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Abstract

Background Recent estimates indicated substantially replacing cigarettes by e-cigarettes would, during 2016-2100, reduce
US deaths and life-years lost (millions) by 6.6 and 86.7 (Optimistic Scenario) and 1.6 and 20.8 (Pessimistic). To provide
additional insight we use alternative modelling based on a shorter period (1991-2040), four main smoking-associated dis-
eases, deaths aged 30-79 years, and a full product history. We consider variations in: assumed effective dose of e-cigarettes
versus cigarettes (F); their relative quitting rate (Q); proportions smoking after 10 years (X); and initiation rate (I) of vaping,
relative to smoking.

Methods We set F=0.05, X=5%, Q=1.0 and I=1.0 (Main Scenario) and F=0.4, X=10%, Q=0.5 and I=1.5 (Pessimistic
Scenario). Sensitivity Analyses varied Main Scenario parameters singly; F from 0 to 0.4, X 0.01% to 15%, and Q and 1 0.5
to 1.5. To allow comparison with prior work, individuals cannot be dual users, re-initiate, or switch except from cigarettes
to e-cigarettes.

Results Main Scenario reductions were 2.52 and 26.23 million deaths and life-years lost; Pessimistic Scenario reductions
were 0.76 and 8.31 million. These were less than previously, due to the more limited age-range and follow-up, and restriction
to four diseases. Reductions in deaths (millions) varied most for X, from 3.22 (X=0.01%) to 1.31 (X=15%), and F, 2.74
(F=0) to 1.35 (F=0.4). Varying Q or I had little effect.

Conclusions Substantial reductions in deaths and life-years lost were observed even under pessimistic assumptions. Esti-
mates varied most for X and F. These findings supplement literature indicating e-cigarettes can importantly impact health
challenges from smoking.

Keywords Smoking-related disease - Loss of life - Public health impact modelling - e-cigarettes - US - Vaping

Introduction

In 2018, Levy et al. (2018) (subsequently referred to as
Levy) estimated the effects on US mortality that would
occur over 2016 to 2100 if e-cigarette use (“vaping”)
largely replaced cigarette smoking (“smoking”) over the first
10 years. Their methodology involved forward projection
of smoking rates based on age- and sex-specific initiation
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and cessation rates using an age-period-cohort model. For-
ward projection of all-cause life tables were sub-classified by
smoking status using projected data on smoking prevalence
and relative risks by age, sex and smoking from the first
two American Cancer Society Prevention Studies (Garfin-
kel 1985). Levy considered an “Optimistic Scenario” and a
“Pessimistic Scenario,” differing regarding the relative harm
of e-cigarettes versus cigarettes and their impact on initia-
tion, cessation and switching. Compared to where e-ciga-
rettes were not introduced, they estimated that substantially
replacing smoking by vaping would reduce premature deaths
by 6.6 million and life-years lost by 86.7 million in their
Optimistic Scenario, and by, respectively, 1.6 million and
20.8 million in their Pessimistic Scenario. Levy concluded,
“a strategy of replacing cigarette smoking with vaping (i.e.,
e-cigarette use) would yield substantial life year gains, even
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under pessimistic assumptions regarding cessation, initiation
and relative harm.”

While Levy’s findings are certainly interesting, they are
somewhat limited. First, the Scenarios which Levy compare
differ on a number of parameters, and one cannot clearly
determine how varying individual parameters affects the
estimated life year gains. Second, Levy projects to 2100,
ignoring possible effects on future mortality of factors such
as medical advances, infections, global warming and wars.
Third, Levy derived estimates of relative mortality rates by
smoking status from only two studies. Fourth, Levy only
considered overall mortality. Fifth, Levy estimated risks at
a year based only on the product use distribution at that year.

Here, we approach the same problem using a differ-
ent framework, first described by Weitkunat et al. (2015),
known as the Population Health Impact Model (PHIM). This
approach has been used to estimate reductions in mortal-
ity associated with uptake of reduced risk tobacco products
in the US (Lee et al. 2017), Japan (Lee et al. 2018) and
Sweden (Djurdjevic et al. 2019). The partial hindcasting
approach of PHIM limits uncertainty regarding the future.
We also rely on more precise mortality rates from published
meta-analyses and consider the four major smoking-related
diseases—Ilung cancer (LC), chronic obstructive pulmonary
disease (COPD), ischaemic heart disease (IHD) and stroke,
rather than overall mortality. Furthermore, risks are derived
based on the full product history over time, and sensitiv-
ity analyses are used to determine the impact and relative
importance of the key parameters: F (relative excess risk of
e-cigarettes to cigarettes), X (proportion of population cur-
rently smoking after 10 years), I (relative initiation rate of
vaping to smoking), and Q (relative quitting rate of vaping
to smoking) on the estimated reductions in deaths and years
of life lost (YLL).

