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Smoking globally kills over half of long-term smokers and causes about
7 million annual deaths. The World Health Organization Framework
Convention for Tobacco Control (FCTC) is the main global policy strategy

to combat smoking, but its effectiveness is uncertain. Our interrupted time
series analyses compared before- and after-FCTC trends in the numbers and
prevalence of smokers below the age of 25 years (when smoking initiation
occursand during which response to interventions is greatest) and on
cessation at 45-59 years (when quitting probably occurs) in 170 countries,
excluding China. Contrasting the 10 years after FCTC ratification with the

income-specificbefore-FCTC trends, we observed cumulative decreases of
15.5% (95% confidence interval = -33.2 to —0.7) for the numbers of current
smokers and decreases of -7.5% (95% Cl = -10.6 to —4.5) for the prevalence of
smoking below age 25 years. The quit ratio (comparing the numbers of former
and ever smokers) at 45-59 years increased by 1.8% (1.2 to0 2.3) 10 years after

FCTC ratification. Countries raising taxes by at least 10 percentage points
concurrent with ratification observed steeper decreases in all three outcomes
than countries that did not. Over a decade across 170 countries, the FCTC was
associated with 24 million fewer young smokers and 2 million more quitters.

Prolonged tobacco smoking kills more than half of long-term smok-
ers, leads to an average of a decade of life lost for individual smokers'
and contributes to over 7 million tobacco deaths annually globally®. In
high-income countries (HICs), one death can be expected for approxi-
mately every million cigarettes consumed®. Despite declines in adult
smoking prevalence recorded in most countries over the last decade,
the absolute number of tobacco deaths continues to grow in many
lower-and middle-income countries (LMICs), where most the world’s
1.1billionsmokersin2019reside. Increases in absolute tobacco deaths
are fueled by populationgrowth, but also by the earlier onset of smok-
ing uptake among smokers and the emergence of the full effects of
prolonged smoking from young ages among the increasing number
of adults reaching middle and older age*”.

The main global strategy to reduce smoking has been the World
Health Organization (WHO)-led Framework Convention for Tobacco
Control (FCTC), a global treaty with a comprehensive set of meas-
ures to decrease smoking, including demand reduction, countering
smuggling, protection from exposure to tobacco smoke, regulation of
tobacco product contents, packaging and labeling, as well as regulating
tobacco advertising, promotion and sponsorship. The FCTC drew on
evidence developed in partnership with the World Bank, which identi-
fied that the single most effective intervention was to raise excise taxa-
tion (that s, taxes levied on specific products or services) on tobacco
products®. The FCTC was adopted in2003 and became legally binding
asaninternational treatyin2005.1n2008, WHO adopted an MPOWER
strategy to help implement the key FCTC provisions’.

'Business School, Universidad Adolfo Ibafiez, Santiago, Chile. ?Millennium Nucleus for the Evaluation and Analysis of Drug Policies, Santiago, Chile.
Universidad Adolfo Ibafez, Santiago, Chile. “Centre for Global Health Research, Unity Health Toronto and Dalla Lana School of Public Health,

University of Toronto, Toronto, Ontario, Canada.

e-mail: guillermo.paraje@uai.cl

Nature Medicine | Volume 30 | March 2024 | 683-689

683


http://www.nature.com/naturemedicine
https://doi.org/10.1038/s41591-024-02806-0
http://orcid.org/0000-0002-7863-907X
http://crossmark.crossref.org/dialog/?doi=10.1038/s41591-024-02806-0&domain=pdf
mailto:guillermo.paraje@uai.cl

Article

https://doi.org/10.1038/s41591-024-02806-0

Table 1| Policy summary

Section

Description

Background

Prolonged tobacco smoking kills more than half of long-term smokers, leads to an average of a decade of life lost for individual smokers
and contributes to over 7 million tobacco deaths annually globally.

The WHO FCTC is the main global policy strategy to combat smoking, although previous studies, some of them relying on limited
assumptions, cast doubts on its effectiveness.

Main findings

At the global level (excluding China) after FCTC ratification in 170 countries, the prevalence of current smokers below age 25 decreased
at an average annual rate of -0.8% (95% Cl=-1.0 to -0.5), compared to the pre-FCTC period. The global (excluding China) post-FCTC trend
for the quit ratio (ratio between former and ever smokers) at ages 45-59 years increased at an annual average of 0.1% (0.1-0.2). Countries
that increased tobacco taxes by 10 percentage points or more after ratification reduced prevalence at an annual rate of -2.1% (-2.8 to -1.4)
compared with those with little (below 10 percentage points) or no tax change, which had a reduction of -0.7% (-1.3 to =0.2). The global
post-FCTC trend for the quit ratio at ages 45-59 years increased at an annual average in high-tax change countries by 0.5% (0.4 to 0.6) in

contrast to a decrease of 0.1% (-0.2 to -0.1) for low-tax change countries.

