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Data  

 

We studied national populations by sex and age for 29 European countries using long-term (lung 

cancer) mortality data (preferably from 1950 onwards, but at least from 1985 onwards and up to at 

least 2013). We included those adult ages for which smoking-attributable mortality has been shown 

to be most important (35-84 for men; 40-84 for women). 

 

The main outcome measures were estimated and projected age-specific and age-standardised 

smoking-attributable mortality fractions (SAMF), and their 95% projection intervals, by sex, country, 

and year (1950-2100). SAMFs represent the share of all-cause mortality due to smoking (see the next 

section for their estimation). Although studying and projecting smoking-attributable mortality rates 

instead of fractions would have been equally feasible, fractions were also used in the smoking 

epidemic model by Lopez et al. (1994),
1
 and are easy to interpret. In addition, we presented 

unweighted averages for different European regions.  

 

For estimating age-specific SAMF, we used data on lung cancer deaths by country, year, sex, and five-

year age groups (0-пΣ Χ Σ тр-79, 80+), mainly from the WHO Mortality Database (update 

11/04/2018).
2
 By dividing these numbers with respective exposure data drawn mainly from the 

Human Mortality Database (update 29/09/2018),
3
 we obtained the national lung cancer mortality 

rates needed for estimating the smoking-attributable mortality fractions by five-year age groups.  

 

We estimated smoking-attributable mortality fractions across adult ages (SAMFt) standardised for 

the population-specific age-distribution of deaths in 2010 to enable us to make comparisons over 

time, from the past into the future. The required country, year, and sex- and age-specific all-cause 

death numbers were obtained from the Human Mortality Database (update 1 May 2019).
4
  

 

Appendix Table 1 provides information on the countries and years included in the analysis, and the 

source of the data. 

 

Indirect estimation of smoking-attributable mortality 

 

We estimated smoking-attributable mortality fractions (SAMF) by country, year, sex, and age by 

applying our adapted and simplified indirect Peto-Lopez method. 
5-7

 to observed lung cancer 

mortality rates. This method takes into account that not all lung cancer deaths are attributable to 

smoking, and includes deaths from other causes that could be attributed to smoking.  

 

In the first step, the lifetime smoking prevalence (ὴ) by five-year age groups was estimated by 

comparing the observed national age- and sex-specific lung cancer mortality rates with the age- and 

sex-specific lung cancer rates of smokers and never-smokers (smoothed) of the ACS CPS-II study.
5
 We 

obtained the lifetime smoking prevalence by single year of age by means of Loess smoothing (span = 

0.75; degree = 2), while using 85 as the age centre for the age group 80+. From age 86 onwards we 

applied the smoothed lifetime smoking prevalence for age 85. 

In the second step, we estimated the SAMF by single age for all causes of death combined instead of 

by cause of death, as in the original Peto-Lopez method. The SAMF were calculated using the formula 

of the population attributable fraction (PAF): SAMFx,s = ὴx,s (RRx,sҍ1)/(ὴx,s (RRx,sҍ1)+1), where ὴx,s 
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reflects the obtained sex-specific estimates of the lifetime smoking prevalence by single year of age, 

and RRx,s reflects the relative risks of dying from smoking by single year of age and sex. RRs by five-

year age groups (35-39, 40-ппΣ ΧΣ ул-84, 85+) and sex were obtained by dividing the all-cause 

mortality rates among CPS-II current smokers by the all-cause mortality rates among CPS-II never 

smokers.
8
 To control for the exposure of smokers to other risk factors, we reduced the excess risk by 

30%.
9
 We obtained the RRs by single year of age by applying a second-degree polynomial,

10
 while 

using 86 as the age centre for 85+, and smoothing up until 89 for men and up until 86 for women, 

after which we kept the RRs stable.  

 

To the SAMF by single year of age we subsequently applied Loess smoothing to obtain a smooth age 

pattern (instead of the abrupt change around age 85). This led to a negligible difference in the overall 

estimate of the impact of smoking on mortality (measured by the potential gains in life expectancy).  

 

Forecasting approach 

 

Our data-driven forecasting approach has three important elements. First, it takes into account the 

wave pattern of the smoking epidemic. Second, it takes into account the important cohort dimension 

in past trends in smoking-attributable mortality, in addition to the age and period dimensions. Third, 

it takes into account important similarities between the countries and the sexes.  

 

Technical details and specifics regarding the projection of smoking-attributable mortality 

 

To project smoking-attributable mortality fractions into the long-term future (up to 2100), while 

accounting for the wave pattern of the smoking epidemic and the cohort dimension, we applied age-

period-cohort modelling and we utilized the fact that a wave pattern for the fractions can be 

obtained when the logit of the fractions (=logistically transformed fractions) has a quadratic shape.  

More specifically, we applied age-period-cohort modelling with a generalised logit link function. The 

logistic transformation ensures that the projected fractions and their projection intervals (PIs) remain 

between 0 and 1. The generalised logit function enabled us to apply even more restricted ς and more 

likely ς upper and lower bounds to the projected fractions and their projection intervals (PIs).  

We deterministically extrapolated the (decelerating) increases in the period parameter (women) by a 

quadratic curve with correlated errors to obtain future declines. The past declines in the period 

parameter (men) are projected by stochastic time series forecasting using ARIMA (Auto-Regressive 

Integrated Moving Average) models. The recent cohort trends are also stochastically forecasted using 

ARIMA models, after burning the outer cohorts. We performed 50,000 simulations. 

