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ABSTRACT
Background  In jurisdictions in which electronic 
cigarettes are currently prohibited, policy makers 
must weigh the potentially lower risk compared with 
conventional cigarettes against the risk of initiation of 
e-cigarettes among non-smokers.
Methods  We simulated a synthetic population over a 
50-year time horizon with an open cohort model using 
data from Singapore, a country where e-cigarettes are 
currently prohibited, and data from the USA, the UK and 
Japan. Using the smoking prevalence and the quality-
adjusted life year gained calculated, we compared 
tobacco control policies without e-cigarettes—namely, 
raising the minimum legal age (MLA), introducing a 
smoke-free generation (SFG) and tax rises on tobacco 
consumption—with policies legalising e-cigarettes, 
either taking a laissez-faire approach or under some 
form of restriction. We also evaluated combinations of 
these policies.
Results  Regardless of the country informing the 
transition probabilities to and from e-cigarette use in 
Singapore, a laissez-faire e-cigarette policy could reduce 
the smoking prevalence in the short term, but it is 
not as effective as other policies in the long term. The 
most effective single policies evaluated were SFG and 
aggressive tax rises; the most effective combination of 
policies considered was MLA plus moderate tax rises and 
e-cigarettes on prescription.
Conclusion  Policy makers in jurisdictions in which e-
cigarettes are not yet established may be advised not to 
prioritise e-cigarettes in their tobacco end-game strategy, 
unless their use can be restricted to current smokers 
seeking to quit.

Introduction
Since their development in the early years of the 
21st century, electronic cigarettes (e-cigarettes) 
have grown rapidly in popularity as an alterna-
tive to conventional tobacco-based cigarettes.1–5 
This growth challenges the mainstream regulatory 
paradigm of increasing controls on smoking, as the 
public health goals of reducing harm from nicotine 
may potentially also be achieved by encouraging 
smokers to switch from conventional to e-cigarettes, 
either as a replacement or as a cessation tool.6–8 A 
major concern for public health policy makers is the 
gateway effect,when non-smokers first initiate use 
of e-cigarettes then transition to smoking conven-
tional cigarettes.9 10 In theory—though this has yet 
to be observed in practice due to the recent emer-
gence of e-cigarettes—the gateway effect could 
lead to greater incidence of nicotine use, reversing 
gains in global tobacco control efforts. Of particular 

concern is the risk that uptake among youth may 
exceed use of conventional cigarettes, as e-ciga-
rettes become normalised.1 4

As a result of the tension between the possible 
drawbacks and benefits of widespread e-cigarette 
use, different jurisdictions have taken opposing 
approaches to regulating the sale or use of e-cig-
arettes, the penetration of which into different 
markets differs accordingly. In the UK, for instance, 
in 2017, about 4.7% of people above 15 years old 
were current e-cigarette users, while in Italy the 
prevalence of current e-cigarette users is only about 
0.2%.11 In Asia, some countries have adopted e-cig-
arettes, such as Philippines12 and South Korea,13 
while Japan has banned e-cigarettes with nicotine14 
(though not regulated e-cigarettes otherwise) and 
other countries do not allow the sale of e-cigarettes, 
such as the United Arab Emirates,12 Thailand12 15 
and Singapore.12

Singapore has a history of strong anti-tobacco 
measures, including designating smoke-free public 
places and transport, prohibiting advertising, 
promotion and sponsorship as well as enforcing 
strict rules for packaging and labelling of tobacco 
products.16 Cigarettes are the dominant tobacco 
product in the country, with menthol cigarettes 
common as a gateway product.17 Products such as 
e-cigarettes, smokeless cigars, smokeless cigarillos 
or smokeless cigarettes are prohibited.18 The city-
state has also recently raised the minimum legal age 
(MLA) to buy or consume conventional cigarettes 
to 21.19 To discourage smoking in adolescents, as 
many underage smokers report obtaining cigarettes 
from older peers,20 21 Khoo et al22 have proposed 
a further extension of the MLA policy to create a 
‘smoke-free generation’ (SFG) beginning with the 
birth cohort of 2000.