Globally (excluding China), after 10 years of FCTC ratification, there were 24.0 (0.4-47.6) million fewer smokers below age 25 or 15.5% of
projected (before-FCTC trends) smokers. Additionally, there were 2.0 (1.4-2.6) million more quitters at 45-59 years because of increased

cessation.

Limitations

Limitations of this study include the grouping of males and females in the analyses and the lack of analyses for individual countries, which

precludes considering country-level covariates (for example, per capita income, changes in cigarette affordability).

Policy implications

We demonstrate that the FCTC, over only one decade after ratification, led to a statistically significant acceleration of declines in the

overall number of smokers and in smoking prevalence below age 25 and an increase in relative cessation. Countries with moderate or large
tobacco tax increases after ratification were more successful in curbing consumption. Countries must ratify FCTC, increase tobacco taxes
and apply other non-price policies to reduce the enormous disease burden caused by tobacco.

The extent to which the FCTC and the follow-up MPOWER
strategies have reduced smoking in LMICs is debatable®’, with most
evaluations relying on several limiting assumptions®'° or only tracking
MPOWER coverage". Variability in surveys used to determine smoking
prevalence at various ages, changing income levels and concurrent
changesinseveraltobacco control policies mean that typical regression
analyses across countries are of limited value to evaluate if ratification
of the FCTC reduced smoking, and cannot easily quantify the role
of taxation™.

Arobustmethod toexamine theimpactofthe FCTCisinterrupted
time series analysis (ITSA), which uses the background trends in con-
sumption for each country compared to the after-FCTC period to
assess the impact of the FCTC. ITSA is the preferred analytic method
where randomization is not possible''*. We applied ITSA to compare
before and after ratification trends (accounting for the nonlinearity
of smoking prevalence) for the number and prevalence of smokers at
ages 10-24 years (because this age group will be more responsive to
price and non-price interventions)" as well as cessation among older
adults aged 45-59 years (when most quitting efforts by smokers have
been completed)'*". We incorporated variation in ratification years
(range 2004-2010; median 2005) and considered time to ratification
and variability in the concurrent use of excise taxes to raise prices in
the analyses. Table 1 summarizes our findings and policy implications.

Results
The effect of FCTC ratification on the number of current
smokers and the quit ratio
We studied 171 countries, representing 89% of the global population
in2021. Supplementary Table 1 provides information on the average
number and prevalence of current smokers during the 10 years before
and after ratification, the year of FCTC ratification for each country,
the total tobacco tax share for the most sold cigarette brand in 2008
and its change in percentage points in the 2008-2012 period, as well
as an assessment of the quality of survey coverage*’. China consti-
tutes about one-third of global tobacco smokers, with most tobacco
sold through state-owned companies”. Hence, we considered China
separately in the analyses, excluding it from the global analyses (for
example, World in the tables) and the ones conducted using World
Bank income groups®.

Among170 countries in fourincome regions and excluding China,
inthe year of FCTC ratification there were 153 million smokers below

age 25 years, and 79 million former and 231 million ever smokers at
ages 45-59 years (yielding a quit ratio of former to ever smokers of
0.34; Table 2). The prevalence of current smoking below age 25 years
in the decade after FCTC ratification showed significant decreases
compared to beforeratification (95% confidence interval (CI) =13.1to
13.5, before ratification versus after ratification 95% C1 =10.8 to 11.6). In
most countries (109 of 171), the peak year of smoking prevalence was
before FCTC ratification (data not shown)?, which we considered in
the ITSA to establish before and after ratification trends.

We used the ITSA to examine the before-FCTC and after-FCTC
trends in the logarithm of the number of smokers, the prevalence at
below age 25 years and the quit ratio at ages 45-59 years. We examined
trends as the logs of respective values, given the marked skew in the
data, to examine relative changes in the before- and after-FCTC peri-
ods. Hence, all theresults are presented aslog values unless otherwise
stated.

The main analyses showed that the after-FCTC trends fell faster
in relation to the before-FCTC trends (Table 3). At the global level,
after FCTC ratification in 170 countries, the prevalence of cur-
rent smokers below age 25 years decreased at an average annual
rate of —0.8% (95% Cl =-1.0 to —0.5) compared to the before-FCTC
period (Table 3). The sharpest declines in after-FCTC trends were in
low-income countries (LICs) where the number and prevalence of
current smokers decreased at an annual average rate of -6.0% (95%
Cl=-8.1t0 —4.0) and —4.0% (95% Cl = -5.6 to —2.4), respectively. By
contrast, the slope of the after-FCTC trend in prevalence increased
atanaverage annual rate of 1.3% (95% Cl = 0.6 to 1.9 in HICs in relation
toits before-FCTC trend, which did not prevent an actual decrease in
prevalence, asseenin Table 2). The global after-FCTC trend for the quit
ratio at ages 45-59 years increased at an annual average of 0.1% (95%
Cl=0.1t00.2). The after-FCTC trend for the quit ratioincreased more
inhigh-income and LMICs, but paradoxically decreased by —0.2% (95%
Cl=-0.2t0-0.1) in LICs. Full results of the models showing changes
inbefore- and after-FCTC trends and changes in levels with the FCTC
areshown in Supplementary Tables 3-5.

