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ABSTRACT

Objective To estimate smoking-attributable mortality
in the long-term future in 29 European countries using
a novel data-driven forecasting approach that integrates
the wave pattern of the smoking epidemic and the
cohort dimension.

Methods We estimated and forecasted age-specific
and age-standardised smoking-attributable mortality
fractions (SAMF) and 95% projection intervals for

29 European countries by sex, 1950-2100, using
age-period-cohort modelling with a generalised logit
link function. We projected the (decelerating) period
increases (women) by a quadratic curve to obtain future
declines, and extrapolated the past period decline (men).
In addition, we extrapolated the recent cohort trend.
Results SAMF among men are projected to decline
from, on average, 25% in 2014 (11% (Sweden)—41%
(Hungary)) to 11% in 2040 (range: 6.3%—15.4%), 7%
in 2065 (range: 5.9%-9.4%) and 6% in 2100. SAMF
among women in 21 non-Eastern European countries,
currently at an average of 16%, are projected to reach
peak levels in 2013 (Northern Europe), 2019 (Western
Europe), 2027 (Greece, Italy) and 2022 (Central
Europe), with maximum levels of, on average, 17%

(8% (Greece)—28% (Denmark)), and to decline to
10% in 2040 (range: 4%—20%), 5% in 2065 (range:
3.5%—7.6%) and 4% in 2100. For women, a short-term
shift in the peak of the inverse U-shaped age pattern to
higher ages is projected, and crossovers between the
age-specific trends.

Conclusion Our novel forecasting method enabled
realistic estimates of the mortality imprint of the smoking
epidemic in Europe up to 2100. The high peak values

in smoking-attributable mortality projected for women
warrant attention.

INTRODUCTION

Smoking is the leading preventable mortality risk
factor in Europe.! The smoking prevalence among
adults in Europe is the highest worldwide, and the
share of all-cause mortality due to smoking (16%
among adults aged 30 and over) in Europe is higher
than the global share of 129%.% For public health
policy-makers, knowing how the smoking epidemic
and its mortality imprint (smoking-attributable
mortality) is likely to develop in the future is highly
relevant.

Long-term  estimates of future smoking-
attributable mortality for European countries are,
however, rare, and a simple extrapolation from past
trends is not sufficient. As the descriptive smoking
epidemic model has demonstrated, past trends in
smoking-attributable mortality follow a wave-
shaped pattern of increase (eventually) followed
by a decelerating decline, reflecting trends in the
increase and decline in smoking prevalence some
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30-40 years earlier.’* For European men, smoking-
attributable mortality is already declining, whereas
for women, smoking-attributable mortality is still
increasing, except in selected north-Western Euro-
pean countries.’ Furthermore, important differ-
ences between birth cohorts in smoking-attributable
mortality exist reflecting the long-term effects of
generational differences in the uptake of smoking.®”

Previous comprehensive cause-of-death projec-
tions provided valuable information on future total
smoking-attributable deaths in the world and its
regions over the short term, but not for individual
European countries.® ° To our knowledge, more
recent cause-of-death projections'®™"® have not
been used to generate future smoking-attributable
mortality estimates.

Two previous projections of smoking-attributable
mortality in the long-term future for European
countries used an age-period-cohort approach, in
line with the more common lung cancer mortality
forecasts,'*"”  which they semi-quantitatively
extended to include insights from the smoking
epidemic model.’® ¥ However, their estimates
focused on individual forerunner countries, and
their methodology cannot easily be extended to
other countries.”” Li and Raftery very recently fore-
casted smoking-attributable mortality up to 2050
in 69 countries using a quantitative data-driven
approach that consists of a joint model for men
and women and generates a wave-shaped pattern.*
However, they ignored the cohort dimension, and
projected smoking-attributable mortality only for
all ages combined.

We provide estimates of smoking-attributable
mortality in the long-term future, both age-specific
and for all ages combined, by sex for 29 European
countries using a novel, purely data-driven approach
that takes into account both the wave pattern of the
smoking epidemic and the cohort dimension.

METHODOLOGY

See online supplementary file 1 for more details.