 

- APC modelling 

 

We used ς in our modelling approach ςage-period-cohort (APC) modelling. When applied to the logit 

of the smoking-attributable mortality fractions (SAMF) by age (x) and year (t) an APC model is written 

as:  ÌÏÇÉÔ 3!-& ȟ ɻ ʆ ɾ  

The parameters ‌ , ‖ , and ‎  capture the age pattern, the overall time trend (period), and the 

cohort patterns, respectively. The logistic transformation ensures that the projected fractions and 

their projection intervals (PIs) remain between 0 and 1. 
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To deal with the linear dependency between period and birth cohort (age = period ς cohort) in the 

age-period-cohort modelling, we used the approach by Cairns et al.,
11

 which is implemented in the 

Stochastic Mortality Modelling (StMoMo) package 
12

 in R.
13

 This approach allows us to clearly 

distinguish between the period, the birth cohort, and the linear trend shared between the period and 

the birth cohort (drift) by applying a set of constraints to the cohort parameter, which entirely moves 

the shared linear trend between the period and the cohort (drift) to the period parameter. The 

period parameter thus captures the entire linear time trend (= includes the drift), while the cohort 

parameter captures the cohort variations from this overall trend.
11

 In the linear regression procedure 

used to extract the linear part from the cohort, we removed the five outer (=5 first and 5 last) 

cohorts to ensure the robustness of the parameter estimates.  

 

We generalised the APC model to include more restricted ς and more likely ς upper and lower 

bounds (UB and LB, respectively) of the projected fractions and their projection intervals (PIs). This 

resulted in the following final model that we applied: 
 ὰέὫὭὸ ὛὃὓὊ ȟ ὒὄ ὼὟὄ ὼ ὒὄ ὼ   ‌ ‖ǿ ‎  Ȣ 
 

- Bounds  

 

Because it is unlikely that future smoking-attributable mortality fractions will be zero for men and 

women in the long-term future, and because it is very unlikely that the maximum smoking-

attributable mortality fractions (and their projection intervals) for women will become higher than 

those for men in the same country, 
1, 14

 we implemented upper and lower bounds in our projection.  

 

Figure S1. The implemented age-specific upper bounds by sex 
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For women, we implemented as upper bounds the maximum observed age-specific SAMF levels 

among Danish women over the years 1951-2014. Although smoking prevalence among Danish 

women has been exceptionally high,
15

 men in almost all European countries experienced higher peak 

SAMF levels.
7
 For Hungarian, Icelandic, and UK women ς who had higher SAMF levels than Danish 

women at certain ages ς we used the theoretical upper bound as the maximum. The theoretical 

upper bound represents the sex- and age-specific fractions when implementing a prevalence of 100% 

and smoothed sex-specific RRs by single year of age into the formula to calculate smoking-

attributable mortality fractions. For men ς and for Danish women ς the theoretical upper bound is 

also used. See Figure S1 for the upper bounds we implemented.  

 

We implemented lower bounds in our projection in line with the presumed lower limits and 

asymmetric wave pattern in the smoking epidemic model.
1, 14

 Because the smoking epidemic model 

does not define the level of these limits, and these limits have not yet been reached, we had to rely 

on external information to obtain these lower limits. After careful consideration, we selected a future 

minimum smoking prevalence of 5% as the lower bound for both men and women.  

 

This percentage was based on current smoking prevalence data, which showed that in the countries 

ahead in the smoking epidemic (=forerunner countries) prevalence levels for men and women were 

fairly equal; and that the lowest prevalence levels were in Sweden (Eurostat: 7.5% (men) and 9.8% 

(women) in 2014; GBD/IHME: 11.0% (men) and 11.8% (women) in 2015).
16, 17

 In addition, we took 

into account the strong recent emphasis on smoking prevention policies that partly follow the 

UN/WHO guideline of a 30% reduction from 2010-2025,
18, 19

 and the goal of reaching a smoking 

prevalence of less than 5% (by 2025/2040) set in numerous countries.
20-22

 

 

This lower bound of 5% smoking prevalence (p) was implemented by, first, turning this value into 

sex-specific age-standardised SAMF values by means of the PAF formula (see page 3), using all-age 

corrected RRs of 2.25 for men and 1.72 for women from the ACS-CPSII study.
7, 8

 This generated an 

age-standardised SAMF bound of 5.9% (0.059) for men and of 3.5% (0.035) for women.  

Second, these age-standardised lower bounds had to be transformed into age-specific lower bounds. 

We did so by applying to the sex-specific SAMF bounds, the country-specific shape of the age pattern 

of SAMF for men in 2014 (or the latest available year before that).  

In doing so, we assumed that the country-specific shape of the age pattern for men in 2014/LAY 

reflects the shape of the age pattern close to the final stage of the smoking epidemic for both men 

and women. We came to this assumption after a careful analysis of trends over time in the shape of 

the age pattern for men. Our analysis revealed that (i) the shape of the age pattern of men had not 

changed much since a number of years after the smoking epidemic had reached peak levels among 

men, whereas (ii) the shape of the age pattern was changing (generally: peak shifting to higher ages) 

until a couple of years after SAMF had reached peak levels (see Figure S2). This observation is in line 

with the higher importance of the cohort dimension in the uptake of smoking, compared to the 

cessation of smoking.  

Our assumption implies that for women we expect that the recently observed SAMF age pattern 

would change further ς in line with the further progression of the smoking epidemic - , but not for 

men ς who are already more advanced in the smoking epidemic.  
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Figure S2. Change over time in the age pattern (ages 35-84) of the smoking-attributable mortality 

fractions (SAMF35-84) for men, before and after SAMF reached maximum levels for the respective 

country. (* 2013 for Greece and 2012 for Ukraine and Sweden, because there are no data for 2014. 

2011 for Finland and Sweden, because we use that year for the lower bound) 

 
 

Applying the country-specific shape of the age pattern of SAMF for men in 2014/LAY to the sex-

specific age-standardised SAMF bounds, to obtain the age-specific lower bounds, involved adjusting 

the age-specific SAMF values for men, so that they would generate ς when age-standardised ς the 

age-standardised SAMF bounds, thereby keeping the shape intact. 