Combined effects of FCTC ratification and tax increases

Only 23 of the 161 countries for which we had taxation data were
classified as high-tax change, meaning that the tax burden on the
most commonly sold cigarette brand rose by at least 10 percent-
age points along with FCTC ratification. These high-tax change
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Table 2 | Prevalence before, after and at FCTC ratification in a population below age 25 years, according to country income

and tax change groupings

Region (number of

Number of smokers in the ratification year in millions

Evolution of prevalence of current smoking population below

countries) the age 25 years (95% Cl)
Currentsmokers below  Former or ever smokers aged Prevalence 10 years Prevalence at the Prevalence 10 years
the age of 25 years 45-59 (and quit ratio®) before ratification year of ratification after ratification
World (170)° 153 79/231(0.34) 13.3% (13110 13.5) 12.5% (8.2t0 16.8) 11.2% (10.8 t0 11.6)
China 35 10/86 (0.12) 10.8% (10.1 to 11.5) 10.7% (9.5 t0 12.2) 131% (12.6 t0 13.7)
According to income group®
High (52) 34 33/79 (0.42) 24.9% (24.5 10 25.4) 231% (14.1to 32.0) 20.6% (19.9 to 21.4)
Upper middle (50)° 46 25/65 (0.38) 19.2% (19.0 t0 19.4) 18.0% (0.9 to 27.0) 15.9% (15.3 to 16.5)
Lower middle (47) 64 20/81(0.24) 8.9% (8.910 9.0) 8.9% (2.1t015.8) 8.4% (8.2t0 8.7)
Low (21) 9 2/7(0.31) 8.7% (8.7t0 8.8) 8.6% (5.8t011.4) 8.2% (79t0 8.4)
According to tax change?
High-tax change (23) 24 10/36 (0.28) 18.7% (18.5t0 18.9) 17.6% (4.7 to 30.4) 14.5% (13.6 t0 15.4)
Low-tax change (137) 129 69/193 (0.36) 12.6% (12.4 t0 12.8) 11.9% (6.7 to 17.1) 10.8% (10.4 to 11.2)

2Quit ratio is the former to ever smoker ratio as a measure of cessation. °Excluding China. °All subsequent analyses exclude China. “One hundred and sixty countries for which data were

available (excluding China). 95% Cls were obtained using bootstrapping (100 replications).

Table 3 | Average annual change in trends after WHO FCTC
ratification compared to pre-FCTC trends in the logarithm
of the number of smokers and prevalence in the population
below age 25 years, and the logarithm of the quit ratio for
the population aged between 45 and 59 years, according to
country income and tax change groupings

Region (number of Cumulative effect (10 years) after ratification

countries) (best fitted model®), % and (95% CI)
Number of Prevalence below Quitratio ages
smokers below age 25 years 45-59 years
age 25 years

World (170)* -1.6 (-3.1t0-0.1)f -0.8(-1.0t0-0.5)¢ 0.1(01t00.2)°

According to

income group

High (52) -0.1(-0.3t0 0.1)° 1.3(0.6t01.9) 0.2(0.1t0 0.2)°
Upper middle (50)°  -3.3(-7.2t0 0.5)) -1.0(-1.5t0-0.6)° -0.2(-1.0to 0.6)f
Lower middle (47) -0.8(-1.0t0o-0.7)° -0.7(-0.8t0o-0.5)° 0.1(0to0.3)°

Low (21) -6.0(-81t0-4.0) -4.0(-56t0-2.4) -02(-0.2to-0.)°

According to tax
change

High-tax change (23) -2.7 (-3.6 to -1.8)°

-1.2 (-1.4 to -1.0)*

2A list of the five possible ITSA models is provided in the Methods. *Excluding China.
°Model 1 corresponds to before and after intervention linear trends. Model 2 corresponds

to a before intervention polynomic quadratic trend and an after intervention linear trend.
9Model 3 corresponds to before and after intervention polynomic quadratic trends. *“Model 4
corresponds to a before intervention polynomic cubic trend and an after intervention linear
trend. Model 5 corresponds to a before intervention polynomic cubic trend and an after
intervention polynomic quadratic trend.