Public health policy makers in countries in which 
e-cigarettes remain controlled, like Singapore, are 
therefore faced with a quandary: to legalise the use 
of e-cigarettes with the intention of encouraging 
users of conventional cigarettes to switch to the 
putatively lower risk product despite the poten-
tial risk of creating a new generation of e-cigarette 
users, or to continue prohibiting e-cigarettes and 
to advance towards an endgame for conventional 
cigarettes. Such comparisons can be undertaken 
through mathematical modelling, in which a consis-
tent experimental framework is used to field poli-
cies against each other in silico.

To evaluate the potential impacts of these policies 
on population health, we developed a microsimu-
lation model of cigarette and e-cigarette use over 
a 50-year time horizon in a synthetic population 

http://tobaccocontrol.bmj.com/
http://orcid.org/0000-0002-1680-288X
http://dx.doi.org/10.1136/tobaccocontrol-2019-054951
http://dx.doi.org/10.1136/tobaccocontrol-2019-054951
http://crossmark.crossref.org/dialog/?doi=10.1136/tobaccocontrol-2019-054951&domain=pdf&date_stamp=2020-08-21


523Doan TTT, et al. Tob Control 2020;29:522–530. doi:10.1136/tobaccocontrol-2019-054951

Original research

representing Singapore. We use this to assess potential prevalence 
of nicotine use and of quality-adjusted life years (QALYs) gained 
under various alternative scenarios, including the recent raising 
of the MLA to 21, the SFG for birth-cohorts 2000 onwards, the 
legalisation of e-cigarettes, either on prescription or on general 
sale, and the raising of tax on tobacco consumption, which we 
compared with a status quo (SQ) scenario.

Methods
Open-cohort model
We developed an open-cohort microsimulation model to assess 
the potential impact of different policies for tobacco control in 
Singapore (see figure 1). Open-cohort models are beneficial for 
modelling smoking policies as they allow for entry of new indi-
viduals at each discrete time step, rather than taking a single 
static population and projecting forward in time, as the latter 
approach does not take into account the entry of a younger 
birth cohort for each subsequent year, which may preferen-
tially advantage one policy over another. First, the model was 
initialised with forecasted numbers of people aged 11 from 2017 
to 2067 representing the birth cohort of each year following the 
population trend for Singapore as estimated in the R package 
wpp2017.23 For the starting year of 2017, we included the rest 
of the population aged 12–80 years. We also allow for a 3% 
annual decrease in mortality rates.24 Age pyramids are presented 
in online supplement figure S1-1. Prevalence of cigarette or 
e-cigarette users and QALYs were then calculated for living 
people aged 12–80 years in each year from 2018 to 2067.

The core of the model is a Markov chain with five different 
states for an individual in a given year: never user, cigarette user, 
ex-smoker, e-cigarette user and dual user. Age-specific transi-
tion probabilities between the first three states were estimated 
for Singapore using local data (prevalence presented in online 
supplement figure S1-2). As local data on transitions to and 
from the e-cigarette and dual user states were not available as 
e-cigarettes are prohibited in Singapore, we supplemented the 
transition probabilities with external data from three countries 
in which e-cigarettes are more established. Using three sets of 
transition probabilities based on data from the US (Population 
Assessment of Tobacco and Health study, 2014–2016),25 the 
UK (UK Office for National Statistics, 2014–2017)26 and Japan 
(Tabuchi et al, 2015–2017),27 we developed model variants, 
namely, SGUS, SGUK and SGJP, in which the transitions to and 
from e-cigarette and dual use follow those in the three coun-
tries, respectively. The conversion from study-specific defini-
tions to our categories may be found in online supplement 1. We 
sought common patterns which emerge despite the differences 
between countries and surveys to project the possible range of 
the smoking prevalence and QALYs gained.

From the US data, most of the e-cigarette users below 25 years 
old are never smokers, while most of the e-cigarette users above 
25 years old have used cigarettes before. Hence, for young e-cig-
arette users, when they quit, we allowed them to return to the 
never-smoker state, whereas for older e-cigarette users, when 
they quit, they become ex-smokers (see figure 1).