Data
We studied national populations by sex and age
(35-84 for men; 40-84 for women) for 29 Euro-
pean countries with long-term (lung cancer)
mortality data, from 1950 onwards. See online
supplementary appendix table 1. Consequently, we
studied the cohorts born between approximately
1866 (1950 minus 84) and 1980 (2015 minus 35).
We estimated for these sex-specific national
populations, age (x)-specific and time (¢)-specific
smoking-attributable mortality fractions (SAMF, )
(=the share of all-cause mortality due to smoking).
We did so by applying the commonly used indirect
Peto-Lopez method,* ! in simplified form.* '®
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The Peto-Lopez method uses national lung cancer mortality
rates, controlled for the part not due to smoking, as a proxy
for past smoking intensities. SAMF | are subsequently obtained
by applying to these past smoking intensities the relative risks
(=RRs) of dying from smoking,** corrected for the exposure
of smokers to other risk factors. Whereas the original Peto-
Lopez method applies the RRs for different causes of death,*!
the simplified method applies, at once, the RR for all causes
combined.’ '*

The national lung cancer mortality rates were calculated
by dividing observed lung cancer deaths by country, year, sex
and 5-year age groups (0-4, ..., 75-79, 80+)—obtained from
WHO®»—with respective population exposures from the
Human Mortality Database (HMD).** Using Loess smoothing,
we obtained the rates and the SAMF _ by single year of age.

We estimated time comparable smoking-attributable mortality
fractions across adult ages (SAMF)) by standardising for the
population-specific age-distribution of deaths in 2010, obtained
from the HMD.?

Methodology

To estimate future SAMF while accounting for the wave pattern
of the smoking epidemic and the cohort dimension, we applied
age-period-cohort (APC) modelling, and we used the fact that a
wave pattern for the fractions is obtained when the logit of the
fractions (=logistically transformed fractions) has a quadratic
shape.

More specifically, we applied the APC modelling approach by
Cairns et al*® to the fractions while using a generalised logit link
function. The generalisation enabled us to restrict the projected
fractions (and their projection intervals (PIs)) to feasible future
values (eg, not zero and in line with the theory) by implementing
lower and upper bounds (LB, UB).

The model we

. (SAMF,,—LB
loglt (WLB[E}C]) =yt K+ Yes The parameters o, K

applied is

and ~y,_. capture the age pattern ax, the overall time trend kt
and the cohort patterns gc, respectively.

For women, we ensured that the projected peak SAMF level
would be lower than the peak SAMF level for men in the same
country by implementing as UBs the maximum observed age-
specific SAMF levels among Danish women over the years
1951-2014.> ¥ For men, we implemented a theoretical UB
representing the sex-specific and age-specific SAMF associated
with 100% prevalence and a RR of dying from smoking of
2.25°%

We implemented LBs in line with the presumed lower limits
and asymmetric wave pattern in the smoking epidemic model.* *
We assumed a future minimum smoking prevalence of 5% for
both men and women, based on evidence that current smoking
prevalence levels are fairly similar for men and women in the
forerunner countries,” ** a smoking prevalence of 8.7% in
Sweden in 2014,?® and the recent emphasis on smoking preven-
tion policies.>*** The associated age-standardised SAMF bounds
are 5.9% for men and 3.5% for women.

To obtain the age-specific SAMF LB values, we applied to the
age-standardised SAMF bounds the country-specific shape of the
age pattern of SAMF among men in 2014, which we assume to
reflect the age pattern close to the final stage of the smoking
epidemic for both men and women.

For women, the implementation of the age-specific LBs
proved challenging because their levels were higher than many
past observed levels. For women in the majority of countries
this challenge could be dealt with by a slight adjustment of

the procedure. Unfortunately, no realistic long-term projec-
tions could be obtained for women in Portugal, Spain, Belarus,
Estonia, Latvia, Lithuania, Russia and Ukraine.

We performed a sensitivity analysis where we did not imple-
ment the LBs.

For women, we projected the (decelerating) increases in the
period parameter kt deterministically by a quadratic curve with
correlated errors to obtain future declines. A quadratic curve in
the logit of fractions will result in a wave pattern in the normal
fractions. The start year of kt in the projections is the first year
in which kt increases.