-21(-2.8to-14)* 0.5(0.4t0 0.6)°

Low-tax change (137) -07(-1.3t0-0.2)) -0.1(-0.2to-01)°

countries had a higher prevalence of current smokers below age 25
years in the before-FCTC trends compared to countries with low-
tax change (18.7% versus 12.6%), which continued in the after-
FCTC period (14.5% versus 10.8%) (Table 2). At these ages, the
after-FCTC trends in countries with high-tax change decreased the
number and prevalence of smokers at an annual average rate of -2.7%
(95% Cl=-3.6 to -1.8) and —2.1% (95% Cl = 2.8 to -1.4), respectively.
These decreases were approximately twice as large as those observedin
low-tax change countries for the number (-1.2,95% Cl = -1.4 to -1.0)

and prevalence (-0.7,95% Cl = -1.3to —0.2) of smokers, respectively.
The global after-FCTC trend for the quit ratio at ages 45-59 years
increased at an annual average in high-tax change countries of
0.5% (95% Cl= 0.4 t0 0.6) in contrast to a decrease of 0.1% (95% Cl =
-0.2t0-0.1) for low-tax change countries.

Cumulative effects over 10 years

The global cumulative effect 10 years after ratification meant an
after-FCTC decrease of —15.5% (95% Cl = —33.2 to —0.7) for the numbers
and a decrease of =7.5% (95% Cl = -10.6 to —4.5) for the prevalence of
current smokers below age 25 years (Fig.1), in relation to the cumulative
effect that would have occurred at the before-FCTC trends (Table4). The
largest decreases occurredin LICs, followed by upper-middle-income
countries; the smallest decreases occurred in HICs. The global cumula-
tiveincrease in the quit ratio at ages 45-59 years was 1.8% (95% Cl = 1.2
to 2.3), with the largest increase in HICs, followed by LMICs, with
LICs showing a slight increase in quit ratio. Similarly, the decreases
in after-FCTC trends in the number and prevalence of smokers and
the increases in quit ratio were greater in countries with higher tax
increases than in countries with low or no tax increases.

We projected the before-FCTC trends for current smokers for
the 10 years after FCTC ratification and compared these projections
to the actual number of current smokers during the same period to
estimate the reduction in the number of smokers after FCTC ratifi-
cation. Globally (excluding China), over these 10 years there were
24.0 (0.4-47.6) million fewer smokers below age 25 years or 15.5%
of projected smokers (Fig. 2). In addition, over the decade after
FCTC ratification, there were 2.0 (1.4-2.6) million more quitters at
45-59 years because of increased cessation (Supplementary Table 9).
Had all countriesincreased the excise tax rate by atleast 10 percentage
points, matching high-tax change countries, there would have been
44 (10.8-54.2) million fewer smokers below age 25 years and
5.2(4.0-6.9) million more quitters at ages 45-59 years.

Discussion

We demonstrated that the FCTC, over only one decade after rati-
fication, led to a statistically significant acceleration of decline in
the overall number of smokers and in smoking prevalence below
age 25 years, leading to about 24 million fewer smokers in this age
group, consisting of 15.5% of projected smokers, and about 2 million
more quitters at 45-59 years because of cessation. The relative
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Fig.1|Evolution of the before- and after-FCTC trends for the prevalence of
current smoking below age 25 and the quit ratio for the population aged

between 45 and 59 years. a-c, The expected decline worldwide (a) and in low-
tax change countries (c) represents the proportionate decline seen in high-tax

o Trend after ratification == Counterfactual high-tax change

change countries (b) (where the tax burden rose at least 10 percentage points
between 2008 and 2012). Shown are the percentages, relative prevalence and
quit ratio decrease or increase 10 years after ratification, along with the 95% Cls.
Note: Chinais excluded.

decrease in the numbers of smokers and prevalence and increase
in cessation were at least twice as large in the 23 countries that
combined FCTC ratification with substantial tax increases during
2008-2012. The results also show that while the decrease in preva-
lence was stronger in LMICs after FCTC ratification, the decrease in
cessation was more pronounced in HICs, which is consistent with
previous studies®.

Among young smokers below age 25, cessation is uncommon in
most LMICs**". Under conservative assumptions, it is estimated that
atleast half (and perhaps closer to two-thirds) of the 24 million averted
younger smokers would die from smoking-related causes®. Thus, it is
estimated that the FCTC could avoid atleast 12 million eventual deaths
fromjust one decade ofimplementation from the combined effects of
reduced initiation and cessation.

Our analyses showing stronger effects of FCTC ratification in
high-tax change countries do not directly show the effectiveness of
tobacco taxes in curbing consumption but are consistent with the
evidence that large increases in excise taxation of cigarettes are the
single most effective intervention to reduce smoking initiation and
raise cessation®. Although we did not demonstrate that taxationis the
only policy responsible for the decrease in prevalence and the relative
increase in cessation, we found that countries that made a stronger
effort to curb consumption after FCTC ratification (proxied by a higher
increase intobacco taxes) were more successful in curbing consump-
tion. We also showed that if low-tax change countries had effects after
FCTC ratification comparable to high-tax change countries, there
would have been 44 million fewer smokers below age 25 years and far
more adult cessation globally.
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Table 4 | Cumulative effect 10 years after WHO FCTC ratification in the logarithm of the number of smokers and prevalence
for a population below age 25 years and the logarithm of the quit ratio for a population between 45 and 59 years old,

according to country income and tax change groupings

Region (number of countries)