Materials and Methods
PHIM methodology

The modelling begins with individuals of a given sex and
age with a defined smoking distribution. In the prevalence
component, the simulated population is followed over dis-
crete time intervals under a “Null Scenario” and various
“Alternative Scenarios” based on estimated transition prob-
abilities (TPs) between different product use groups. In the
Null Scenario, the new product (here e-cigarettes) is never
introduced, and each individual’s smoking status (never, cur-
rent, former) is updated at each interval. In each Alternative
Scenario, the new product is introduced, and the TPs allow
switching between five groups (never users of either product,
current exclusive smokers, current exclusive new product
users, current dual users of both products, and former users
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of either product not current users of either). At the end of
follow-up, each individual then has a complete history of use
over the follow-up period under each Scenario.

The epidemiologic component then uses the histories to
estimate, for each individual and for each of the four diseases
considered (LC, COPD, IHD and stroke), their relative risk
(RR), compared to never users, for each follow-up year and
Scenario where the individual is aged 30 to 79 years. The
estimation involves a negative exponential model, allowing
for multiple changes in product use, described and justified
elsewhere (Lee et al. 2015, 2017). For each individual, this
model estimates the excess risk (RR-1) of the given disease
at each year of age from the excess risk at the previous year,
together with knowledge of the product smoked during that
year. The model requires estimates for each disease of the
RR for continued smoking and the quitting half-life (H):
the time taken from quitting for the excess risk (RR-1) to
become half that for continued smoking. It also requires
estimates of the excess risk for exclusive new product use
relative to exclusive smoking (F).

For each Scenario, the average RR for each disease for
individuals of a given sex and age group is then calculated
at each year, thus deriving the proportion of product-related
deaths and population counts using national mortality esti-
mates by sex, age group and year. Differences in estimates
between the Null and Alternative Scenarios then quantify the
effect of introducing the new product. For a given Scenario,
YLL before age 75 years are estimated using the method of
Gardner and Sanborn (1990), assuming that deaths occur-
ring in a given age group have a mean age of death at the
midpoint of the corresponding range. Thus, someone dying
in the age group 50 to 54 years would have an estimated
YLL of 75-52.5=22.5 years.

Initial estimates of between-Scenario differences in
deaths and YLL assume that the populations at risk in each
Scenario remain the same during follow-up. However, a cor-
rection for differences in survival is available (Weitkunat
et al. 2015).

Similarities and differences between the Levy model
and PHIM

A comparison between the Levy model and our application
of PHIM is shown in Table 1.

Another major difference is that while Levy uses only the
Optimistic and Pessimistic Scenarios, PHIM uses a Main
Scenario (similar to Levy’s Optimistic Scenario), a Pessi-
mistic Scenario (similar to Levy’s Pessimistic Scenario) and
various Sensitivity Scenarios where the value of one param-
eter (F, X, I or Q) is varied, with the remainder held at their
respective Main Scenario values (Table 2).

Note that the initiation rates for cigarettes and e-ciga-
rettes in the Main Scenario are set equal to half that for
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Table 1 Similarities and differences between the Levy model and our application of PHIM

Characteristic

Similarity

New product

Country

Sex

Groups—null scenario
Groups—alternative scenarios
Stability of population in follow-up

TPs considered

E-cigarettes

USA

Both sexes considered, results presented by sex, TPs sex-specific

Never, current and former smokers

Never users, current exclusive smokers, current exclusive vapers and former users, but not dual users
Only initial population studied, neither model allowing for immigration or emigration

Quitters cannot re-initiate. Switching to cigarettes not allowed, but switching to e-cigarettes is. Initia-
tion and quitting rates derived from national distributions for same birth cohort in successive five-year
periods

Characteristic

Difference

Time period

Diseases considered

Age range

Years quit

Age of initiation

Period over which smoking declines
to X

Former users

Relative risks

Estimating mortality

1990-2040 vs. Levy 2016-2100, to allow some hindcasting, and avoid extrapolation to years where rates
very uncertain

Lung cancer (LC), chronic obstructive pulmonary disease (COPD), ischaemic heart disease (IHD) and
stroke vs. Levy all causes combined. These form about two thirds of smoking-related mortality (Weitku-
nat et al. 2015)