More specifically, we applied a linear transformation to the country-specific age-specific SAMF values 

among men in 2014/LAY in such a way that the transformed age-specific SAMF values generate the 

desired age-standardised value (=5.9% for men, 3.5% for women). The linear transformation has the 
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form y = a + b ẗ ὛὃὓὊ ȟ , where a denotes a vertical shift and b denotes an expansion/contraction 

of the age pattern. We forced the b parameter to be positive to avoid flipping the age pattern and 

larger than 0.004 to avoid generating unrealistically large cross-overs in the lower bound between 

men and women. We did so by introducing parameter c (c = exp(b) + 0.004). We applied the 

following minimalisations: ÍÉÎ ȟ  ύ ὥ Ã ẗ ὛὃὓὊ ȟ πȢπυω  for men and ÍÉÎ ȟ  ύ ὥÃ ẗ ὛὃὓὊ πȢπσυ  for women, where wx is the age-standardization weight applied to age x. To 

obtain the age-specific weights, we used the age pattern up to age 100, and applied age 

standardisation for men over the age range 35-100, and for women over the age range 40-100.  

 

Figure S3. The implemented age-specific lower bounds (35-84) by sex and country.  
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For Finland and Sweden, we used an alternative age pattern for the lower bound. For Finnish and 

Swedish men, we used the age pattern in 2011 instead of in 2014 to obtain the age-specific lower 

bounds, because for men in these countries the age pattern in the years 2012-2014 looked very 

different from earlier observed values, and its implementation caused too many omitted 

observations. For Finnish and Swedish women, the implementation of the male age pattern in both 

2011 and 2014 resulted in a problematic N of missing observations. For that reason, we instead used 

the female age pattern in 2014. This age pattern corresponds closely to the male age pattern in 2011, 

in the sense that the peak ages and the shapes of the age patterns are quite similar. 

 

See Figure S3 for the final implemented age-specific lower bounds, by country and sex. 

 

Challenges in the implementation of the lower bound for women.  

 

Implementing the lower bound for women was quite a challenge, largely because the age-specific 

lower bounds (in line with the 5% smoking prevalence lower limit) were higher than many observed 

age-specific values among women in the past. As a result, when we applied the lower bounds 

without making any adjustments, many observations were omitted, and the model outcomes were 

less reliable, as they were not based on all the available information.  

To avoid this problem, we adjusted the procedure for women. That is, we based the projection of the 

period parameter (kt) on the whole time-series without imposing a lower bound, and implemented 

this projection in the model with a lower bound imposed that was applied to a shorter time-series. 

First, we determined for each country the first year for which omitted observations did not result in 

missing age, period, or cohort parameters. This is the first year for which the omitted observations 

do not lead to missing fractions needed to calculate SAMF40-84 (see Table S2). Then we applied the 

model with the lower bound to data starting in these years.This generated the fitted fractions.  Then, 

for the projection, we made use of the kt parameter from the model without the lower bound. That 

is, for the quadratic projection of kt, we used the fitted kt of the model without the lower bound, and 

shifted this kt trend vertically so that the kt in the last available year (LAY) equals the kt in the LAY 

from the model with the lower bound (see Figure S4). This adjustment ensures that the projections 

of the fractions connect smoothly to the fitted values in the observation period. 

 

Figure S4. Comparison of the trend in the period parameter kt before and after implementing the 

lower bound (= for the longer versus the shorter time-series), and the application of the vertical 

shift, for women in Belgium, Finland, and Ireland.  
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This approach works well because in most countries only a level difference is observed between the 

kt for the short time-series with the lower bound and the kt for the long time-series without the 

lower bound (see again Figure S4). We also estimated the projection intervals based on the longer kt 

trend. In this way, we optimally use the available data, despite the challenges. 

For women in Portugal and Spain, the number of deleted observations after we imposed the lower 

bound was, however, too large, which made it impossible to produce reliable projections that adhere 

to the lower bound. For women in Belarus, Russia, Ukraine, Estonia, Latvia, and Lithuania, the 

projection proved problematic even without the implementation of the lower bounds. Thus, we 

decided not to include these populations in our projections.  

 

Projection of the parameters 

 

The period parameter is projected by a quadratic curve with correlated errors (women) or by ARIMA 

(Autoregressive Integrated Moving Average) time series forecasting of the past decline (men). We 

used ARIMA time series forecasting as well to extrapolate the recent trends in the cohort parameter. 

We used a quadratic curve to extrapolate the (decelerating) increases in the period parameter for 

women in line with the notion that a wave pattern for the fractions is obtained when the logit of the 

fractions has a quadratic shape. In this way future declines were obtained. ARIMA(p,d,q) models are 

a very general class of time-series models for forecasting future values based on past observed 

values, in which p denotes the order of the auto-regressive model (= how many previous time points 

of the timeseries to use in the auto-regression), d is the degree of differencing required to obtain a 

stationary time series, and q is the order of the moving-average model (= the lag of the error 

component).
23

 

 

- Projection of the period parameter 

 

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 we observe an increase in the kt.  

For men in all countries, except Portugal where the kt was still increasing till recently, we 

extrapolated the linear decline in the period parameter kt after the peak had been reached. A linear 

decline in the logit of fractions would result in a deceleration of the decline in the normal fractions, in 

line with the wave shape of the smoking epidemic. We did so by using an ARIMA model (p,d,q) with 

drift in which the parameters p, d and q are chosen such that the AICc is minimised, while 

implementing a maximum number of three for the parameters p and q. This was done using the 

forecast package in R.
24

 We chose an ARIMA model over a random walk with drift because the latter 

relies heavily on the values in the first and the last year, and the kt parameter proved not very 

smooth. We made sure that the maximum difference between the peak in kt and the start year for 

projecting kt was 10 years. The selected ARIMA models resulted in d=1 for all countries. For men in 

Portugal, similar to women in all countries, we projected kt by means of a quadratic curve. 