For men, we extrapolated the linear decline in kt after the
peak by time series forecasting using AutoRegressive Integrated
Moving Average (ARIMA) models.* A linear decline in the logit
of fractions will result in a deceleration of the decline in the
normal fractions. We projected kt for men from maximally 10
years after its peak by applying the best-fitting ARIMA model
(p,d=1,q) with drift, based on minimum AICc (Akaike Informa-
tion Criterion corrected for small sample sizes), with p and q<3.

We projected the cohort parameter gc for women in all coun-
tries and for men in 14 countries by extrapolating the recent
decline of the observed inverse U-shape by applying the proce-
dure that was used for projecting kt among men. For men in
Austria, Netherlands, Denmark, Norway, Switzerland, United
Kingdom (UK), Sweden, Finland and Luxembourg, for whom
the inverse U-shape was followed by a recent increase or stag-
nation, we assumed a future stable level, implemented using
an ARIMA (0,1,0) model with no drift. For men in the Czech
Republic, Poland, Russia, Ukraine, Belarus and Slovakia, we
extrapolated the fluctuating gc trend using the best-fitting
mean reverting ARIMA (p,0,q) model with p<3 and q<2. We
projected the cohort parameter only after excluding outer birth
cohorts for whom the estimates were not statistically significant
(women) or the trends were very volatile (men).

We projected median age-specific and sex-specific SAMF up to
2100, and estimated their 95% PIs by performing 50 000 simula-
tions. Point estimates (medians) and PlIs for the age-standardised
SAMEF are obtained by age-standardising over each sample path
separately.

We validated our method with back-tests for men in the Neth-
erlands and men in Denmark, using data up to 1975 to project
up to 2015 (online supplementary figure S6). Our method can
accurately predict the year of the maximum age-standardised
SAMF and its level, and the SAMF _, at low and middle ages. At
higher ages, however, our projections resulted in lower values
than those observed from 2000/2005 onwards, which resulted
in an underestimation of future age-standardised SAMF. Li and
Raftery observed a similar underestimation of SAMF, in their
validation for the Netherlands using data up to 2000 to project
up to 2015.%°

RESULTS
Past trends in age-standardised SAMF (men: ages 35-84;
women: ages 40-84) (figure 1) illustrate the clear wave pattern
of increases followed by declines among men. Among women in
most countries, except in selected north-Western European coun-
tries, SAMF is still increasing. Among men, the peak in SAMF
was, on average, reached in 1989, at 35% (table 1). In 2014,
SAMF levels were, on average, 25% among men, ranging from
11% in Sweden to 41% in Hungary; and 12.5% among women,
ranging from 0.1% in Belarus to 27% in Denmark (table 1).

In line with the smoking epidemic theory, our projections
show a deceleration of the decline among men, and a reversal

524

Janssen F, et al. Tob Control 2021;30:523-529. doi: 10.1136/tobaccocontrol-2020-055658


https://dx.doi.org/10.1136/tobaccocontrol-2020-055658

'Forerunner' countries

Women .
Austria

— Belgium
Denmark

— Finland
Germany

— lreland
=

3 10% —

= — Netherlands

Luxembourg

Age-standardised SAMF
N w B

L 2 8

= B B

=z

2 |

1955 1975 1995 20151955 1975 1995 2015

— United Kingdom

Other Western Europe

Men Women

30% Iceland

NS — Norway
20% A /\ Sweden
\ — France
10% 4 Greece
' ===
o Portugal
0% ==

s
1955 1975 1995 20151955 1975 1995 2015 pain

standardised SAMF

\

Age

Central and Eastern European countries

Men ‘Women Czech Republic

w — Hungary
% 40%1 7" Poland
B 30% \\ — Slovakia
% Slovenia
8 20% — Belarus
ﬁ Estonia
® 10% = .
s e — Latvia
2 0% —_ Lithuania

1955 1975 1995 20151955 1975 1995 2015 — Russia

Ukraine

Figure 1 Past trends in smoothed™ age-standardised smoking-

attributable mortality fractions (SAMF) (men: ages 35-84; women: ages
40-84), 29 European countries, from 1950 onwards, by sex and region.
*Loess smoothing (degree=2; span=0.25) of observed with projected.
For populations without projections, Loess smoothing (degree=2 and
span=0.75) of observed.

from an increase to a decelerating decline among women
(table 1, figures 2 and 3).

