, enhanced and targeted efforts are
needed to protect young people and to ensure further prevalence
declines in European countries.

Beside sex-specific differences in the stage of the epidemic, we
also observed variation in lung cancer rates by region in Europe with
higher current rates tending to be observed in Northern European
countries among women and Eastern European countries among
men. This pattern of the lung cancer burden corresponds well with
the development of smoking epidemic in Europe where the uptake of
smoking initially started in Northern Europe among men followed by
Western Europe, Southern Europe and Eastern Europe [32].

The north-to-south gradient can partly be explained by differen-
ces in the socioeconomic development of countries with presently
large socioeconomic differences in tobacco smoking and the tobacco
related-cancer burden within all countries. For example, higher
smoking prevalence was consistently reported among people with
lower education in countries across Europe [5]. A review of socioeco-
nomic difference in policy impact suggested that tobacco price
increases have the greatest potential to reduce socioeconomic
inequalities in smoking, and should therefore be considered when
implementing national tobacco control policies [33].

The declines in lung cancer incidence rates following decreases in
smoking rates are evidence of the effectiveness of policies and high-
light the potential benefit from reinforcing the prevention efforts.
Due to the long latency period between tobacco smoking and the
occurrence of cancer, the impact of tobacco control policies takes
years to decades to become apparent in changes in cancer burden.
Consequently, decreases in number of cancer cases are difficult to
assign to specific prevention measures and tobacco control achieve-
ments therefore often remain unrecognized. Furthermore, recent
progress made in the implementation of tobacco control policies in
Europe are not yet evident in observed lung cancer cases and cannot
be reflected in the predicted lung cancer incidence in our analysis.
For example, the United Kingdom and Ireland had recently achieved
substantial reductions in smoking prevalence by introducing smok-
ing cessation services, smoke-free workplaces and standardised
packaging [34]. As our predictions do not take into account those
recent changes, the projected lung cancer rates for those countries
are likely to be overestimated.

We expect a decline in future lung cancer rates which most likely
relate to implementation of key tobacco control policies as per MPO-
WER policy package in some European countries [35], but consider-
able variation in the level of implementation remains between
countries and policy domain: First, the implementation of health
warnings has particularly progressed in recent years, and almost all
countries in this study (excluding Iceland and Switzerland) are meet-
ing the MPOWER recommendations by adopting large graphic warn-
ings on both sides of the cigarette pack. Health warnings providing
information about the risks associated with tobacco use can prompt
smokers to reduce their consumption and to quit smoking [36]. More
recently, France and the United Kingdom have implemented standar-
dised tobacco packaging in 2017, followed by Norway, Ireland and
Slovenia, which is expected to further reduce attractiveness of
tobacco packaging [37].

Secondly, comprehensive bans on tobacco advertising, promotion
and sponsorship (TAPS) activities which have been effective to partic-
ularly reduce youth tobacco use initiation and therefore smoking

prevalence [31,38] have been comprehensively put in place only
in few countries, namely in Finland, Iceland, Norway, Slovenia and
Ireland [37].

Further, only a few countries (Hungary, Ireland, Romania, Spain,
and the United Kingdom) have adopted comprehensive smoke-free
laws covering all indoor public places and workplaces [37]. Compre-
hensive smoke-free laws are effective in decreasing exposure to sec-
ond-hand smoke [39] and may additionally promote healthier
behaviours such as the voluntary adoption of smoke-free homes [40].

Although all countries provide access to pharmacological therapy
to support smoking cessation [35], only very few (Czech Republic,
Denmark, Hungary, Ireland, Slovenia, and the United Kingdom) offer
a national quit-line as well as full cost-coverage of their tobacco use
cessation services [37]. Improved and expanded implementation
of these domains across Europe could substantially reduce tobacco
consumption.

Finally, raising taxes to increase the price of tobacco products has
been shown to be the most effective population-level tobacco control
policy: each 10% price increase is linked to a 4-5% reduction in
tobacco smoking in high-income and low- and middle-income coun-
tries, respectively [41]. More than half of the observed countries in
our study (Austria, Belgium, Bulgaria, Czech Republic, Estonia, Fin-
land, France, Greece, Ireland, Italy, Malta, Poland, Slovakia, Slovenia,
Spain, and the United Kingdom) have raised tobacco taxes to above
75% of the base price for most brands of cigarettes. However, tax rates
vary considerably across Europe with a large proportion of countries
still having a very high affordability of cigarettes [42]. Furthermore,
real prices of cigarettes have often remained unchanged and tobacco
control efforts are often undermined by the availability of cheap
alternative tobacco products, such as roll-your-own tobacco [43].