 

See Table S1 and S2 for the specifics of the period projection by country and sex.  
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Table S1 Specifics period projection men 

European 

region 

Country Smoothed 

year max kt 

Start year  

kt projection 

Start year minus 

peak year 

Best Arima model Selected ARIMA model 

North Denmark 1986 1990 4 ARIMA(0,1,0) ARIMA(0,1,0) with drift 

North Finland 1965 1973 8 ARIMA(0,1,2) with drift ARIMA(0,1,2) with drift 

North Norway 1998 2002 4 ARIMA(1,1,0) ARIMA(1,1,0) with drift 

North Sweden 1995 1999 4 ARIMA(0,1,0) with drift ARIMA(0,1,0) with drift 

West Austria 1985 1990 5 ARIMA(0,1,1) with drift ARIMA(0,1,1) with drift 

West Belgium 1983 1990 7 ARIMA(1,1,0) with drift ARIMA(1,1,0) with drift 

West France 1993 1993 0 ARIMA(0,1,0) with drift ARIMA(0,1,0) with drift 

West Germany 1981 1988 7 ARIMA(0,1,1) with drift ARIMA(0,1,1) with drift 

West Iceland 1998 2001 3 ARIMA(0,1,0) ARIMA(0,1,0) with drift 

West Ireland 1979 1988 9 ARIMA(0,1,0) ARIMA(0,1,0) with drift 

West Luxembourg 1968 1978 10 ARIMA(2,1,0) ARIMA(2,1,0) with drift 

West Netherlands 1979 1988 9 ARIMA(1,1,0) with drift ARIMA(1,1,0) with drift 

West Switzerland 1981 1991 10 ARIMA(0,1,0) ARIMA(0,1,0) with drift 

West United Kingdom 1964 1968 4 ARIMA(0,1,1) with drift ARIMA(0,1,1) with drift 

South Greece 1994 1995* 1 ARIMA(2,1,0) with drift ARIMA(2,1,0) with drift 

South Italy 1984 1990 6 ARIMA(0,1,0) with drift ARIMA(0,1,0) with drift 

South Portugal** 2012 1990 NA** NA** Quadratic curve 

South Spain 1998 1999 1 ARIMA(0,1,0) with drift ARIMA(0,1,0) with drift 

Central Czech Republic 1987 1990 3 ARIMA(0,1,1) with drift ARIMA(0,1,1) with drift 

Central Hungary 1993 1995 2 ARIMA(0,1,0) with drift ARIMA(0,1,0) with drift 

Central Poland 1993 2000 7 ARIMA(0,1,0) with drift ARIMA(0,1,0) with drift 

Central Slovakia 1988 1995 7 ARIMA(0,1,0) with drift ARIMA(0,1,0) with drift 

Central Slovenia 1990 1995 5 ARIMA(0,1,0) with drift ARIMA(0,1,0) with drift 

East Belarus 1994 1995 1 ARIMA(0,1,0) with drift ARIMA(0,1,0) with drift 

East Estonia 1990 1995 5 ARIMA(0,1,0) ARIMA(0,1,0) with drift 

East Latvia 1989 1995 6 ARIMA(2,1,0) with drift ARIMA(2,1,0) with drift 

East Lithuania 1992 1998 6 ARIMA(0,1,0) ARIMA(0,1,0) with drift 

East Russia 1990 1995 5 ARIMA(0,1,0) with drift ARIMA(0,1,0) with drift 

East Ukraine 1990 1990* 0 ARIMA(0,1,0) with drift ARIMA(0,1,0) with drift 

* we omitted the last year 

** because for Portugal the kt trend is still increasing till recently, we used a quadratic curve from 1990 onwards
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Table S2 Specifics period projection women  

European 

region 

Country Start year data Start year 

projection kt 

First year 

SAMF40-84 

North Denmark 1951 1955 1971 

North Finland 1952 1960 1990 

North Norway 1951 1970 1992 

North Sweden 1951 1965 1985 

West Austria 1955 1960 1975 

West Belgium 1954 1960 1993 

West France 1950 1968 2007 

West Germany 1970 1972 1990 

West Iceland 1951 1965 1962 

West Ireland 1950 1956 1971 

West Luxembourg 1967 1967 1976 

West Netherlands 1950 1956 1994 

West Switzerland 1951 1966 1999 

West United Kingdom 1950 1958 1971 

South Greece 1981 2005 1986 

South Italy 1951 1955 1990 

South Portugal 1955 Omitted Omitted 

South Spain 1951 Omitted Omitted 

Central Czech Republic 1953 1973 1973 

Central Hungary 1955 1967 1963 

Central Poland 1959 1962 1990 

Central Slovakia 1953 1968 1991 

Central Slovenia 1985 1985 1988 

East Belarus 1981 Omitted Omitted 

East Estonia 1981 Omitted Omitted 

East Latvia 1980 Omitted Omitted 

East Lithuania 1981 Omitted Omitted 

East Russia 1980 Omitted Omitted 

East Ukraine 1981 Omitted Omitted 

 

- Projection of the cohort parameter 

 

For the projection of the cohort parameter, we first excluded the outer birth cohorts for which the 

cohort estimations were not statistically significant at the 5% level (women), or for which the trends 

were very volatile (men), to ensure stable recent cohort trends. For men, for which we included the 

35-39 age group, we excluded both the eight youngest and the eight oldest cohorts. For women, we 

burned those cohorts that were not statistically significant at the 5% level, with a maximum of seven 

burned cohorts on either side, to ensure that the projections were still in line with the recent data.   

For women in all countries and for men in the vast majority of countries (N = 14), we observed an 

inverse U shape, and we assumed that the recent trend from a couple of years after the peak had 

been reached would continue into the future. For men in nine forerunner countries for which the 

past trends were either increasing or stagnating (Austria, Netherlands, Denmark, Norway, 

Switzerland, the UK, Sweden, Finland, and Luxembourg), we assumed a future stable level. For men 

in the six eastern European countries (the Czech Republic, Poland, Russia, Ukraine, Belarus, and 
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Slovakia), we observed a fluctuating pattern, and we forecasted the future by means of a mean 

reverting approach.  

To extrapolate the recent decline into the future, we selected the best ARIMA model, while using a 

non-stationary time-series. This effectively means that we set d to 1, and we let R search for the 

best p and q for the particular time-series (with p and q both not higher than 3). Also, we included 

the constant (=drift) when extrapolating. We projected a future stable level by means of 

ARIMA(0,1,0) with no drift, while selecting the appropriate recent stable trend (see below). The 

mean reverting model was chosen by means of the best mean reverting ARIMA model, subject to 

some conditions (see below).  