Cumulative effect (10 years) after ratification (best fitted model®), % and (95% CI)

Logarithm of the number of smokers
below age 25 years

Logarithm of prevalence below
age 25 years

Logarithm of the quit ratio
ages 45-59

World (170)? -15,5 (-33.2to -0.7)f

-75(-10.6 to -4.5)° 1.8(1.2t02.3)°

According to income group

High (52) 1.9 (-4.2t0 0.4) 115 (5.3t017.7) 15(11t0 1.9)°
Upper middle (50)? -32.3 (-69.1 to 4.5)f -11.0 (15.8 to -6.1)° -11(-871t0 6.6)f
Lower middle (47) -8.4(-9.9t0-6.8)° -6.8(-8.0t0 -5.6)° 07(-02t016)°
Low (21) -54.9 (-74.5 to -35.4)' -36.8 (-52.2 to ~21.5)' 17 (-2.3 to-11)°

According to tax change

High-tax change (23) -28.4 (-37.8 t0 -18.9)°

-21.8 (-29.6 to -13.9)° 5.5 (41t0 7.0)°

Low-tax change (137) -1.5 (-13.6 to -9.4)¢

-71(-12.2t0 -2.) -1.4 (-1.8to -1.0)°

2A list of the five possible ITSA models is provided in the Methods. *Excluding China. °Model 1 corresponds to before and after intervention linear trends. Model 2 corresponds to a before
intervention polynomic quadratic trend and an after intervention linear trend. “Model 3 corresponds to before and after intervention polynomic quadratic trends. *°Model 4 corresponds to a
before intervention polynomic cubic trend and an after intervention linear trend. Model 5 corresponds to a before intervention polynomic cubic trend and an after intervention polynomic

quadratic trend.

Large excise tax increases, in the range of 100%, have been practi-
cableinmany settings®; indeed, alarge increase may signal the impor-
tance of tobacco control to smokers**?. The combination of FCTC
ratification, withits publicity of smoking hazards and the adoption of
non-priceinterventions, probably complemented the actual effect of
raised prices. By contrast, China stood out with paradoxical increases
insmoking after FCTC ratification. However, China’s market is unique
because state-owned tobacco companies mostly supplyit, with a vested
interest in not dropping consumption®?, Moreover, China has diverse
cigarette brands priced at various levels that allow substitution by
consumers and manufacturers®.

For most countries, the decrease in the number (and prevalence)
of current smokers began before the ratification of the FCTC. At the
time of ratification, the number of current smokers (and prevalence)
was already stable or decreasing. However, our analyses show that
ratification accelerated the decline in current smokers and prevalence
belowage 25 yearsand accelerated cessationamong older smokers. An
exceptionto thisis HICs, where the decline in prevalence decelerated
with ratification. In countries where tobacco taxes were increased
substantially, such an acceleration in the reduction of smokers was
higher, resulting in a more important number of smokers (and deaths)
averted.

The results shown in this article must be examined within the
broader context of tobacco control efforts. Non-price interventions,
notably bans on smoking in public places, have expanded consid-
erably, as noted in the 2023 WHO report on tobacco control”. This
measure is highly cost-effective inreducing the disease burden from
tobacco™ and increases the costs of smoking (by raising the time and
convenience costs of smokingin public places). Ample evidence sug-
gests that higher excise taxes are the single most effective interven-
tionto deter young people from starting smoking while raising adult
cessation®*%,

The ITSA is regarded as a robust evaluation tool™'**? but it has
limitations. The robustness of the ITSA dependsin part on establishing
the actualunderlying before-FCTC trends, which we have quantified
by selecting bespoke models with linear and nonlinear trends using
a well-established method. Our ITSA results contradict an earlier
ITSA of the impact of the FCTC, which relied on using 2003 as the
intervention year, even though the actual year of ratification varied®.
Moreover, the earlier ITSA relied on per capita cigarette use back to
1970, which should not greatly influence the consumption trends

decades later. In our ITSA, all countries except for China showed
decreasesin prevalence, which is consistent with secular trends due
togreater awareness of tobacco hazards globally'®. A natural strength
of the ITSA is the ability to distinguish intervention effects, such as
FCTCratification, from these secular trends. We conducted additional
sensitivity analyses looking at longer before ratification periods and
variation in the ratification year, but these yielded similar results to
our mainanalyses. Our grouping of male and female smokers together
precluded the ability to examine cessation differences according
to sex in key regions, such as East and South Asia, where there are
fewer female smokers™>*. We did not examine individual countries
(aside from China) but grouped them, which precludes considering
country-level covariates (for example, per capita income, changes
in cigarette affordability). Brazil’s rapid decline in smoking, which
arose in part from much higher excise taxes®*** may dominate the
upper-middle-income category because it is a populous country of
215 million people.