In 2040, SAMF levels for men are projected to be, on average,
11%, ranging from 6.5% (Estonia; Sweden) to 15% (Hungary;
Portugal) (table 1). This represents a large reduction from the
current level of 25%. The average levels and range are expected
to further decline to 7.2% (range: 5.9%-9.4%) in 2065 and to
6.3% in 2100, in line with the LB of 5.9%.

For women, an important outcome is the projected peak
year of SAMF and the associated level. For women in Northern
Europe, the peak has already been reached in all countries except
Finland, and on average, the peak is expected to occur in 2013
(ranging from 2006 in Denmark to 2029 in Finland), at a level
of 20% (ranging from 28% in Denmark to 12% in Finland). For
women in Western Europe, the peak has already been reached
only in Ireland and the UK. On average, the peak is expected to
occur in 2019 (ranging from 2009 in Ireland to 2032 in Austria),
at a level of 16% (ranging from around 22% in the UK and the
Netherlands to 10% in France). For women in Greece and Italy,
the peak is expected to occur, on average, in 2027, at 11%. For
women in the five included Central European countries, the peak
is projected to occur, on average, in 2022 (ranging from 2013 in
the Czech Republic to 2034 in Slovenia), at 16% (ranging from
9% in Slovakia to 26% in Hungary). Across the 21 countries for
which reliable projections could be made, the maximum level of
SAMF is, on average, 17%, ranging from 8% in Greece to 28%
in Denmark.

For women, SAMF levels are projected to be, on average,
10% in 2040, ranging from 20% (Hungary) to slightly under 5%

Original research

(Sweden, France, Greece, Slovakia), 4.6% (range: 3.5%-7.6%)
in 2065 and, finally, 4.0% in 2100.

For Austria, Belgium, Denmark, Iceland, Ireland, Italy,
Norway, Slovenia, Sweden and the UK SAMF levels are projected
to be substantially higher among women than men over the short
term (figure 2).

For men a clear further convergence in SAMF levels can be
observed, although that Sweden continues to experience consid-
erably lower levels until 2035, and Hungary considerably higher
levels up to 2040 (figure 3). Among women, also convergence
is projected, especially when ignoring Hungary. However, the
projected differences between countries in both 2030 and 2040
are larger compared with men, especially in relative terms.
This is because the (projected) peak among women is expected
to occur relatively late in some countries (eg, Slovenia, Italy,
Austria, Finland) while in other—especially Northern Euro-
pean—countries SAMF is—by then—already declining for a
number of years.

The projections of age-specific SAMF (online supplementary
appendix figure 1) show, for men, declines at all ages, and a
final convergence of age-specific SAMF levels. For women, by
contrast, a crossover between the wave-shaped trends for the
different age groups is projected, in line with the cohort dimen-
sion and previous age-period-cohort forecasts of lung cancer
mortality.'®

For men, the inverse U-shaped age pattern is not projected to
change (online supplementary appendix figure 2a). For women,
the peak of the age pattern, currently around age 50-60, is first
shifted to higher ages due to cohort differences in the uptake of
smoking,'® !” and is then shifted to younger ages (online supple-
mentary appendix figure 2b), in line with the assumed similar
age pattern as currently observed for men.

DISCUSSION

Extension of the smoking epidemic model

Our projections facilitate the extension of the smoking epidemic
model® * for Europe up to the end of the 21st century (figure 4).
For men in the 29 European countries studied, we project a
continued deceleration of the decline in age-standardised SAMF
(age 35-84) from the average peak of 35% in 1989, and an
average level of 25% in 2014, to an average level of 11% in
2040, 7% in 2065 and 6% in 2100. SAMF levels (age 40-84)
among women are projected to first increase and then decline.
More specifically, among women in the 21 non-Eastern Euro-
pean countries for which we could obtain realistic projections,
SAMEF, which is currently, on average, 16% (12.5% for all 29
countries), is projected to reach its peak on average 30-35 years
later than among men, at a level of 17% which is close to half
of men’s level. Subsequently, the average SAMF levels among
women are expected to decline at a decelerating pace to 10% in
2040, 5% in 2065 and 4% in 2100; thereby staying below men’s
average SAMF levels.