In the sensitivity analysis, we present the result of a model 
where all e-cigarette users when quitting return to the never-
smoker state (see online supplement S5).

Estimation of transition probabilities
We obtained the population estimates of transitions for the USA 
from the longitudinal survey data with R’s survey28 package (see 
online supplement 1). To obtain transition probabilities based 

on the cross-sectional data of Singapore, the UK and Japan, we 
use Markov Chain Monte Carlo and the rjags29 package. After 
scaling down the transition probabilities of the first three states 
using Singapore data to fit with the remaining transition proba-
bilities from the three established markets (the USA, the UK and 
Japan), we obtained the final transition probability matrix for 
all five states.

The prior distributions for each model’s parameters are 
provided in online supplement 1, together with other details on 
the Markov model formulation.

Relative mortality and quality-adjusted life years
We took 2.8 to be the relative risk of mortality for cigarette 
smokers who are less than 60 years old.30 The excess risk for 
ex-smokers was assumed to be 5% that for cigarette users.31 It 
has been suggested that a plausible range for the excess relative 
risk for e-cigarette use is 5%–40% of the excess risk experienced 
by cigarette users.31–35 Therefore, for the results in the main text, 
we used an excess risk value of 10% for SGUS and SGUK variants 
(on the optimistic end of the range) and of 5% for SGJP variant, 
as legally available e-cigarettes in Japan do not contain nicotine. 
We also performed sensitivity analysis for different values of the 
excess risk of e-cigarettes (see online supplement S5). The rela-
tive risk for dual users was calculated as the geometric mean of 
the relative risk for cigarette users and e-cigarette users. These 
relative risks were reduced for those aged over 60 years as rela-
tive mortality decreases with age.36

In addition, we accounted for the transition of the relative 
mortality and QALY over time when users transition to a state of 
lower risk. Specific values of relative risks used and the formulae 
for transitions are in online supplement S1.

All QALY results in the main text are presented with no future 
discounting. We also derived QALYs under a 3% annual discount 
(see online supplement S4).

To accommodate other uncertainties in some key parame-
ters, we conducted a sensitivity analysis (as described in online 
supplement S5), varying the mortality effects of e-cigarettes, 
initiation rates, use of e-cigarettes as a cessation aid and alter-
native methods of merging rates from USA, UK and Japan with 
Singapore.

Scenarios
Twelve policy scenarios were evaluated for their effect on 
smoking prevalence and annual QALYs gained, together with a 
baseline scenario reflecting the SQ. The SQ scenario includes all 
current tobacco control policies in Singapore as of 2017. In this 
scenario, only the transition probabilities between never user, 
cigarette user and ex-smoker were used.

In the MLA scenario, the MLA to smoke conventional ciga-
rettes is raised from 18 to 21 years old. This was modelled by 
setting the transition probabilities of those below 21 years old to 
the current transition probabilities of those below 18 years old. 
This policy has now taken effect.

In the SFG scenario, people born in the year 2000 onwards are 
never allowed to smoke. In the model, the transition probabili-
ties of the people in birth cohort 2000 and later were set to the 
mean of the current transition probabilities of illegal smoking 
among under-aged youths or the current transition probabili-
ties, whichever is smaller. We let the rate of illegal initiation of 
cigarettes decrease by 3% annually as the supply of cigarettes 
decreases.