The data used for the analyses are a widely published dataset,
where such dataare constructed after reviewing and analyzing many
national surveys and modeling years or countries with no surveys.
Countries with more surveys have more accurate information about
the evolution of smoking prevalence and cessation. We classified
countries with more than ten surveys in the 1990-2020 period
as high-quality. Results using just countries with high-quality
surveys were similar to those presented in this study (Supplemen-
tary Table 2).

The FCTC, while effective, is at risk of stalling’. The number of
countries raising taxes has slowed and cigarette affordability has
risen®. For example, India has had no notable tax increases for the
last few years (at least since 2014)”. In India, the tobacco tax share of
the most sold brand decreased between 2008 and 2012 after FCTC
ratification; although it later increased, it is still well below the WHO
recommendation of a tax share of at least 75% of the retail price®*.
WHO’s 2023 tobacco control report also documents the slowest pro-
gressin large increases in taxation’.

Our findings should help accelerate tobacco control by showing
that the FCTC is effective, and within it, taxation is the key to future
progress. Large tax increases might well avoid about 200 million deaths
over the next few decades and are the only practicable way to achieve
the targets for reduced chronic diseases within the United Nations
Sustainable Development Goals**74°,
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Methods

National smoking surveys and definitions

We derived data on the number of smokers and smoking prevalence
among individuals aged 10-24 years from datasets produced by the
Global Burden of Disease, Injuries, and Risk Factors (GBD) study, which
relied on 3,625 nationally representative surveys on tobacco use for
204 countries and territories from 1990 t0 2020 (refs. 4,18). The data-
set provides annual estimates of smoking prevalence in 5-year age
groups and the number of current and former smokers, with detailed
methods already published*'®. The dataset is the result of a complex
process of assessing and reviewing existing surveys, extracting relevant
datafromthem; when there was no surveys for specific years or coun-
tries, modeling using spatiotemporal Gaussian process regressions
was used*.Naturally, this process may imply smoothed data that can
affect estimations in quasi-experimental settings*'. For countries
with more surveys, it would be expected that this limitation would
be less stringent. We conducted separate analyses for countries with
more than10 years of surveys, which we defined as higher-quality data
(Supplementary Table 2).

The surveys’ current or former smoking definitions varied but
generally conformed to WHO’s standard definitions. Current smok-
ing included daily use of any smoked tobacco (mostly manufactured
cigarettes, butalso hand-rolled cigarettes, cigars, cigarillos, pipes and
other products)’®. Former smokers were those who had smoked more
than 100 cigarettes in their lifetime but were not current smokers. We
calculated the number of current and former smokers by multiplying
the annual age-specific and sex-specific prevalence estimates by the
respective population in the GBD study.

We classified the 161 countries with available tax data (includ-
ing China) according to changes in cigarette tax incidence between
2008 and 2012, using data from WHO annual reports (compiled from
standardized surveys of each country)’. We classified countries as
high-tax change countries if the tax burden on the retail price of the
most commonly sold cigarette brand increased by 10 or more percent-
age points between2008 and 2012 (almost all for substantial increases
in excise taxation)** and countries as low-tax change countries if the
tax burden rose by less than 10%, remained unchanged or decreased.
We adopted this classification to separate countries that ratified the
FCTC and mostly concurrently substantially increased the tax burden
on cigarettes from those that did not. We used 2008-2012 because 95%
of countries ratified the FCTC before 2012 and because 2008 s the first
year captured in WHO annual reports on tobacco taxation.

Study design
Weapplied the ITSA, which uses abefore-after design, to quantify the
effect of FCTC ratification onthetrends and levels of the logarithm (to
account for the marked skew in the data and to examine the relative
changes) of the number and prevalence of current smokers below age
25years, on the assumption that the logarithm of these numbers should
fall. We focused on this age group, given that most smokers who will be
lifelong smokers initiate by age 25, and because more limited experi-
mentation with quitting also occurs in these age groups. Moreover,
younger adults are more price-sensitive to any increases in taxation
recommended by the FCTC*. We also examined the logarithm of the
quitratio (former over ever smokers aged 45-59 years), which should
alsofallif cessationincreases™**. We chose this age because cessation
efforts by smokers have largely been completed by age 60 (refs.16,17).

Details on the ITSA methodology have been published else-
where>**¢; Supplementary Fig.1provides aschema for its operation,
including the links to several model specifications used. We grouped
countries according to the 2021 World Bank income grouping (low-,
upper-middle, lower-middle and high-income)*, according to each
country’s FCTC ratification year',

The main analysis compares the change in annual trends after
FCTC ratification, examining if the 10-year rates of decline before

ratification in current smokers or prevalence further accelerated after
ratification. For cessation, the main comparison examines whether the
current to former smokers ratio rose after FCTC ratification. We also
examined changes in level for both outcomes. However, an acceler-
ated decline in current smoking (or increases in cessation) will most
strongly determine the future course of tobacco deaths** and it is thus
the focus of our analyses.