 

Projection of the cohort parameter ς men 

 

For men in most countries (N=14), we observed an inverse U-shape, and we projected the recent 

decline into the future. We selected the first cohort after the peak of gc from which the speed of the 

decline is approximately equal to the decline observed recently (after burning the last eight cohorts). 

We selected the longest cohort time-series possible (instead of, say, only the last 10 years), to reduce 

the uncertainty in our projections. When we project the cohort by means of a recent trend, we 

employed the same ARIMA modelling strategy that was used for the projection of kt among men. For 

all countries, the selected ARIMA model has d=1. 

For Austria, the Netherlands, Denmark, Switzerland, the United Kingdom, Sweden, Finland, and 

Luxembourg, we observed a recent stagnation or a recent increase, instead of a continued decline. 

This finding could be attributable to these countries being forerunner countries. We assumed a 

future stable level (fixed level) and implemented it with ARIMA(0,1,0) with no drift, thereby selecting 

the trend that best reflects the recent stable level.  

For a few Eastern European countries (the Czech Republic, Russia, Slovakia, Ukraine, Poland, and 

Belarus), a different pattern was also observed; i.e., a pattern that fluctuates. Here we used a mean 

reverting strategy, choosing the best mean reverting ARIMA model, after applying some conditions. 

That is, we avoided the ARIMA(0,0,0) model, as it would not truly result in a mean reverting 

process. Instead, we selected the best (p,0,q) model based on the AICc metric, while not including 

the constant (= mean), and we set the p <=3 and q <=2 to avoid a highly fluctuating future pattern.  

 

See Table S3 for the specifics.  

 

Projection of the cohort parameter - women 

 

For women in all countries, we observed ς at least in recent years ς an inverse U-shape, and 

projected the recent decline into the future. We selected the first cohort after the peak of gc from 

which the speed of the decline is approximately equal to the recently observed decline (after 

burning the outer cohorts). We selected the longest cohort time-series possible (instead of, say, 

only the last 10 years) in order to reduce the uncertainty in our projections. We employed the same 

ARIMA modelling strategy that was used for the extrapolation of kt among men.  

One exception was Greece, for which we forecasted the recent decline by ARIMA(0,0,0) with non-

zero mean.  

See Table S4 for the specifics. 
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Table S3  Specifics cohort projection men 

European 

region 

Country Strategy Start year gc 

for projection 

End year gc 

for projection 

Best Arima model gc Selected ARIMA model gc 

North Denmark fixed_value 1950 1965 ARIMA(0,1,0) ARIMA(0,1,0) 

North Finland fixed_value 1945 1972 ARIMA(1,0,0) with non-zero mean ARIMA(0,1,0) 

North Norway fixed_value 1966 1971 ARIMA(0,0,0) with non-zero mean ARIMA(0,1,0) 

North Sweden fixed_value 1972 1973 ARIMA(0,0,0) with non-zero mean ARIMA(0,1,0) 

West Austria fixed_value 1967 1971 ARIMA(0,0,0) with non-zero mean ARIMA(0,1,0) 

West Belgium recent_trend 1919 1972 ARIMA(2,2,0) ARIMA(1,1,3) with drift 

West France recent_trend 1956 1972 ARIMA(1,2,0) ARIMA(2,1,0) with drift 

West Germany recent_trend 1943 1972 ARIMA(1,2,0) ARIMA(1,1,0) with drift 

West Iceland recent_trend 1926 1973 ARIMA(1,1,0) with drift ARIMA(1,1,0) with drift 

West Ireland recent_trend 1927 1971 ARIMA(0,1,0) with drift ARIMA(0,1,0) with drift 

West Luxembourg fixed_value 1963 1971 ARIMA(0,1,0) ARIMA(0,1,0) 

West Netherlands fixed_value 1954 1970 ARIMA(1,1,0) with drift ARIMA(0,1,0) 

West Switzerland fixed_value 1949 1972 ARIMA(0,1,1) with drift ARIMA(0,1,0) 

West United Kingdom fixed_value 1925 1972 ARIMA(1,2,2) ARIMA(0,1,0) 

South Greece recent_trend 1954 1970 ARIMA(2,2,0) ARIMA(0,1,0) with drift 

South Italy recent_trend 1933 1971 ARIMA(1,1,0) with drift ARIMA(1,1,0) with drift 

South Portugal recent_trend 1923 1972 ARIMA(0,1,1) with drift ARIMA(0,1,1) with drift 

South Spain recent_trend 1953 1971 ARIMA(1,2,0) ARIMA(1,1,0) with drift 

Central Czech Republic mean_reverted 1877 1973 ARIMA(1,0,2) with zero mean ARIMA(1,0,2) with zero mean 

Central Hungary recent_trend 1956 1971 ARIMA(1,2,0) ARIMA(2,1,0) with drift 

Central Poland mean_reverted 1883 1971 ARIMA(2,0,2) with zero mean ARIMA(2,0,2) with zero mean 

Central Slovakia mean_reverted 1924 1971 ARIMA(2,0,2) with zero mean ARIMA(2,0,2) with zero mean 

Central Slovenia recent_trend 1940 1971 ARIMA(0,1,0) with drift ARIMA(0,1,0) with drift 

East Belarus mean_reverted 1905 1971 ARIMA(3,0,0) with zero mean ARIMA(3,0,0) with zero mean 

East Estonia recent_trend 1937 1971 ARIMA(1,1,0) with drift ARIMA(1,1,0) with drift 

East Latvia recent_trend 1938 1971 ARIMA(2,2,0) ARIMA(1,1,2) with drift 

East Lithuania recent_trend 1940 1971 ARIMA(0,1,1) with drift ARIMA(0,1,1) with drift 

East Russia mean_reverted 1904 1970 ARIMA(3,0,0) with zero mean ARIMA(3,0,0) with zero mean 

East Ukraine mean_reverted 1905 1969 ARIMA(2,0,2) with zero mean ARIMA(2,0,2) with zero mean 
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Table S4  Specifics cohort projection women 