We simulated two tax scenarios, similar to the policy imple-
mented in Australia between 2013 and 2020.37 In both, the tax 

https://dx.doi.org/10.1136/tobaccocontrol-2019-054951
https://dx.doi.org/10.1136/tobaccocontrol-2019-054951
https://dx.doi.org/10.1136/tobaccocontrol-2019-054951
https://dx.doi.org/10.1136/tobaccocontrol-2019-054951
https://dx.doi.org/10.1136/tobaccocontrol-2019-054951
https://dx.doi.org/10.1136/tobaccocontrol-2019-054951
https://dx.doi.org/10.1136/tobaccocontrol-2019-054951
https://dx.doi.org/10.1136/tobaccocontrol-2019-054951
https://dx.doi.org/10.1136/tobaccocontrol-2019-054951
https://dx.doi.org/10.1136/tobaccocontrol-2019-054951
https://dx.doi.org/10.1136/tobaccocontrol-2019-054951
https://dx.doi.org/10.1136/tobaccocontrol-2019-054951


524 Doan TTT, et al. Tob Control 2020;29:522–530. doi:10.1136/tobaccocontrol-2019-054951

Original research

Figure 1  Model structure.
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on tobacco consumption is raised 10 times by 10% each time 
relative to the previous price. The tax is raised once every 2 
years in the TAX2 scenario, and once every 5 years in the TAX5 
scenario. Based on previous estimates, the price elasticity of 
smoking prevalence is about –0.2 for developed countries,38 that 
is, a 10% increase in price is associated with a 2% relative decline 
in prevalence. To determine the appropriate change in the initia-
tion rate, quit rate and relapse rate of cigarettes, we used Markov 
Chain Monte Carlo to estimate the rates that would lead to such 
a change in prevalence and replaced the model rates accordingly.

The final three scenarios reflect the effects of introducing 
e-cigarettes into the Singapore market. In the e-cigarette laissez-
faire (ELF) scenario, all people aged 18 and above are allowed to 
buy and use e-cigarettes, whereas in the e-cigarette on prescrip-
tion (EP) scenario, the sale of e-cigarettes is restricted to cigarette 
smokers with prescriptions from medical doctors only. To repre-
sent this, we set the initiation rate from never smokers to e-cig-
arette vapers in the EP scenario to zero. For the transitions of 
current smokers who intend to quit to dual users, to e-cigarette-
only vapers or to ex-smokers, we used the corresponding transi-
tion probabilities from a randomised trial in the UK39 in which 
participants could choose their e-liquid for use in refillable e-cig-
arettes and were provided face-to-face support to quit.

In the e-cigarette 25 (E25) scenario, only people aged 25 years 
and above are allowed to buy and use e-cigarettes. The transition 
probabilities relating to e-cigarettes of people below 25 years old 
are set to the current transition probabilities of people below 18 
years old.

We also simulated the following combinations of policies:
►► Raising the MLA and implementing a regime of moderate 

tax increases (TAX5).
►► Raising the MLA and allowing e-cigarettes on prescription 

(EP).
►► Implementing a regime of moderate tax increases (TAX5) 

and allowing e-cigarettes on prescription (EP).
►► All three interventions aforementioned (MLA+TAX5+EP).
►► Implementing a SFG policy in tandem with a laissez faire 

approach to e-cigarettes (ELF).
In the combination of SFG and ELF, we assumed that the 

e-cigarette initiation rate increases by 1% annually as the supply 
of the competing product, cigarettes, diminishes.

The model was built with R V.3.4.4,40 and the model structure 
(figure 1) was drawn with yEd Graph Editor V.3.18.1.41

Results
Transition probabilities
The US panel data suggest that, as with conventional cigarettes, 
initiation rates among non-smokers into e-cigarette use are 
substantial only among those in their teens and 20s, being 3 per 
1000 person-years (95% credible interval (CI) 2‰ to 4‰) for 
ages 12–17 years and 7 per 1000 person-years (95% CI 5‰ to 
9‰) for ages 18–24 years. From the data in the UK, the initia-
tion rate was estimated to be 4 per 1000 person-years (95% CI 
0‰ to 9‰) for ages 15–19 years and 3 per 1000 person-years 
(95% CI 0‰ to 8‰) for ages 20–24 years. In Japan, the overall 
e-cigarette initiation rate was lower (at 2 per 1000 person-years, 
95% CI 0‰ to 7‰), but after setting the initiation rate for 
those aged 30 years or more to 0, the initiation rate for ages 
15–29 years would be 8 per 1000 person-years (95% CI 0‰ 
to 26‰), that is, comparable to the US-derived estimates. The 
initiation rate of conventional cigarettes (from non-smokers) 
was higher in the USA study than that of e-cigarettes for all age 
groups except those under 18 years old, for whom slightly more 

transitioned to smoking e-cigarettes than conventional ciga-
rettes. The UK and Japanese data both showed lower initiation 
of e-cigarettes than conventional cigarettes (estimated rates are 
presented in online supplement S2).