There are, however, important differences between the
European regions and between individual European countries,
particularly among women, that should not be ignored. SAMF
among women is projected to (have) reach(ed) peak levels, on
average, in Northern Europe first (2013; 20%), then in Western
Europe (2019; 16%) and later in the five Central European
countries (2022; 16%). For women in Slovenia (2034), Italy
(2033), Austria (2032) and Finland (2029), our median projec-
tions indicate that the peak in the mortality impact will not be
reached for more than a decade (table 1). In 2040, SAMF levels
are projected to be =10% in the majority of countries for both
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Table 1  Current and future (maximum) age-standardised smoking-attributable mortality fractions (SAMF) (men: 35-84; women: 40-84), selected
years 2014*-2100, 29 European countries, by country or region and sex

Men Women
Year Level Year Level
max max max max
Country/region 2014* SAMF§ SAMF§ 2040 2065 2100 2014* SAMF§ SAMF§ 2040 2065 2100
Northern Europe 16.20 1987 26.86 8.60 6.91 6.25 19.22 2013 20.1 7.04 4.13 3.88
Denmark 22.49 1985 34.05 9.55 7.27 6.21 26.98 2006 28.26 6.76 3.74 3.72
Finland 16.03 1972 39.46 8.75 6.84 6.13 10.44 2029 11.82 10.30 4.82 3.59
Iceland 14.91 1999 20.99 9.36 7.05 6.26 23.37 2007 25.65 7.14 4.36 4.36
Norway 16.51 1997 22.80 8.60 7.05 6.38 18.84 2013 18.78 6.45 414 414
Sweden 11.08 1981 17.00 6.74 6.32 6.25 16.48 2012 16.05 457 3.59 3.59
Western Europe 22.03 1982 35.55 11.07 7.81 6.68 16.02 2019 16.13 10.80 5.13 4.19
Austria 21.08 1974 32.87 11.25 8.18 7.01 13.63 2032 16.92 15.90 7.63 3.98
Belgium 26.07 1984 41.76 10.22 6.73 6.17 14.09 2026 15.19 12.53 4.17 3.65
France 25.59 1994 31.41 13.74 8.04 6.77 9.73 2017 9.56 4.88 4.68 4.68
Germany 22.05 1983 31.81 11.35 7.61 6.51 13.46 2023 13.94 9.50 4.66 4.66
Ireland 19.46 1983 31.43 8.51 6.30 5.96 22.20 2009 20.17 14.02 5.87 3.66
Luxembourg 23.97 1983 37.99 12.09 8.37 6.65 14.39 2019 12.38 10.35 6.33 4.25
Netherlands 23.46 1982 42.00 13.06 9.37 7.21 21.89 2017 21.76 12.06 417 4.17
Switzerland 16.83 1980 30.68 9.12 7.68 7.03 12.35 2018 12.77 5.93 4.28 4.28
United Kingdom 19.73 1975 39.96 10.28 7.98 6.85 22.43 2010 22.50 11.99 4.4 439
Southern Europe 23.96 1998 28.53 12.22 7.56 6.54 5.92t 2027 11.00 8.61 3.97 3.92
Greece 29.03 1995 30.53 15.40 8.05 6.65 7.18 2021 8.08 4.25 3.80 3.80
Italy 21.56 1988 32.61 8.20 6.50 6.36 9.41 2033 13.92 12.96 414 4.03
Portugal 20.87 2011 20.59 15.38 8.86 6.56 2.94 NA NA NA NA NA
Spain 24.38 1996 30.39 9.89 6.83 6.61 415 NA NA NA NA NA
Central Europe 31.13 1993 41.21 10.37 6.47 6.01 15.70 2022 15.99 10.58 4.46 3.89
Czech Republic 26.09 1988 42.25 8.19 6.11 5.92 13.49 2013 13.21 5.14 3.51 3.51
Hungary 40.65 1996 43.05 15.42 6.58 6.38 24.44 2027 25.84 20.1 3.87 3.82
Poland 33.65 1996 42.75 11.20 6.86 5.93 17.09 2019 16.29 8.22 4.08 4.08
Slovakia 28.51 1991 41.20 8.78 6.70 5.92 8.86 2017 8.66 4.08 3.74 3.74
Slovenia 26.75 1993 36.80 8.24 6.08 5.92 14.63 2034 15.95 15.34 7.08 430
Eastern Europe 31.93 1993 40.89 11.66 7.07 5.97 3.56 NA NA NA NA NA
Belarus 31.33 1995 40.88 14.40 8.63 6.10 0.09 NA NA NA NA NA
Estonia 30.71 1995 40.69 6.34 5.90 5.89 8.82 NA NA NA NA NA
Latvia 31.99 1992 40.31 11.54 6.37 5.91 3.94 NA NA NA NA NA
Lithuania 32.65 1994 40.33 10.61 6.28 5.91 4.04 NA NA NA NA NA
Russia 34.36 1992 44.45 14.22 7.74 5.98 2.72 NA NA NA NA NA
Ukraine 30.58 1992 38.69 12.84 7.52 6.01 1.76 NA NA NA NA NA
Europe 24.91 1989 35.16 10.80 7.23 6.33  12.55% 2019 16.59 9.64 4.62 4.02