European 

region 

Country Number 

burned 

cohorts 

Start year 

gc for pro-

jection 

End year 

gc for pro-

jection 

Best Arima model gc Selected ARIMA model gc 

North Denmark 4 1935 1971 ARIMA(0,2,1) ARIMA(1,1,0) with drift 

North Finland 6 1956 1969 ARIMA(0,1,0) with drift ARIMA(0,1,0) with drift 

North Norway 5 1949 1969 ARIMA(0,2,0) ARIMA(1,1,0) with drift 

North Sweden 7 1946 1969 ARIMA(0,2,0) ARIMA(1,1,0) with drift 

West Austria 5 1960 1969 ARIMA(0,1,0) with drift ARIMA(0,1,0) with drift 

West Belgium 4 1957 1971 ARIMA(0,2,0) ARIMA(1,1,0) with drift 

West France 2 1946 1973 ARIMA(0,2,0) ARIMA(1,1,0) with drift 

West Germany 3 1962 1972 ARIMA(0,2,0) ARIMA(0,1,0) with drift 

West Iceland 2 1935 1974 ARIMA(0,2,1) ARIMA(0,1,0) with drift 

West Ireland 7 1955 1967 ARIMA(0,1,0) with drift ARIMA(0,1,0) with drift 

West Luxembourg 7 1949 1967 ARIMA(0,1,0) ARIMA(0,1,0) with drift 

West Netherlands 1 1958 1975 ARIMA(0,2,1) ARIMA(1,1,1) with drift 

West Switzerland 2 1951 1973 ARIMA(1,2,0) ARIMA(1,1,0) with drift 

West United Kingdom 3 1962 1972 ARIMA(0,1,0) with drift ARIMA(0,1,0) with drift 

South Greece 7 1957 1966 ARIMA(0,0,0) with non-zero mean ARIMA(0,0,0) with non-zero mean 

South Italy 2 1964 1972 ARIMA(0,2,0) ARIMA(0,1,0) with drift 

Central Czech Republic 7 1950 1969 ARIMA(0,2,0) ARIMA(1,1,0) with drift 

Central Hungary 3 1961 1971 ARIMA(0,1,0) with drift ARIMA(0,1,0) with drift 

Central Poland 2 1954 1972 ARIMA(2,2,2) ARIMA(0,1,1) with drift 

Central Slovakia 7 1958 1967 ARIMA(0,1,0) with drift ARIMA(0,1,0) with drift 

Central Slovenia 7 1958 1967 ARIMA(0,1,0) with drift ARIMA(0,1,0) with drift 
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One exception: UK women 

 

For UK women, neither the SAMF35-84 nor the kt trend completely reflected a quadratic curve. This 

was especially clear when examining the SAMF35-84 (see Figure S5). It appears that the quadratic 

curve was interrupted by a stagnation. This complicated the projection of kt by means of a quadratic 

curve. That is, this resulted in a new bump at the beginning of the projected time-series (see Figure 

S5 ς old projection). To avoid generating such an unrealistic projection, we first applied Loess 

smoothing (0.75;2) to the kt and then applied the quadratic curve to the smoothed kt (1962-1984). 

The new projection (see Figure S5) resulted in a realistic projection that was in line with the 

projections for other forerunner countries.  

  

Figure S5. Projection of age-standardised smoking-attributable mortality fractions for women in 

the United Kingdom 
 

a) Old projection     b) New projection    
 

    

 

Main outcomes 

 

We forecasted age-specific and age-standardised smoking-attributable mortality fractions by sex, 

country, and year up to 2100 by means of medians and their 95% projection intervals by performing 

50,000 simulations.  

 

- Simulations  

 

For the deterministic quadratic curve projection of kt, we obtained correlated errors and related 

prediction intervals by applying the best fitting mean reverting ARIMA model to the errors (i.e., the 

difference between the observed and the fitted values). In doing so, we avoided the ARIMA(0,0,0) 

model, as this approach would not result in correlated errors. In these cases, we then chose the best 

fitting model (based on the AICc) out of two options: ARIMA(1,0,0) or ARIMA(1,0,1). 

 

For each of the simulations, we forecasted the period and the cohort trends independently, which, 

together with the age pattern, formed a single forecast sample path. The point forecast of SAMFx,s 

was then given by the median over the generated 50,000 sample paths, and the 95% prediction 

intervals were obtained by calculating the appropriate quantiles. To construct the forecasts, we did 
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not take into account the parameter uncertainty in the age, period, and cohort parameters (ax, kt 

and gc in the observed period are taken as known ς not estimated -- values); in line with common 

practice. Point forecasts and projection intervals for the age-standardised smoking-attributable 

mortality fractions were obtained by age-standardising over each sample path separately.  

 

- Fitted SAMF 

 

Our fitted age-specific and fitted age-standardised SAMF values represent the fitted values in which 

the burned estimates for the youngest cohorts are replaced with the projected cohort values. 

 

- Smoothed peak years and peak levels 

 

To obtain the years in which age-standardised SAMF levels peak and the associated levels, we 

performed smoothing to the time-series with the fitted values (see previous section) and the 

projected values, given the slightly fluctuating pattern of past and future SAMF. We applied Loess 

smoothing with degree = 2 and span = 0.25. For women, we included as well the observed values in 

the smoothing, because fitted values were not calculated for all the years.  

 

- Full projections by country  

 

For the full projections by country, including the projection of the period and cohort parameter, 

please see the two supplementary PDF files. 

 

Software 

 

For our analysis, we used the R software (R Core Team, 2016), version 3.4.0. 

 

Validation 

 

We validated our projection method by applying back tests for Danish and Dutch men. We calibrated 

the model using the data up to 1975, and used this model to project the fractions from 1976 up to 

2015. Using the same principles as those applied to women, we chose as the start year of the kt 

projection 1957 for Danish men and 1958 for Dutch men. For the projections, we applied the same 

lower bounds as used in the main analysis. The back tests were based on 500 simulations.  