The US panel data show some potential evidence of a gateway 
effect, with about 23 transitions per 1000 person-years (95% CI 
22‰ to 23‰) from e-cigarette use only to conventional ciga-
rette use and 36 per 1000 person-years transitioned (95% CI 
35‰ to 37‰) from e-cigarette use only to dual use in those 
aged 12–17 years (both presented in online supplement S2). 
(The UK and Japanese data, being cross-sectional, cannot give 
reliable estimates of the gateway effect.)

The internal validity of these estimates is shown in the close 
correspondence between estimated and empirical prevalence in 
the four settings considered (see online supplement S2). Extrap-
olating the Singapore estimates of transition rates forward in the 
SQ scenario suggests that if no new policies are implemented, 
the prevalence of current smokers will stabilise at about 14% 
(95% CI 13.7% to 14.4%) by 2067, similar to current rates, 
despite the substantially changing age profile of the population.

Scenario analyses
Prevalence of cigarette and e-cigarette use
Regardless of which country informs the transition rates to and 
from e-cigarette and dual use, the prevalence of tobacco use 
under ELF and EP reaches a plateau after descending initially 
(figure 2). Under ELF, the reduction in cigarette prevalence is 
most notable in the SGUK variant and negligible in the SGUS 
variant. This reflects the relatively high flux from conventional 
to e-cigarette use and low initiation rate of e-cigarettes suggested 
by the UK data (online supplement S2). On the other hand, 
under EP, the decline in cigarette use is more significant and 
consistent across the variants as only smokers who intend to quit 
are allowed to use e-cigarettes.

Among the seven scenarios of single policies considered, an 
aggressive tax regime (with prices rising 10% every 2 years over 
two decades, TAX2) and the SFG have the greatest long-term 
impact in reducing the prevalence of cigarette use, followed by 
less intensive policies (MLA and a quinquennial tax rise, TAX5).

Quality-adjusted life years (QALYs) gained compared with status 
quo (SQ)
The projected QALYs gained follow a pattern consistent with 
that of e/cigarette prevalence; figure 3 contains the projection 
of QALYs and online supplement figure S4-1, the total QALYs 
gained under each scenario in 2017–2067. Under the policies 
including e-cigarettes, early annual QALY gains could be realised 
as cigarette smokers switch to e-cigarette only or dual use, and 
EP results in more reliable QALYs gain as it does not allow e-cig-
arette initiation among never-smokers. However, over a longer 
time horizon, the health benefits among later generations of 
MLA, tax rise and SFG scenarios become apparent and surpass 
the benefits resulting from policies legalising e-cigarettes.

Combinations of scenarios
The combination of MLA and moderate tax (TAX5) could 
perform comparably with aggressive tax (TAX2) in the long 
term (see figures  3 and 4). Meanwhile, even though EP in 
combination with MLA could also be as effective as TAX2 in 
terms of QALY gain, it is projected to lead to a higher preva-
lence of e/cigarette users. Moreover, allowing ELF along with 
SFG could enhance or undermine the effect of SFG depending 
on the level of e-cigarette initiation. In particular, the effect 
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Figure 2  The combined prevalence of cigarette users including dual users and the combined prevalence of cigarette users and e-cigarette users 
in Singapore in the SGUS variant (left column), SGUK variant (middle column) and SGJP variant (right column) where the transitions between three 
states of never users, cigarette users, ex-cigarette users in Singapore are, respectively, combined with the transitions to and from e-cigarette users and 
dual-users in the USA, the UK and Japan under the seven scenarios considered. The MLA scenario involves raising the age at which smoking is legally 
allowed to 21 years old from 18 years old. The SFG scenario involves prohibiting those born after 2000 from ever smoking. The ELF scenario involves 
legalising e-cigarettes and allowing anyone aged 18 years or above to use e-cigarettes. The EP scenario allows only smokers to obtain e-cigarettes, 
under prescriptions from medical doctors. The E25 scenario involves legalising e-cigarettes and allowing only people aged 25 years or above to use e-
cigarettes. The TAX2 scenario involves raising tax on tobacco consumption once every 2 years for 10 times, each time 10%. The TAX5 scenario involves 
raising tax on tobacco consumption once every 5 years for 10 times, each time 10%.