Bold indicates the unweighted averages for the regions.

*Or the latest available year before that for Greece (2013), Russia (2013) and Ukraine (2012).

tAverage based on the four included Southern European countries. For Greece and Italy the average is 8.30 %.
$Average based on the 29 included countries. For the 21 countries with realistic projections, the average is 15.97%.
§Based on smoothing (Loess 2/0.25) over time of the fitted (or observed when absent) with the projected values.

men and women, and even =15% in Greece (men), Portugal
(men), Austria (women) and Slovenia (women), but especially
in Hungary. This whereas in other countries, and particularly in
Sweden, very low levels of SAMF levels are already projected for
2040 (table 1).

Trends in (projected) SAMF reflect the trends in smoking
prevalence about 30-40 years earlier.” * Similarly, the average
onset of the decline in SAMF among women around 2019, is in
line with declines in smoking prevalence among women in the
majority of European countries from at least 1990 onwards.>®
Among women in the UK, Denmark and the Netherlands,
declines in smoking prevalence were occurring already in the
1970s."” Thus, for selected north-Western European countries,
the peak in SAMF has already occurred. Among men, declines in

smoking prevalence have been occurring over a more extended
period.*

Similarly, the country differences in projected SAMF levels
in 2040 largely reflect recently observed differences in smoking
prevalence. For example, in 2014 smoking prevalence was still as
high as 25.8% in Hungary, but was as low as 8.7% in Sweden.*®

Reflection on the methodology

In line with previous projections of smoking-attributable
mortality,"” 2° our projection uses indirect estimates of smoking-
attributable mortality based on the frequently applied indirect
Peto-Lopez method.?! The use of an indirect estimation tech-
nique avoids relying on incomplete detailed historical smoking
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Figure 2 Past and future trends in age-standardised smoking-
attributable mortality fractions (SAMF) (men: 35-84; women: 40-84),
1950-2100, 29 European countries, by country and sex.

prevalence data, facilitates the use of high-quality cause-of-
death information, and enables capturing the effects not only
of smoking prevalence, but of smoking duration and smoking
intensity. See Janssen for a detailed discussion of the simplified
indirect Peto-Lopez method we employed.® Although the SAMF
levels would be affected by any estimation method, earlier
research indicated that the estimation of future trends and the
projected peak year of SAMF among women were less likely to
be affected."’

We incorporated the important cohort dimension of smoking-
attributable mortality into our forecasting approach using
age-period-cohort (APC) modelling. We used the Cairns et al
approach,”® which builds on the commonly applied Clayton and
Schifflers approach,®” but includes an additional step (beneficial
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Figure 3 Past and future trends in smoothed* age-standardised
smoking-attributable mortality fractions (SAMF) (men: 35-84; women:
40-84), 1950-2100, for the different countries compared, by sex.
*Loess smoothing (degree=2; span=0.25) of fitted (or observed when
absent) with projected.
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Figure 4 Unweighted average observed and projected age-
standardised smoking-attributable mortality fractions (SAMF) (men:
35-84; women: 40-84) across 21/29 European countries* from 1981 to
2100. *For 1981-1984 Slovenia is not included in the average because
of data unavailability. This did hardly affect the average. Because no
reliable projections for women could be generated for Portugal, Spain
and the six Eastern European countries, we also included the trends
across the remaining 21 countries for men.

when projecting) to ensure that the drift (=shared linear trend
between period and cohort) is completely removed from the
cohort dimension, and added to the period dimension. Our
method can also be applied using other APC models,*® although
models with multiple period or cohort parameters will likely
generate less transparent projections.