10-79 years (30-79 years for estimating mortality) vs. Levy 15-99 years. As death certification unreliable
at older years, individuals not considered after age 79. PHIM includes those aged 10-14 years as product
use may start then

Considered only by PHIM, to estimate risk more precisely
To age 35 years vs. Levy to age 25, to reflect US patterns of initiation

First 11 years vs. Levy first 10 years. This reflects periods for which TPs estimated in PHIM (1986-1990,
1991-1995 and 1996-2000)

Former users of each product combined, rather than separately. Distinction not relevant as re-initiation
disallowed, and PHIM retains full product history

Derived from meta-analyses vs. Levy from two CPS studies

Full product history used, while Levy uses smoking status at the time

Table 2 Values of the four
key parameters in the PHIM
modelling

Parameter Main scenario Pes- Sensitivity scenarios
simistic
scenario
F (Excess risk of vaping relative to smoking) 0.05 0.4 0,0.1,0.2,0.3
X' (Residual prevalence of smoking after 10 years) 5% 10% 0.01%, 2.5%, 7.5%, 15%
I (Initiation rate for vaping relative to smoking) 1.0 1.5 0.5,0.75, 1.25
Q (Quitting rate for vaping relative to smoking) 1.0 0.5 0.75,1.25,1.5

"Values for F, I, and Q are exact, but those for X are approximate as discussed in the methods section.

smoking in the Null Scenario, so the combined initiation
rate of cigarettes (conventional and e-) remains equal to the
Null Scenario rate. Changing I only affects the initiation
rate for vaping. In the Main Scenario, the quitting rates of
smoking and vaping are each assumed to be the same as in
the Null Scenario. Changing Q only affects the quitting rate
for vaping.

Common features of each PHIM simulation

Each simulation starts in 1990 with 100,000 individuals of
a given sex aged 10-79 years, each individual then being

randomly allocated first to a year of age, then a smoking
group (never, current, former), and then, for former smok-
ers, to an age of quitting using the data described below.
Population estimates by sex and 5-year age groups were
downloaded from the United Nations website on April 15,
2020, for the years 1990 to 2040, using the “medium variant
projections” for 2018 to 2040 (Online Resource 1). Sex-
and age-specific distributions for annual current and former
smoking prevalence from 1986 to 2018 and for five-year
periods from 1986-1990 to 2016-2020 were estimated from
the National Survey on Drug Use and Health (NSDUH)
and the National Health Interview Survey (NHIS). For
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2021-2040, 5-year estimates were derived from the data for
2016-2018, later data being unavailable (Online Resource
2). As previously described (Lee et al. 2017), data on age of
quitting were based on NHIS data for 2006 (Online Resource
3).

As each simulation starts with the same random number,
the initial distribution of age, sex and smoking is always
the same. Each individual is then followed at yearly inter-
vals from 1990 under two Alternative Scenarios, with each
individual’s product use status being estimated at each
year of follow-up until the year 2040 (or age 79, if earlier).
Under the Null and Alternative Scenarios, each individual’s
smoking status may change annually according to the TPs
described in the following two subsections.

Estimating transition probabilities in the Null
Scenario

Initiation and quitting rates were derived from data on the
distribution of smoking habits for a given 5-year age group
and for the same birth cohort five years later when they are
5 years older, as described in Online Resource 4, which also
details the derived initiation and quitting rates.

Estimating transition probabilities in the Alternative
Scenarios

Only five TPs are relevant to any Alternative Scenario, since
re-initiation, dual use, or switching from e-cigarettes to ciga-
rettes was not allowed in order to allow for direct compari-
son with Levy. The derivation of the initiation, quitting and
switching rates is also described in Online Resource 4.

Mortality

Annual number of deaths for 1966-2017 from LC, COPD,
IHD, and stroke by sex and age group were downloaded
from the WHO database (Online Resource 5). Numbers of
deaths and in the population, were then used to estimate
death rates, both for single years and five-year periods from
1966-1970 to 2011-2015.

The age-period-cohort model (Osmond and Gardner
1982; Osmond et al. 1982) was then fitted to the rates by
5-year periods and used to estimate rates for later 5-year
periods up to 20362040, with single year estimates obtained
and numbers of deaths derived from the rates using the pop-
ulation data. The Osmond and Gardner approach describes
mortality from major smoking-related diseases well and pro-
vides a reasonable prediction of future mortality trends (e.g.,
Barker and Osmond 1986; Lee et al. 2014a)). The method-
ology produced estimates for the period to 2011-2015, but
estimates were also required up to 2036-2040. Based on
our previous experience (Forey 1989a,b), we used the age
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effects fitted to the period up to 2015. The ratio of the fit-
ted period values for 2011-2015 to 2006-2010 was used to
extrapolate period values from 2016 to 2020 onwards, with
period values for single years obtained using log-linear inter-
polation. Cohort values for later born cohorts were estimated
by log-linear extrapolation from the values fitted for earlier
cohorts, using as weights powers of two decreasing into the
past. Fuller details are given in Online Resource 6.