Figure 3  The annual QALY gained in the SGUS variant (left), SGUK variant (middle) and SGJP variant (right) under the seven scenarios of single 
policies and five scenarios of combined policies as described in the caption of figure 2 and the main text. (Note: the QALY values in this figure are 
presented without future discounting. Online supplement figure S4-3 in online supplement 4 shows results under 3% annual discount.). QALYs, 
quality-adjusted life years.

of SFG in lowering smoking prevalence and raising QALY are 
enhanced when featured with ELF in the SGUK variant, where 
the adoption of e-cigarettes from never smokers is negligible 
compared with that from current smokers (figure  4, middle 
column and figure 3, middle plot), but are undermined in the 

SGUS variant where a more considerable proportion of never 
smokers initiating e-cigarette use (figure  4, left column and 
figure 3, left plot).

Tables of estimates of the prevalence of cigarette smokers and 
QALYs gained are available in online supplement S3 and S4.
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Figure 4  The combined prevalence of cigarette users including dual users and the combined prevalence of cigarette users and e-cigarette users in 
Singapore in the SGUS variant (left column), SGUK variant (middle column) and SGJP variant (right column) under five combinations of policies: (1) 
MLA+TAX5, (2) MLA+EP, (3) TAX5+EP, (4) MLA+TAX5+EP, (5) SFG+ELF. ELF, e-cigarette laissez-faire; EP, e-cigarette on prescription; MLA, minimum 
legal age; SFG, smoke-free generation.

Sensitivity analyses
A full set of sensitivity analyses is presented in online supplement 
S5 and summarised in box 1. The estimated health impacts of 
e-cigarette use are robust to assumptions about the relative risk 
because, in all three variants, the projected prevalence of e-ciga-
rette use, including dual use, in Singapore is expected to be less 
than 5% (see online supplement figure S3-1). Instead, transition 
probabilities play a more important role in determining the prev-
alence of cigarette use and hence the QALYs gained in different 
scenarios. The differences between the SGUS and SGUK results 
are primarily due to the high rates of transition from conven-
tional to e-cigarettes in the UK, for when we substituted these 
rates into the SGUS model, the results mirrored those of the 
SGUK model closely. In addition, when we raised the rates by 
which current and never smokers adopted e-cigarette use, the 
overall prevalence of e/cigarette use rose notably. The long-term 
projection of the results is robust to optimistic assumptions 
about policies including e-cigarettes, namely, (1) that ex-users 
of e-cigarettes have the same mortality risk and transition prob-
abilities as never smokers and (2) that no ex-smokers will initiate 
e-cigarette use.

Discussion
In this study, we developed models that fused evidence from a 
country (Singapore) in which e-cigarettes are currently banned 
with evidence from three countries (Japan, the UK and the USA) 
in which they now constitute a sizeable share of the market. We 
observed that the projection of the population’s smoking prev-
alence and health impacts under the ELF scenario is consistent 
regardless of the foreign country which Singapore was modelled 
on—there was an initial decline in smoking prevalence as 
smokers of conventional cigarettes switch to e-cigarettes, which 

was followed by a plateau as future generations of young adults 
transition through vaping to smoking.