Statistical analysis

We estimated several ITSA models to consider before and after ratifi-
cation trends (non)linearity. Concretely, we estimated the following
models*®:

Ye=Bo + BiTe + BaXe + BsXele + €, (4]

Yo =Bo +BiT; + BoT? + BuXe + BsXcly + € )
Ye=Bo +BiT; + BaT? + BaXe + BsXely + Be X + €, 3)
Ye=Bo +BiTe + BT + B T2 + BaXe + BsXel, + € 4)

Ye=Bo+ BT+ B T? +B3 T? + BaX; + Bs Xl + ﬁeleg + € (©)]

where Y, is one of three outcome variables (the logarithm of cur-
rent smokers below the age of 25, the logarithm of current smoking
prevalence for suchagroup and the quit ratioin the 45-59 age group,
respectively), T,is atime trend, /,is a time trend since FCTC ratifica-
tion, X, is a dichotomous variable that identifies the FCTC ratifica-
tion period and ¢, is the error. The difference between the models is
how they adjust for nonlinearity in the before and after ratification
periods. The parameters ,-f; adjust the before ratification trends,
while §,-f, adjust the after intervention trends. Concretely, S, cor-
responds to the (log) number of smokers/prevalence or quit ratio
smokers at the beginning of the period considered (for example,
10 years before ratification). g, 5, and S,, as appropriate, explain
the slope of the outcome variable in the before treatment period. 8,
represents animmediate level change at the ratification year. Finally,
as appropriate, 8; and B, represent the change in slope between the
before and after ratification period (Supplementary Fig.1). Therefore,
toanalyze the effect of the FCTC, we must find statistical significance
in B, that supports an immediate effect on ratification or statisti-
cal significance in 5 or S, for the existence of an effect over time*®.
Because dependent variables are in logarithm, parameters show
relative percentage changes.

We estimated the models using ordinary least squares with the
Newey-West correction of standard errors to account for autocorrela-
tion and heteroskedasticity”. We used Stata 17 to run these models.
Stata’s margins command was used to calculate the average before
ratificationtrend, average change intrend and cumulative effect of the
agreement 10 years after ratification. The models with the best before
ratification fit were selected using the Akaike information criterion
(AIC) (Supplementary Tables 6-8)*¢. The AIC is a well-known method
toestablish the prediction error of models and, therefore, tocompare
their relative quality®. To calculate the average before ratification
trend, the best-fit model was derived for the variable T, in the before
ratification period. Then, to calculate the average changein trend, the
best-fit model was derived for the /, variable in the after ratification
period. Finally, to calculate the FCTC effect 10 years after ratification,
thebest-fit model was derived for the X, variable, conditional onthe /,
variable taking a value of 10.

The outcome of the number of smokers is an aggregation of
current smokers across each country within groups (for example, the
high-income group). Similarly, we aggregated current and former
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smokersaccordingto groups of countries and population age groups
according to the year of each country’s ratification. Finally, we esti-
mated the logarithms of each outcome to quantify relative changes
over time. Given that we made multiple comparisons, we considered
statistical significance differences exceeding 95% probability (P < 0.05).

We made five notable enhancements to previous ITSAs that
assessed the relationship between smoking outcomes and the adop-
tion of the FCTC®, First, we focused on the age-appropriate number of
smokers, a more directly relevant outcome than per capita cigarette
consumption. Second, we considered ITSA models with linear and
nonlinear trends and selected the ones that better matched the before
and after ratification trends. Third, given that the ITSA requires the
intervention to be applied at the same time to the treated units*° (that
is, countries that ratified the FCTC), we realigned the data, centering
each country’s number of current smokers (and therefore, prevalence)
ontheyearof each country’s FCTC ratification (7,). Hence, the number
of current smokers was aggregated according to country income group
(forexample, low-income), considering each country’s ratification year
and constructing the time series backward and forward, accordingly.
By doing this, we aggregated countries with different ratificationyears
and considered each country’s time to ratification and time after rati-
fication. The alternative would be to consider an artificially fixed year
of ratification and assess the effects from there, even when countries
ratified later. Previous analyses considered 2003, when the FCTC was
adopted, as the primary intervention date. However, only Fiji, Malta,
Norway, the Seychelles and Sri Lanka ratified it in 2003, and the
FCTC entered force in 2005 (refs. 8,51).

Fourth, the number of before-and after-FCTC ratification periods
considered can affect the estimation of the before-FCTC trend and,
consequently, the assessment of changes in before- and after-FCTC rati-
fication periods'. For countries thatratified the FCTC in, for instance,
2006, it makes little sense to consider the trend in the number of cur-
rent smokers since 1970 (ref. 8). We considered a before-FCTC ratifi-
cation period of 10 years to capture the preexisting levels and trends
of a sufficiently long but near period to ratification. In addition, we
considered anafter-FCTCrratification period of 10 years, whichinvolved
working with countries that ratified until 2010 (as the last year in the
GBD smoking dataset is 2020). Thus, we excluded ten countries that
ratified after 2010 (Andorra, Czechia, El Salvador, Ethiopia, Mozam-
bique, SaintKitts and Nevis, Tajikistan, Turkmenistan, Uzbekistanand
Zimbabwe), representing 1.3% of the total global smokers and 2.5% of
the total global population.