Generally, evidence indicates that the most effective strategy to
reduce smoking-related cancer burden is the implementation of
comprehensive tobacco control policies. Although progress in
tobacco control has been made in some policy domains since MPO-
WER was introduced in 2007, to date none of the 30 countries has
fully implemented all six policy measures that were considered in
this study. In this context, it is important to note that the FCTC com-
prises a number of further policy measures aiming at curbing the
tobacco epidemic [35]. Further implementation of innovative effec-
tive measures is indeed needed if tobacco-related cancers were to be
eliminated. Example to this is the new action are Australia [44] and
New Zealand [45] using multifaceted tobacco control strategies
(including ongoing annual tobacco tax increases, reduced tobacco
supply and number of retail outlets) to finally eliminate smoking in
their populations. In order to achieve a tobacco-free society in
Europe, similar or even stronger tobacco control strategies [46] will
be needed.

4.1. Strengths and limitations

This is the first modeling study to provide estimates of the impact
of highest-level implementation of tobacco control policies on future
cancer incidence in 30 European countries using recent smoking
prevalence data and risk estimates. High quality population-based
cancer registry data was used to predict the future cancer burden,
using a well-established age-period-cohort model. For six countries
lacking incidence data, incidence had to be estimated based on mor-
tality data by applying a mortality to incidence ratio, a proxy for case
fatality which though partly reflects health system effectiveness [47].
Overall, our results are in line with previous national or regional
studies indicating that the future burden of lung cancer in Europe
could be considerably reduced by implementing evidence-based
tobacco control policies [11,48-52].

We examined the association between implementation of tobacco
control polices and the percentage change in smoking prevalence
over time. Our results indicate that, at the ecological level, countries
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with stronger tobacco control policies have a lower smoking preva-
lence and are more successful in reducing smoking rates [8,9,53].
However, given the low number of observations and tobacco control
implementation as exclusive explanatory variable, there is large
uncertainty in the final regression model which should be taken into
account when looking at results pertaining to the impact of TCS
implementation on tobacco prevalence by country. Yet compared to
previous studies, similar impact size was found and used [54, 55].

Furthermore, we used the same sex-specific coefficients for all
countries to calculate a hypothetical smoking prevalence under suc-
cessful implementation of TCS. This is likely to overestimate the real
effect of tobacco control policies for countries with already low
smoking prevalence, e.g., Sweden, while the real effect is likely to be
underestimated for countries with high smoking rates, such as Hun-
gary. Some seemingly counterintuitive results might have emerged
from the specific methodological approach taken in our study. For
example, in France we saw smaller predicted decrease in smoking
prevalence as compared to Austria. This is due to the high reported
Tobacco Control Scale score in France and the ensuing smaller rela-
tive change in the smoking prevalence. As regards Sweden, it is also
worth noting that by focusing on lung cancer we did not take into
account other harmful effects of the Swedish Snus, which has widely
substituted cigarettes especially in the male Swedish population [56]
and which, albeit being less harmful than conventional cigarettes, is
certainly not risk-free [57].

For the simulation in this study, we had to rely on the prevalence
of current smoking reflecting both daily and occasional smoking.
Nevertheless, even long-term low-intensity smoking has been shown
to significantly increase lung cancer mortality [58]. While the stratifi-
cation by age group at least partly reflects differences in smoking pat-
terns over the life-course, differentiated modeling considering
detailed smoking-related factors such as the intensity and duration
of smoking over the life course, as well as the age at smoking cessa-
tion was however not possible due to limited availability of appropri-
ate data, so we had to assume homogeneity of smoking patterns. It
must be pointed out however, that this homogeneity assumption dis-
regards substantial differences in the intensity of tobacco smoking
across European countries, with for example daily smokers from
Cyprus, Austria, Hungary or Greece smoking about 18 to 19 cigarettes
per day and those from Sweden, Latvia, Spain, Lithuania or United
Kingdom smoking around 12 cigarettes or less a day [18]. With
respect to second-hand smoke exposure, direct and indirect effects of
tobacco control accompanying the declines in smoking prevalence
were likewise not considered in our study. We also could not incor-
porate diminishing or accelerating effects of policies over time in our
projection model due to a limited availability of empirical evidence
on the magnitude of such effects. Such factors may influence the
impact of tobacco control policies on the smoking prevalence and
may lead to either under- or overestimation of the potential of pre-
vention. Further studies should be directed towards more differenti-
ated modeling to enable detailed consideration of heterogeneity
across countries and within populations.

In general, our simulation modeling framework is based on sev-
eral assumptions, that inherently bring along some limitations and
lead to a simplification of the complex reality. The purpose of this
study was to highlight the difference in number of lung cancer cases
by comparing a scenario of changing one factor, i.e., smoking preva-
lence, with a status quo scenario. Ultimately, our goal is to enable the
quantification of the impact of tobacco control policies taking into
account time trends in lung cancer incidence as well as latency peri-
ods between the implementation of tobacco control and change in
cancer risk.

Taken together, our results suggest that a substantial number of
lung cancer cases in the next decades in Europe could be reduced by
a comprehensive implementation of tobacco control policies. Further
assessment of the impact of expanding the implementation of WHO/

FCTC taking into account local context is needed. In view of the tre-
mendous expected future burden of lung cancer there is a great need
to reinforce prevention efforts by implementing evidence-based
tobacco control policies at the most comprehensive level.
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