Online Resource 6 gives further details on methods and
for both sexes, the four diseases and two selected age groups
(50-54 and 70-74 years), gives the observed single-year
rates, the fitted five-year period rates, the fitted rates for
2016 and 2017, where observed rates are also available and
the estimated rates for 2018 to 2040. The fit to the observed
data is good, and the predicted future rates seem plausible.
Online Resource 6 also gives details of the fitted and extrap-
olated age, period and cohort values, and also goodness-of-
fit statistics and observed and fitted rates for all age groups.

When estimating mortality based on product use history,
an individual may each year be a non-smoker (never or for-
mer smoker), a current smoker or a current vaper. Associ-
ated with each status is an effective dose, or excess risk, for
vaping relative to smoking, taken as O for a non-smoker, 1
for a current smoker and F for a current vaper, with F vary-
ing as in Table 2. Estimating the risk of a disease (relative to
a never user of either product) by age at each year of follow-
up for an individual is described elsewhere (Lee et al. 2017)
and depends not only on the individual’s history of product
use and on the assumed F value, but also on RR estimates
for continued smoking and quitting half-life (H) estimates.
The estimates used (see Online Resource 4 Table S4.2) are
well justified and used in previous applications of PHIM in
the US (Lee et al. 2017). Note that age-dependent estimates
are used only where there is strong evidence of variation by
age and that the estimates are assumed applicable to each
sex, there being little evidence of variation by sex.

Results
Introduction

Online Resource 7 gives the full output from all runs of
PHIM as well as an explanation of the results. Online
Resource 4 gives tables of results not included in the main
paper (Tables S4.3 to S4.6), while Online Resource 8 gives
figures presenting some results (Figures S8.1 to S8.4).

Main Scenario
Predicted trends in never and former user prevalence are

indistinguishable between the Null and Main Scenarios,
whereas the switch from current smoking to current vaping
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in the Main Scenario is clear (Figures S8.1 and S8.2).
Since the population, aged 10-79 years in 1990, is not
replaced during follow-up, there are no 30- to 34-year-
olds after 2010, nor 50-to 54-year-olds after 2030. Also,
as prevalences for successive age groups relate to different
birth cohorts, the prevalence of never smokers for an age
group can fall over time.

Over the entire follow-up, the switch to e-cigarettes
is associated with 2,524,975 less deaths from the four
diseases combined, 1,524,711 in males and 1,000,264 in
females.

Declines in mortality associated with switching to e-ciga-
rettes by sex, disease, period and age are reported in Table 3
and cumulative drops over the entire follow-up displayed in
Figure S8.3. In males, drops are highest for IHD, 38.2% of
the total, with drops in LC, COPD and stroke accounting for,
respectively, 34.2%, 22.2% and 5.3%. In females, THD con-
stitutes a smaller percentage of the total, 19.9%, while LC,
COPD and stroke constitute 43.7%, 31.0% and 5.3%. In both
sexes, the drops per 5-year interval for IHD and stroke rise
over time until about 2010 and then fall, while those for LC
and COPD rise over a longer period. This difference in time
trend can be explained by LC and COPD having longer half-
lives (see Table S4.2), so effects of switching to e-cigarettes
take longer to appear. The drops in death rise sharply with
age for LC and COPD. For IHD and stroke they rise initially,

but fall at higher ages, reflecting the decline in RR with age
(see Table S4.2) for these conditions.

Associated with the drops in deaths are reductions in
YLL before age 75, i.e., years of life saved (YLS). For the
diseases combined, YLS was estimated (in millions) to be
17.25 for males and 8.98 for females, or 26.23 combined.
Per death saved, these represent an average of 11.31 years
in males and 8.97 years in females. For the sexes combined,
the drops were 8.46 years per death saved for LC, 15.35
for IHD, 15.58 for stroke, 6.17 for COPD and 10.39 for the
diseases combined.

The results cited above are unadjusted for differential
mortality between the Null and Main Scenarios. Compared
to the unadjusted drops in deaths of 1,524,711 in males and
1,000,264 in females, the adjusted drops were 1,506,814
in males and 991,427 in females, representing 98.8% and
99.1% of the unadjusted drops. Because of these small dif-
ferences, only unadjusted results are considered further.