Failing to account for cohort effects when predicting smoking-
attributable mortality, as in the case of Li and Raftery,” does not
generate a realistic future age pattern for women, which is most
likely why they did not present age-specific outcomes. More-
over, given the recent decline in the cohort parameter observed
for women in all studied European countries and for men in the
majority of countries, not accounting for cohort effects could
lead to an overestimation of future levels and later peak years.
Indeed, the peak years for women Li and Raftery projected were
later than those in our projections for the majority of countries
(online supplementary appendix table 2).

We implemented UBs and LBs in our methodology to obtain
feasible values of the projected fractions (and PIs). More specifi-
cally, we avoided higher maximum SAMF levels for women than
for men in each country, in line with the theory.” In addition, we
assumed a future minimum smoking prevalence of 5% for both
men and women, based on a careful consideration of the avail-
able evidence. Although this level reflects an important further
reduction in smoking prevalence from the current average
level of 18% in Europe,?® reaching it seems feasible given the
current smoking prevalence of 8.7% in Sweden,*® and the strong
emphasis on smoking prevention policies in recent years.’*>*
Given that women currently have higher smoking prevalence
levels than men in selected forerunner countries like Sweden,?®
we consider it unlikely that women will have lower minimum
smoking prevalence levels than men. The finding that the
percentage of heavy smokers is slightly higher among men than
among women in Sweden,?® lines up nicely with the translation
of the minimum smoking prevalence of 5% to slightly lower age-
standardised SAMF minimum values for women (3.5%) than for
men (5.9%).

Our sensitivity analysis (online supplementary file 1, page
18-23) revealed that while the implementation of the assumed
UBs did not alter the point estimates, it diminished the width
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of the PIs for women. The implementation of the assumed LBs
resulted—logically—in higher future SAMF, values in the long
run compared with not implementing a LB (or, in other words,
a LB that is just above zero) (online supplementary table S5).
Importantly however, only minimal differences in the peak
years and levels of SAMF, for women were found, and with no
uniform direction (online supplementary table S5 and figure
S7). The future age patterns with and without the LBs (online
supplementary figure S8) proved very similar for men, except in
Ireland, Italy, Norway and particularly Sweden, where without
the LBs, SAMF peaked at younger ages, reflecting very recent
trends. For women, the peaks in the projected age patterns
without the LBs occur, in the long run, at higher ages, even at
higher ages than those for men. This finding likely reflects an
unrealistic unbounded continued future decline of the cohort
parameter.

Our projection outcomes—predominantly those in the very
long run—are, thus, dependent on the selected LBs and their
assumed age patterns, both of which rely on ongoing policy
efforts to reduce smoking and its negative health consequences.

Our data-driven age-period-cohort approach, which projected
the logit of the age-specific SAMF by means of a quadratic curve
and implemented LBs, generated a very smooth asymmetric
wave pattern, for example, for men in Portugal and women
in Ireland, Luxembourg and Slovenia. But for women in the
majority of countries, the wave changed rather abruptly from
quadratic to level. This could imply an underestimation of the
projected SAMF levels in the decades following the peak, in line
with our validation results and those of Li and Raftery.*® This
finding illustrates the difficulties associated with predicting the
decelerating decline after the peak using a purely data-driven
approach that does not include additional information and/or
assumptions. This reflects the trade-off, in forecasting, between
the objectivity and wide applicability of a purely data-driven
approach and the advantages of adding subjective information,
when available, to generate outcomes more in line with the
expectations.®” ** Indeed, Stoeldraijer et al managed to obtain a
smooth asymmetric pattern in line with the theory for Denmark,
the Netherlands and the UK by employing a more qualitative
APC approach." Their approach resulted in much later peaks for
women in Denmark and the Netherlands (online supplementary
appendix table 2) and higher values in 2050 than our current
estimates. Our estimate for the Netherlands is much closer to
that of Li and Raftery,”’ who also employed an exclusively data-
driven approach (no results for Denmark).