Fifth, given that we worked with the number of current smok-
ers (and associated prevalence) for groups of countries according to
income level, the countries included in each income group must be
kept constant. In sensitivity analyses, we considered the maximum
possible before intervention period (thatis, 13 years because the data-
set starts in 1990 and the first countries ratified the FCTC in 2003),
whichyielded similar results (datanot shown). Sensitivity analyses also
included examining only 65 countries with higher-quality surveys (at
least10 years of surveys), whichyielded similar results (datashownin
Supplementary Table 2). Finally, we considered 2005 (when the FCTC
becamelegally binding) as the starting year for countries that ratified
before 2005; this also yielded similar results (data not shown).

Ethics and inclusion statement
The study used de-identified and compiled data with no individual
identifiers; thus, noinstitutional review board review was needed.
Data for LICs, LMICs, higher- and middle-income countries and
HICs were used for this study. Two of the authors (G.P. and M.F.M.)
are based in Chile, a developing HIC; the others are based in a devel-
oped HIC. We fully endorse the Nature Portfolio journals’ guidance
on authorship and inclusion. This research is globally relevant, but
especially relevant to LICs and LMICs because they bear a very high
disease burden attributed to tobacco, which puts enormous pressure

on already strained health systems and relatively poorer individuals
inthose countries.

Reporting summary
Furtherinformationonresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability
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IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  The input data used in the study comes from the GBD and is freely available at: https://www.healthdata.org/data-tools-practices/data-
sources. Dataset and codes used in the analyses are available at https://osf.io/tqdg4/?view_only=8266983fff444cf2abb5b89344e460ac

Data analysis We have used Stata 17 MP for all the statistical analyses. No other software was used. All codes used in this study are available from https://
osf.io/tqdg4/?view_only=8266983fff444cf2abb5b89344e460ac

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The input data from the GBD is available at: https://www.healthdata.org/data-tools-practices/data-sources. Dataset and codes used in the analyses are available at
https://osf.io/tqdg4/?view_only=8266983fff444cf2abb5b89344e460ac
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Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender N/A

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|:| Life sciences Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Behavioural & social sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description The study uses cross-sectional data from national surveys from 171 countries, collected and compiled by GBD (Global Burden of
Disease) at University of Washington. The study uses quantitative approaches (Interrupted Time-Series Analyses) to enquire about
changes in levels and trends in current smoking population (age 10-24) and former smokers (age 45-59), after countries ratification
of WHO Framework Convention on Tobacco Control (FCTC).

Research sample We derived data on the number of smokers and smoking prevalence among individuals aged 10-24 years from datasets produced by
the Global Burden of Disease, Injuries and Risk Factors (GBD) Study, which relied on 3,625 nationally representative surveys on
tobacco use for 204 countries and territories from 1990-2020. Each survey has its own sampling strategy and population, which is not
reported in the GBD study. We used this dataset as it is the most complete dataset with number of current and former smokers by
age. The specific sample of countries used in the study is determined by the countries that ratified the FCTC.

Sampling strategy Each survey of the 3,625 surveys originally considered by GBD has its own sampling strategy and population. We selected data for all
countries that ratified the FCTC. Apart from this criterion, there is no sampling selection.
We also conducted separate analyses for countries where surveys were considered as "high-quality".

Data collection The dataset provides annual estimates of smoking prevalence in 5-year age groups and the number of former smokers.
Characteristics of the surveys and imputation methods are described at lenght at "Reitsma MB, Kendrick PJ, Ababneh E, et al. Spatial,
temporal, and demographic patterns in prevalence of smoking tobacco use and attributable disease burden in 204 countries and
territories, 1990-2019: a systematic analysis from the Global Burden of Disease Study 2019. The Lancet 2021; 397(10292): 2337-60."
There is no primary data collection involved in the study.

Timing There is no primary data collection in the study. Secondarty data was used. These annual data is from 1990 (initial year) to 2020 (final
year).

Data exclusions No data was excluded from the analyses.

Non-participation Non-relevant for this study, as aggregate populaiton secondary data is used.

Randomization Non-relevant for this study, as aggregate populaiton secondary data is used.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems

Methods

XX XXX X >

Involved in the study

|:| Antibodies

|:| Eukaryotic cell lines

|:| Palaeontology and archaeology
|:| Animals and other organisms
[] clinical data

|:| Dual use research of concern

n/a | Involved in the study

|Z |:| ChiIP-seq
|:| Flow cytometry
|Z |:| MRI-based neuroimaging
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