Pessimistic Scenario

Figure S8.4 in Online Resource 8 shows the prevalence
of tobacco use by sex and time of follow-up for three age
groups (30-34, 50-54, 70-74) as predicted in the Pessimistic
Scenario where, compared to the Main Scenario, e-cigarettes
are assumed to have a less reduced risk, with the rate of

Table 3 Drops in deaths (D,

- . . Year Age LC IHD Stroke COPD Total

hundreds) comparing Main with D (%) D (%) D (%) D (%) D (%)

Null Scenario by sex, age and

cause Males
1990-2039 30-79 5220 (17.0) 5832 (9.2) 804 (5.4) 3392 (15.2) 15,247 (11.6)
2000 30-79 21(2.8) 97 (6.1) 12 (3.5) 9(2.5) 139 (4.6)
2010 30-79 81 (12.1) 163 (13.5) 23 (8.4) 35(9.4) 301 (12.0)
2020 30-79 167 (26.3) 162 (13.4) 23(7.9) 85 (17.5) 437 (16.7)
2030 30-79 197 (40.1) 112 (10.7) 16 (5.5) 139(24.2) 464 (19.3)
2039 30-79 156 (48.1) 75 (8.7) 10 (4.1) 159 (28.0) 399 (19.9)
1990-2039 45-49 140 (19.5) 603 (25.0) 69 (15.4) 41 (18.7) 854 (22.4)
1990-2039 55-59 602 (20.5) 977 (15.0) 144 (13.0) 259 (20.1) 1982 (16.7)
1990-2039 65-69 1082 (17.3) 707 (6.5) 94 (4.0 675 (16.4) 2558 (10.8)
1990-2039 75-79 995 (14.3) 269 (1.7) 18 (0.4) 939 (12.6) 2222 (6.4)

Females

1990-2039 30-79 4371 (18.8) 1993 (6.1) 535 (4.0) 3104 (14.4) 10,003 (11.0)
2000 30-79 16 (3.3) 323.5) 92.7) 9 (2.8) 67 (3.2)
2010 30-79 63 (12.5) 53(9.2) 15 (6.2) 33(9.1) 166 (9.7)
2020 30-79 133 (25.8) 559.9) 15 (6.0) 77 (16.0) 280 (15.5)
2030 30-79 167 (38.5) 41 (8.3) 10 (4.2) 126 (22.2) 345 (19.8)
2039 30-79 139 (44.6) 26 (6.2) 5(2.8) 138 (24.8) 309 (20.8)
1990-2039 45-49 113 (20.3) 159 (22.3) 49 (13.2) 36 (16.3) 357 (19.2)
1990-2039 55-59 448 (21.6) 289 (12.4) 86 (10.5) 197 (17.2) 1020 (16.0)
1990-2039 65-69 884 (19.3) 279 (5.2) 61 (3.2) 582 (15.3) 1807 (11.5)
1990-2039 75-79 946 (16.5) 145 (1.4) 17 (0.3) 976 (12.7) 2085 (7.1)
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switching to e-cigarettes lower, of initiating e-cigarettes
higher and of quitting e-cigarettes lower.. A shallower initial
decline in current smoking relative to the Main Scenario is
apparent, although prevalence again drops to virtually zero
by 2010.

For the entire follow-up and age range, Table 4 reports
drops in deaths by cause and overall, expressed as percent-
ages of both the total number of predicted deaths for that
cause and the drops in the Main Scenario, respectively.
Overall, the drops total 759,056 (472,306 for males and
286,750 for females). As a percentage of the drops in the
Main Scenario, the drops in the Pessimistic Scenario are
31.0% in males and 28.7% in females and are, in both sexes,
somewhat lower for LC and COPD than for IHD and stroke.

%0verall death rates were based on WHO statistics up
to 2015 and predicted by extrapolations subsequently as
described in the Mortality section of the methods.

As for the results for drops in deaths, the estimates of
YLS (in millions) were also substantially less in the Pes-
simistic Scenario, being 2.06 for LC, 4.16 for IHD, 0.76 for
stroke and 1.32 for COPD, totalling 8.31.