A few of our outcomes are not completely in line with the
general expectations of the smoking epidemic model.®> * For
women in the Czech Republic, Poland and Slovakia, the peak
years are earlier than would be expected for Central European
countries; and for women in Italy and Greece, the peak years are
rather dissimilar. The results of Li and Raftery**—who explicitly
incorporated shared patterns between countries and between
sexes—are more in line with the general theory for these coun-
tries (see online supplementary appendix table 2). This illus-
trates another important choice in forecasting: namely, of mainly
relying on country-specific data, as we did; or of using, as Li and
Raftery did, a multi-population approach in which the parame-
ters are influenced by expected commonalities between countries
and sexes. An important advantage of using a multi-population
approach is a diminished reliance on the start year of the projec-
tions,'® which we found to be important for Greece. But given
the important exceptions to the smoking epidemic model,’ using
an approach that relies heavily on generalities might be tricky.
Indeed, for women in the above-mentioned Central European

countries, the data for (at least) the younger age groups clearly
show evidence of stagnation (see online supplementary PDFs),
indicating that our projected peak might be more realistic.

All in all, we believe our method represents a very prom-
ising approach for forecasting age-specific and age-standardised
SAMEF in the long run, and for projecting the peak in SAMF
among women. Our projected levels can be used as a baseline to
assess the influence of future specific public health actions. Our
approach could also be used to forecast smoking-attributable
mortality rates, and to forecast mortality from other factors that
evolve as an epidemic (such as obesity), and in which the cohort
dimension plays an important role.

Overall conclusion

Our novel forecasting method enabled us to forecast (age-
specific) smoking-attributable mortality for the long-term future,
and to obtain realistic estimates of the mortality imprint of the
smoking epidemic in Europe up to 2100. While making optimal
use of both the data and the theory, our projections are based on

What this paper adds

What is already known on this subject

» Past trends in smoking-attributable mortality show a clear
(indication of) a wave pattern (increase followed by decline)
that occurred earlier among men than women, and earlier in
north-Western European countries than in other European
countries, in line with the smoking epidemic model.

» Important differences between birth cohorts in smoking-
attributable mortality levels exist.

What important gaps in knowledge exist on this topic

» The few previous projections of smoking-attributable
mortality into the long-term future for European countries
were either based on semi-quantitative approaches that
cannot be easily applied to many countries, or did not
incorporate the cohort dimension, and therefore could not
obtain realistic (age-specific) estimates.

What this paper adds

» The empirical extension of the smoking epidemic model up
to recently, and realistic estimates of the mortality imprint of
the smoking epidemic in Europe in the long-term future, by
projecting (1) age-specific and age-standardised smoking-
attributable mortality fractions (SAMF), and their projection
intervals, up to 2100 in 29 European countries, by sex and
(2) the expected timing and level of the maximum mortality
impact of smoking for women.

» For men in the 29 European countries studied, we project
the continued deceleration of the decline in SAMF from
the average peak of 35% in 1989 and an average level of
25% in 2014 to 11% in 2040, 7% in 2065 and 6% in 2100.
For women in the 21 non-Eastern European countries, with
current average SAMF levels of 16%, we project that the
average peak in SAMF will be reached at a level close to half
the level for men, and 30-35 years after the peak for men,
after which SAMF will decline at a decelerating pace to, on
average, 4% in 2100.

» A novel approach to forecasting smoking-attributable
mortality over the long term that is data-driven, and that
integrates both the wave pattern of the smoking epidemic
and the importance of the cohort dimension in the underlying
model.
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the assumption that the current effective public health actions
aimed at reducing (the negative effects of) smoking in Europe
will, at least, continue.

The high projected peak values in smoking-attributable
mortality for women in many European countries, and the
finding that smoking-attributable mortality among women has
already or will soon become higher than smoking-attributable
mortality among men in selected European countries, warrant
special attention from health policy-makers and society. In addi-
tion, the important country-differences in projected smoking-
attributable mortality—particularly among women—require
attention.
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