 

The analysis (Figure S6) showed that even based on a relatively small time-series, our method can 

accurately predict the year of the maximum age-standardised SAMF and its level, and the SAMFx,t 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. 
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Figure S6a. Validation results for Danish men (comparison projection for 1976-2014 based on data 

up to 1975 with observations for 1976-2014) 

 

Figure S6b. Validation results for Dutch men (comparison projection for 1976-2014 based on data 

up to 1975 with observations for 1976-2014) 
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Sensitivity analysis 

 

We performed a sensitivity analysis in which we compared the results when implementing the lower 

bound to the results when not implementing the lower bound. We chose to do so by not making any 

changes to the projections of the period and cohort parameter. For men in Lithuania, this approach 

did not work well, which explains why the results from the sensitivity analysis were different for 

them. For women in the Czech Republic, Greece, Iceland, Ireland, the Netherlands, Slovakia, 

Slovenia, and the United Kingdom, the projection of the period and/or cohort parameter when there 

was no lower bound did not align with our general principles. Thus, we recommend paying less 

attention to the results of the sensitivity analysis for these countries.  

 

The sensitivity analysis revealed ς logically ς that the future values for men and women were higher 

when the lower bound was imposed ς particularly in the long run ς but that the differences in the 

peak years and peak levels for women were minimal (on average, less than a one-year difference in 

the peak year, and a 0.4-percentage-point difference in the peak level), without a uniform direction 

(see Table S5). 

 

The age pattern in 2065 with and without implementing the lower bounds (see Figure S6) proved 

very similar for men, except in Ireland, Italy, Norway, and particularly Sweden, where SAMF peaked 

at younger ages without the lower bound. For women, the peaks in the projected age patterns 

without the lower bounds occurred, in the long run,  at higher ages ς even at higher ages than those 

for men.  

 

Table S5a. Effect of implementing lower bound on future age-standardised SAMF levels, men 

 

Region Country 2040 2065 2100 2040 2065 2100

Northern Europe Denmark 6.26 [0.70, 28.14] 2.71 [0.11, 28.94] 0.75 [0.01, 25.43] 9.55 [6.21, 28.69] 7.27 [5.96, 29.59] 6.21 [5.93, 25.89]

Northern Europe Finland 7.90 [4.15, 13.68] 3.74 [1.14, 10.62] 1.01 [0.17, 5.36] 8.75 [7.20, 11.98] 6.84 [6.11, 10.41] 6.13 [5.95, 8.17]

Northern Europe Iceland 6.61 [0.03, 44.99] 1.44 [0.00, 45.87] 0.25 [0.00, 46.24] 9.36 [6.11, 41.13] 7.05 [6.06, 43.39] 6.26 [6.06, 43.88]

Northern Europe Norway 6.27 [2.89, 12.44] 3.83 [1.14, 11.06] 2.01 [0.37, 9.22] 8.60 [7.02, 12.57] 7.05 [6.31, 11.92] 6.38 [6.21, 9.49]

Northern Europe Sweden 2.76 [0.32, 17.16] 1.06 [0.04, 16.86] 0.23 [0.00, 10.83] 6.74 [6.30, 10.05] 6.32 [6.25, 8.22] 6.25 [6.25, 6.56]

Western Europe Austria 9.12 [6.94, 11.72] 3.64 [2.02, 6.32] 0.83 [0.33, 2.04] 11.25 [9.24, 15.10] 8.18 [6.99, 14.36] 7.01 [6.77, 11.07]

Western Europe Belgium 7.32 [3.52, 13.66] 1.50 [0.44, 4.78] 0.12 [0.02, 0.67] 10.22 [7.92, 14.71] 6.73 [6.31, 8.17] 6.17 [6.15, 6.32]

Western Europe France 11.23 [7.59, 15.89] 2.51 [1.27, 4.81] 0.23 [0.09, 0.58] 13.74 [11.17, 17.31] 8.04 [7.29, 9.58] 6.77 [6.69, 7.00]

Western Europe Germany 9.68 [6.22, 14.39] 3.52 [1.73, 6.92] 0.73 [0.27, 1.90] 11.35 [10.78, 11.99] 7.61 [7.37, 7.91] 6.51 [6.46, 6.57]

Western Europe Ireland 6.34 [0.80, 27.24] 1.82 [0.08, 22.32] 0.27 [0.00, 12.34] 8.51 [6.16, 24.44] 6.30 [5.95, 16.05] 5.96 [5.94, 8.81]

Western Europe Luxembourg 13.66 [0.50, 44.34] 7.65 [0.05, 46.09] 2.73 [0.00, 46.65] 12.09 [7.26, 25.92] 8.37 [6.37, 22.04] 6.65 [6.22, 15.60]

Western Europe Netherlands 11.18 [5.29, 20.42] 5.56 [1.65, 15.39] 1.77 [0.33, 8.29] 13.06 [9.73, 18.37] 9.37 [7.35, 14.26] 7.21 [6.50, 10.00]

Western Europe Switzerland 6.86 [1.49, 21.55] 3.61 [0.37, 21.29] 1.35 [0.06, 18.00] 9.12 [7.13, 18.34] 7.68 [6.84, 16.91] 7.03 [6.79, 13.98]

Western Europe United Kingdom 7.67 [5.05, 11.16] 3.67 [1.76, 7.18] 1.04 [0.35, 2.93] 10.28 [8.80, 12.45] 7.98 [7.14, 9.78] 6.85 [6.60, 7.64]

Southern Europe Greece 13.75 [10.58, 17.42] 3.02 [1.90, 4.72] 0.26 [0.14, 0.49] 15.40 [13.10, 18.23] 8.05 [7.46, 9.00] 6.65 [6.60, 6.75]

Southern Europe Italy 3.80 [2.41, 5.85] 0.53 [0.26, 1.06] 0.03 [0.01, 0.07] 8.20 [7.22, 10.15] 6.50 [6.40, 6.79] 6.36 [6.35, 6.37]

Southern Europe Portugal 14.47 [11.28, 18.08] 5.09 [3.07, 8.17] 0.33 [0.15, 0.71] 15.38 [12.93, 18.35] 8.86 [7.78, 10.67] 6.56 [6.51, 6.66]