Sensitivity Scenarios

Table S4.3 in Online Resource 4 shows the distribution of
product use at 10, 25 and 50 years follow-up for the Null
Scenario and also the Main, Pessimistic and Sensitivity
Scenarios. At baseline, all models for the same sex start
with the same distribution of smoking habits (see footnote
to Table S4.3). In all the models where e-cigarettes are intro-
duced, current smoking prevalence declines with time, to
almost zero after 50 years, and current vaping prevalence
also declines except in the Pessimistic Scenario. Prevalence
of former use increases with time. In the sensitivity analyses,
increasing X slows the decline in current smoking, while
increasing I slows the decline in current vaping. Increasing
Q reduces the decline in current vaping and accelerates the
increase in former product use. Note that some of the trends
over time are due to the ageing population. Thus, by year
25, the population was aged 35-79 years, with no further
initiation.

Drops in death for the Alternative Scenarios compared
to those in the Main Scenario are shown by sex for the four

causes of death combined in Table S4.4, and by cause for the
sexes combined in Table S4.5. Varying X most affects drops
in death, with varying F also having a pronounced effect,
but varying Q has less effect, and varying I very little effect.
Thus, for the sexes and causes combined, the difference in
drops in death between extreme values of the parameters
tested is 1.91 million varying X, 1.39 million varying F, 110
thousand varying Q and only 13.5 thousand varying I. These
differences are evident for both sexes and all causes. This is
unsurprising since, while varying X materially affects the
prevalence of current smoking and increasing F reduces
the apparent benefit of vaping, varying Q and I has almost
no effect on current smoking prevalence (see Table S4.3),
which accounts for most of the increased death risk.

To understand better the interdependence of effects of
varying individual parameter values, the last entries of
Tables S4.4 and S4.5 compare difference in drops relative
to the Main Scenario for a Pessimistic Scenario with all four
parameters varied simultaneously against the sum of the dif-
ferences for Scenarios where single parameters are set indi-
vidually to the Pessimistic Scenario values. For sexes and
causes combined, the Pessimistic Scenario resulted in an
estimated increase of 17,659 deaths compared to the Main
Scenario, while summing the individual values produced a
quite similar estimate of 18.469 deaths. Thus, an approxi-
mate idea of the drop associated with scenarios where two
or more parameters vary from their Main Scenario values
could be derived from the drops from varying individual
parameter values.

Table S4.6 in Online Resource 4 shows the estimated
YLS for the different scenarios for the two sexes and four
diseases combined. These results follow those for drops in
deaths with values varying considerably more when X and
F are varied than when I and Q are varied.

Discussion

Comparing our Main Scenario with the Null Scenario with
no e-cigarette introduction, we estimated the total deaths
saved over the 50-year follow-up to be 2.52 million, cor-
responding to a reduction in YLL of 26.23 million. These
differences were less than Levy’s 6.6 million deaths and 86.7

Table 4 Overall drops in deaths

. A Sex Statistic LC IHD Stroke COPD Four diseases
(hundreds) in the Pessimistic vs.
Null Scenario by sex and cause Males Drop in Pessimistic Scenario 1308 2044 289 1082 4723
% of all predicted deaths from cause® 4.3 32 1.9 4.8 3.6
% of drop in deaths in Main Scenario  25.0 35.0 36.0 31.9 31.0
Females  Drop in Pessimistic Scenario 1065 664 182 957 2867
% of all predicted deaths from cause® 4.6 2.0 1.3 44 3.2

% of drop in deaths in Main Scenario ~ 24.4 333 34.1 30.8 28.7
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million YLL, as we considered a narrower age range (30—79
vs 15-99 years), used a shorter follow-up (50 vs 85 years),
used lower RR estimates, and restricted attention to four
diseases forming about two-thirds of smoking-related mor-
tality (Weitkunat et al. 2015). For the Pessimistic Scenario,
our estimated reductions were 0.76 million deaths and 8.31
million YLL, again less than Levy’s 1.6 and 20.8 million.
The reductions were evident in each sex and disease, age-
dependent, and for LC and COPD were greater in later years.
The unadjusted estimates presented were little affected by
adjusting for mortality differences between the Scenarios.

Various issues concerning applying PHIM to estimate
effects of introducing reduced risk products into the US
seem unlikely to materially affect our conclusions, as dis-
cussed earlier (Lee et al. 2017; Weitkunat et al. 2015). These
include ignoring pipe/cigar smokers, ignoring environmen-
tal tobacco smoke exposure, not accounting for risk factors
other than smoking affecting the diseases studied and using
a methodology that involves simulation, with inherent sam-
pling errors in the estimates.

Our modelling involves projection into the future. While
uncertainty about future mortality trends is inevitable,
extrapolating to 2040 involves less uncertainty than Levy’s
extrapolation to 2100. Our mortality predictions derived
from age-period-cohort modelling appear plausible, but one
cannot be sure. A cancer cure might become available by
2040, for example.