Our findings are for the most part consistent with those of 
existing models that investigate policies about e-cigarettes,31 42–48 
as reviewed in online supplement S6. In particular, the differ-
ence between competing models in whether health gains or 
losses result from introducing e-cigarettes is strongly determined 
by the ratio of the initiation rates among youth to the adop-
tion rates of e-cigarettes as a cessation aid. Additionally, some 
former smokers might initiate e-cigarette use, as reflected in the 
moderate annual rate of transition from ex-smokers to e-ciga-
rette uses in the USA—the rate is 31 per 1000 person-years (95% 
CI 19‰ to 44‰) for age 25–34 years—which is consistent with 
the rising trend of e-cigarette use among ex-smokers in the UK.49

On the other hand, with policies that prohibit or discourage 
conventional cigarette use, either through raising the age at 
which cigarettes may be consumed or raising their cost, both 
reduced smoking prevalence and QALY gain are realised. The 
policies with the best modelled outcomes were an aggressive tax 
regime that increases prices every 2 years or the prohibition of 
smoking among all individuals born after some point in time, that 
is, the SFG policy. In practice, the impact of tax raise on smoking 
prevalence could be countered by producers’ pricing strategies;50 
however, its effects on QALYs gained could be enhanced as tax 
rises also reduce the smoking intensity of current smokers.38

Two related policies that emerged from the analysis to be 
effective are the implementation of the SFG and raising of the 
MLA. Our results suggest that the MLA policy is a reasonable 
step, but that the subsequent extension to prohibit the sale of 
tobacco products to anyone born after the year 2000 would 
have a noticeably larger long-term effect. Such an extension may 
also help overcome issues with enforcement of the MLA policy, 
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Box 1  Summary of sensitivity analyses (full results may 
be found in online supplement 5)

Varying the risk of e-cigarettes
Results appear in online supplement figures S5-1, S5-2.

There are negligible changes in the results, as the main 
estimate of the proportion of Singapore residents who will adopt 
e-cigarette only use (E) or dual use (D) and who reach the age 
when mortality effects are felt most strongly is low (<5%) in 
absolute terms.

Increased adoption of e-cigarettes by never smokers in the 
SGUK variant
Results appear in online supplement figure S5-3.

With a low level of e-cigarette initiation by never smokers 
in the SGUK variant (0.0%–0.4%), increasing this level of 
e-cigarette initiation to 0.0%–1.2% does not change the 
results substantially. However, the accumulation of these small 
directional changes increases the eventual level of the smoking 
prevalence in scenarios with e-cigarette on a laissez-faire basis 
(ie, ELF, E25, SFG+ELF).

Increased adoption of e-cigarettes by current smokers in 
the SGUS variant
Results appear in online supplement S5-4.

With more adoption of e-cigarettes by current smokers (C→E: 
0.6%–5.1%, C→D: 0.6%–24.9%), the smoking prevalence in 
scenarios with e-cigarette on a laissez-faire basis (ie, ELF, E25, 
SFG+ELF) is lower. However, in comparison with the other 
scenarios, the smoking prevalence under ELF or E25 is still higher 
in the long term.

Assuming that neither the proportion of quitters 
remaining in the ex-smoker compartment nor the 
proportion of current smokers quitting is affected by the 
introduction of e-cigarettes
Results appear in online supplement S5-5, S5-6 and S5-7.

If this assumption were true, the smoking prevalence under 
the scenarios with e-cigarettes would be lower than the baseline 
model. Still, in the longer term, the prevalence of e/cigarette 
users under ELF or E25 is higher than that in other scenarios.

as it is expected that some adolescents will obtain cigarettes 
from older peers, thus diluting the benefits of MLA.51 52 Van 
der Eijk et al53 have shown that SFG is compatible with human 
rights principles, because although it reduces the liberty of the 
would-be smokers, this is at a level that is justifiable given the 
conflicting interests at stake.