Southern Europe Spain 5.95 [4.19, 8.30] 0.50 [0.24, 1.07] 0.02 [0.00, 0.08] 9.89 [8.82, 11.42] 6.83 [6.70, 7.12] 6.61 [6.61, 6.63]

Central Europe Czech Republic 3.53 [2.27, 5.30] 0.32 [0.16, 0.62] 0.01 [0.00, 0.02] 8.19 [7.34, 9.54] 6.11 [6.00, 6.38] 5.92 [5.92, 5.93]

Central Europe Hungary 12.33 [4.07, 27.09] 0.31 [0.04, 2.10] 0.00 [0.00, 0.02] 15.42 [9.21, 27.88] 6.58 [6.40, 7.87] 6.38 [6.37, 6.39]

Central Europe Poland 5.35 [2.56, 10.09] 0.56 [0.17, 1.81] 0.02 [0.00, 0.09] 11.20 [6.99, 20.54] 6.86 [5.97, 15.93] 5.93 [5.90, 6.78]

Central Europe Slovakia 4.38 [1.02, 13.98] 0.95 [0.10, 6.88] 0.04 [0.00, 0.63] 8.78 [6.48, 16.39] 6.70 [5.97, 12.37] 5.92 [5.90, 6.41]

Central Europe Slovenia 3.89 [0.77, 14.96] 0.34 [0.03, 3.37] 0.01 [0.00, 0.21] 8.24 [6.35, 15.88] 6.08 [5.93, 7.68] 5.92 [5.91, 6.01]

Eastern Europe Belarus 11.58 [6.59, 17.84] 3.01 [1.06, 7.61] 0.26 [0.06, 1.09] 14.40 [9.91, 20.49] 8.63 [6.61, 14.26] 6.10 [5.93, 7.04]

Eastern Europe Estonia 0.78 [0.03, 15.45] 0.01 [0.00, 0.75] 0.00 [0.00, 0.01] 6.34 [5.91, 16.95] 5.90 [5.89, 6.44] 5.89 [5.89, 5.90]

Eastern Europe Latvia 9.20 [4.48, 16.29] 1.15 [0.18, 7.32] 0.04 [0.00, 1.01] 11.54 [8.39, 17.10] 6.37 [5.97, 8.96] 5.91 [5.90, 6.13]

Eastern Europe Lithuania 17.17 [3.11, 36.78] 10.85 [0.25, 43.06] 2.14 [0.00, 45.35] 10.61 [6.30, 31.49] 6.28 [5.91, 16.44] 5.91 [5.90, 6.91]

Eastern Europe Russia 11.41 [7.18, 16.24] 2.54 [1.05, 5.64] 0.14 [0.04, 0.42] 14.22 [10.63, 18.69] 7.74 [6.57, 10.50] 5.98 [5.92, 6.19]

Eastern Europe Ukraine 9.61 [6.27, 13.56] 2.75 [1.28, 5.45] 0.25 [0.09, 0.68] 12.84 [10.02, 16.39] 7.52 [6.56, 9.49] 6.01 [5.93, 6.26]

Without lower bound With lower bound
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Table S5b. Effect of implementing the lower bound on future age-standardised SAMF levels, 

women  

 

Region Country

Year max 

SAMF

Level max 

SAMF 2040 2065 2100

Year max 

SAMF

Level max 

SAMF 2040 2065 2100

Northern Europe Denmark 2007 28.14 4.75 0.04 0.00 2006 28.26 6.76 3.74 3.72

Northern Europe Finland 2028 10.60 9.33 3.61 0.33 2029 11.82 10.30 4.82 3.59

Northern Europe Iceland 2007 25.47 3.77 0.02 0.00 2007 25.65 7.14 4.36 4.36

Northern Europe Norway 2011 17.84 2.18 0.00 0.00 2013 18.78 6.45 4.14 4.14

Northern Europe Sweden 2011 15.56 1.82 0.00 0.00 2012 16.05 4.57 3.59 3.59

Western Europe Austria 2033 17.73 16.99 9.40 1.69 2032 16.92 15.90 7.63 3.98

Western Europe Belgium 2031 16.45 15.09 4.66 0.17 2026 15.19 12.53 4.17 3.65

Western Europe France 2019 9.33 2.23 0.00 0.00 2017 9.56 4.88 4.68 4.68

Western Europe Germany 2026 14.08 9.84 0.44 0.00 2023 13.94 9.50 4.66 4.66

Western Europe Ireland 2008 20.04 10.84 2.85 0.08 2009 20.17 14.02 5.87 3.66

Western Europe Luxembourg 2013 11.80 8.14 2.30 0.08 2019 12.38 10.35 6.33 4.25

Western Europe Netherlands 2014 20.97 10.85 0.02 0.00 2017 21.76 12.06 4.17 4.17

Western Europe Switzerland 2014 11.28 1.96 0.00 0.00 2018 12.77 5.93 4.28 4.28

Western Europe United Kingdom 2006 22.52 3.83 0.08 0.00 2010 22.50 11.99 4.41 4.39

Southern Europe Greece 2016 7.15 0.34 0.00 0.00 2021 8.08 4.25 3.80 3.80

Southern Europe Italy 2026 12.66 9.17 0.71 0.00 2033 13.92 12.96 4.14 4.03

Central Europe Czech Republic 2014 13.19 4.15 0.17 0.00 2013 13.21 5.14 3.51 3.51

Central Europe Hungary 2026 25.73 18.78 0.08 0.00 2027 25.84 20.11 3.87 3.82

Central Europe Poland 2020 16.02 8.04 0.07 0.00 2019 16.29 8.22 4.08 4.08

Central Europe Slovakia 2018 8.99 2.07 0.01 0.00 2017 8.66 4.08 3.74 3.74

Central Europe Slovenia 2032 11.97 11.08 3.42 0.18 2034 15.95 15.34 7.08 4.30

Without lower bound With lower bound
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Figure s7a Effect of implementing the lower bound on future age-standardised smoking-

attributable mortality fractions, 1950-2100, by country, men 
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Figure S7b Effect of implementing the lower bound on future age-standardised smoking-
attributable mortality fractions, 1950-2100, by country, women 

  