Four aspects of our modelling could be considered
implausible, but were included to align with Levy’s
approach. One is disallowing dual use, when many switch-
ing to exclusive vaping go through an intermediate stage of
dual use, while some smokers become dual users but revert
to exclusive smoking. Another is disallowing reverting from
exclusive vaping to exclusive smoking. The third is disal-
lowing re-initiation, so an individual no longer using either
product never subsequently uses them. Clearly some quit-
ters do later return to smoking, and all forms of re-initiation
seem possible. PHIM does allow for all the forms of initiat-
ing, quitting, re-initiation and switching (Lee et al. 2017),
though difficulties in obtaining satisfactory estimates for
all the relevant TPs increases. As we aimed to give greater
insight into Levy’s approach, extending the set of TPs was
not pursued here.

A major conclusion is that estimated drops in deaths and
YLL vary most with X (the percentage of smokers after
11 years) and with F (the excess risk for e-cigarettes rela-
tive to smoking). In contrast, varying Q or I (the quitting
or initiation rates of e-cigarettes relative to cigarettes) has
little effect.

The relative importance of these factors is predictable.
Varying Q would be expected to have little effect, especially
where e-cigarettes have a low effective dose, while varying I
should also have little effect, again assuming a much lower

risk for e-cigarettes than cigarettes. Variations in F and X
are much more important than variations in Q and I, as they
directly relate to the risk in smokers.

However, the relative importance of F and X depends on
the range of values considered. Thus, if we let F exceed 0.4,
an assumption that runs contrary to evidence that e-ciga-
rettes involve a considerable reduction in risk of the major
diseases associated with smoking (Abrams et al. 2018; Nutt
et al. 2014), the estimated drop in deaths could become
lower than that for the highest value of X we considered.

We could have carried out further analyses by modify-
ing the parameters considered or widening their range, or
varying combinations of parameters. However, such analy-
ses would only confirm our main conclusion that a large
reduction in deaths and in YLL should result providing the
effective dose of harmful constituents from e-cigarettes is
substantially less than that from cigarettes, as an expert
panel concluded (Nutt et al. 2014), and provided that many
smokers switch to e-cigarettes.

Our analyses assume that, compared to smoking, vaping
involves much less risk of the four considered diseases. The
US National Academy of Sciences (National Academies of
Sciences Engineering and Medicine 2018) stated that “There
is conclusive evidence that completely substituting e-ciga-
rettes for combustible tobacco cigarettes reduces exposure to
numerous toxicants and carcinogens present in combustible
tobacco cigarettes” and that “There is substantial evidence
that completely switching from regular use of combustible
tobacco cigarettes to e-cigarettes results in reduced short-
term adverse health outcomes in several organ systems.”
However, reliable evidence on mortality risks of exclusive
vapers or of dual users, as compared to exclusive cigarette
use is lacking due primarily to the relatively limited time that
e-cigarettes have been available to consumers.

Such evidence might be obtained from a large cohort
study where a history of vaping and smoking is recorded
at baseline in the disease-free and is related to subsequent
disease onset. Substantial reductions in excess risk of IHD
and stroke occur quickly in those quitting (Lee et al. 2012,
2014c), and, if vaping has a small effective dose (i.e., F),
substantial reductions should also occur in those switching
to e-cigarettes. While the decline in excess risk after quit-
ting is slower for LC and COPD (Fry et al. 2013; Lee et al.
2014b), one might also see an advantage in switchers in
10 years.

However, no such study has been conducted, and care
must be taken in existing studies to account for reverse cau-
sation, where smokers switch to e-cigarettes due to prior
disease. Thus, having a myocardial infarction (MI) might
lead some smokers who are advised to quit to switch to a
hopefully less dangerous source of nicotine. Analyses based
on annual large surveys (Osei et al. 2019), for example, are
limited by their cross-sectional design, with some endpoints

@ Springer



174

Archives of Toxicology (2022) 96:167-176

starting prior to vaping. Some analyses based on the PATH
study, a cohort study with regular follow-up, have also
ignored reverse causation. One analysis claiming vaping
substantially increased risk of MI (Bhatta and Glantz 2019)
was severely biased by ignoring the sequencing of expo-
sure and disease (Rodu and Plurphanswat 2020), the origi-
nal odds ratio (OR) of 2.25 [95% confidence interval (CI):
1.23-4.11] reducing to 0.69 (95% CI 0.22-2.12) after tak-
ing account of it. While the same group (Bhatta and Glantz
2020) recently reported vaping increased risk of respiratory
disease, the adjusted OR for current vaping of 1.29 (95% CI
1.03-1.61) was much less than for current smoking of 2.56
(95% CI 1.92-3.41). Note that respiratory diseases are con-
sidered linked to long-term smoking, making a true effect
of short-term vaping somewhat implausible, and that the
combined analysis included many asthma cases, a disease
hardly related to smoking.