Our estimates of transition rates in the USA justify the fear that 
e-cigarette use might serve as a gateway to conventional ciga-
rette use, with sizeable numbers of e-cigarette users subsequently 
initiating use of conventional cigarettes (see online supplemen-
tary table S2–3 and table S2–4). Our results also highlight the 
necessity to restrict e-cigarette use, if at all permitted, through 
requiring prescriptions, or to couple policies using e-cigarettes 
with SFG to counter the unpredictable developments in e-ciga-
rette initiation. It is also worth emphasising that EP in our model 
includes face-to-face support to smokers and uses refillable e-cig-
arettes which can deliver nicotine effectively. EP with limited to 
no personalised consultation and using e-cigarette cartridges of 
the first generation has been shown to be less effective.39 In coun-
tries where aggressive tobacco control policies such as TAX2 or 
SFG are infeasible, policy makers can consider combinations of 

less aggressive policies such as MLA plus TAX5 (moderate tax) 
or MLA plus EP which could offer benefits comparably with 
TAX2 (aggressive tax) in the long term.

As in all modelling studies, there are many assumptions 
underpinning the work. The greatest limitation in this study, 
and for any other modelling study on e-cigarette policy, is the 
lack of long-term trend data.54 In this study, we did not account 
for changes in transition probabilities over time—except for a 
gradual decrease in illegal cigarette initiation under SFG, and 
a slight increase in e-cigarette initiation in the absence of the 
competing product, cigarettes, in the scenario in which e-ciga-
rettes are made available in tandem with the implementation of 
the SFG—though changes might be anticipated in particular to 
e-cigarette use, as vaping becomes normalised. It may be valuable 
for Singapore’s policy makers to revisit this policy question once 
further data on uptake and risk profiles of e-cigarette use with 
and without conventional cigarettes become more established.

Furthermore, this policy analysis considered three types 
of policies (taxation, e-cigarette use and minimum ages), but 
other policies may also influence the initiation and cessation of 
nicotine use. Plain or standardised packaging of tobacco prod-
ucts, which results in reduced appeal to consumers,55 has been 
recently proposed by Singapore’s Ministry of Health for imple-
mentation in the near future, in response to evidences suggesting 
that such a policy is effective in other high-income societies.55 56 
This policy should be evaluated in Singapore to facilitate model-
ling of its long-term effect and to support (or not) similar poli-
cies elsewhere.

In addition, the excess mortality risk due to e-cigarette use is 
not currently well characterised, so we used a range of 5%–40% 
for this quantity: future studies will hopefully reduce this uncer-
tainty and quantify differences in excess risk by disease. More-
over, the relative mortality risks used for smoking could vary in 
the future due to the evolving distribution of diseases causing 
death (eg, should the prevalence of cardiovascular diseases 
decrease). Besides, we did not calculate the healthcare expen-
diture associated with diseases caused by smoking. The global 
economic costs of smoking was estimated to be US$1.44 tril-
lion in 2012, approximately 1.8% of the global gross domestic 
product and 5.7% of global health expenditure.57 Also, we did 
not account for the effect of smoking or vaping on secondhand 
smokers, as there was insufficient data to model it. Taking into 
account additional costs for secondhand smokers would further 
escalate the costs to both healthcare and economy and preferen-
tially support more aggressive policies.

This modelling study suggests that legalising e-cigarettes 
may not be the best available approach to tobacco end-game in 
settings where e-cigarettes are yet to be licensed. In such settings, 
there is an argument that e-cigarettes, if at all permitted, should 
be tightly controlled and coupled with policies to restrict uptake 
of smoking among youths, such as the SFG policy.
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What this paper adds

►► We provide an open-cohort model to quantify the public 
health effects of introducing e-cigarettes into a new market, 
applicable to countries with limited data on the potential 
rates of e-cigarette uptake for never smokers and current 
smokers.

►► We evaluate three practical variants of e-cigarette policies in 
which e-cigarettes sales are either freely driven by the market 
forces, restricted to smokers with prescriptions from medical 
doctors or permitted to people from 25 years old only.

►► We compare variants of e-cigarette policies with other 
effective tobacco policies including minimum legal age, 
smoke-free generation and tax rises on tobacco consumption.

►► We present feasible combinations of less aggressive policies 
such as minimum legal age plus moderate tax or e-cigarette 
prescription which could be as effective as an aggressive tax 
policy in the long term.
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