Our analyses assume that smoking prevalence will
decline rapidly initially and then continue to decline. While
the rapid decline is only intended as illustrative, predictions
of reduced mortality risk could be much affected if introduc-
ing e-cigarettes adversely affected the decline in smoking.
As noted elsewhere (Lee et al. 2019), there are various pos-
sible adverse and beneficial effects of vaping on smoking
prevalence.

One benefit of vaping is helping smokers quit. Evidence
from trials where nicotine e-cigarette users are compared
with a placebo or alternative nicotine replacement therapy
generally show higher quitting in the e-cigarette group (Bal-
dassarri et al. 2018; Hajek et al. 2019), though not always so
(Halpern et al. 2018). The epidemiological evidence, though
better reflecting general population use, is difficult to inter-
pret, partly due to the low quality of the research (Malas
et al. 2016). While many cohort studies find no clear dif-
ference in quit rates by vaping (e.g. Comiford et al. 2020;
Lozano et al. 2019)), others report higher quit rates in vapers
(e.g. Jackson et al. 2019; Piper et al. 2019)), and studies
reporting lower rates are rare (Al Delaimy et al. 2015; Kalk-
horan and Glantz 2016), with the latter widely criticized
(West et al. 2016).

While the quitting evidence does not suggest vaping
might slow the declining trend in smoking, much atten-
tion has been given to vaping possibly encouraging young
people to start smoking, the so-called “gateway effect.” A
2017 review (Soneji et al. 2017) considered nine cohort
studies relating baseline vaping in youth never smokers
to subsequent smoking, an unadjusted overall OR of 5.12
(95% CI 4.41-5.95) reducing to 3.62 (85% CI 2.42-5.41)
after adjustment for smoking predictors. Considering these
and six other studies, a review (Lee et al. 2019) noted
the range of predictors considered was usually limited,
that no study adjusted for residual confounding arising
from inaccuracies in the predictors, and considered better
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adjustment may substantially reduce the gateway effect.
Later, the same authors (Lee and Fry 2020) cited detailed
results from PATH adjusting for many smoking predic-
tors and concluded, “much of the unadjusted gateway
effect results from confounding ... though doubts still
remain about the completeness of the adjustment.” They
also referred to various other recent analyses generally
consistent with most of the observed gateway effect being
explained by factors linked to general susceptibility to
tobacco use.

In interpreting this effect’s importance, if real, one must
recognize that, in PATH, in both adults and youths, initi-
ating e-cigarettes is far more common in current smokers
than never smokers. Based on Waves 1+ 2, we estimate
that among Wave 1 current cigarette-only smokers, 71/114
(weighted 64.16%) of youths and 740/5561 (weighted
12.65%) of adults vaped by Wave 2, far greater than among
current never users of either product, 716/7414 (9.73%) of
youths and 166/8410 (0.72%) of adults.

Evidence from trends in smoking prevalence over a
period where vaping increased, though limited by the dif-
ficulty of accounting for other factors affecting smoking
prevalence, such as changes in smoking restrictions, sug-
gest no material adverse effect due to vaping. Indeed, most
publications suggest some benefit of e-cigarette introduc-
tion in the US and UK (Beard et al. 2019; Lee et al. 2019).

The evidence strongly suggests introducing e-cigarettes
has benefitted public health and reduced smoking preva-
lence. A rapid switch to e-cigarettes should therefore pro-
duce a substantial mortality reduction.

Our findings are consistent with recent modelling by
Levy et al. (2021), which considers a more gradual switch
to e-cigarettes using current rather than optimistic pat-
terns of switching to e-cigarettes. As we do, they estimate
substantial potential benefits of e-cigarettes, while empha-
sising the dependence of these estimates on the assumed
risk of e-cigarettes relative to cigarettes and the rate of
decline in smoking.

Our findings agree with Levy’s conclusion that rap-
idly replacing smoking by vaping would substantially
reduce deaths and YLL from smoking. Over a 50 year
period from 1990, the estimated reduction in deaths in
our Main Scenario would be 2.52 million, 11.4% of the
total number of deaths from the diseases considered. The
reduction in YLL would be 26.23 million. These estimates
depend most on the assumed smoking prevalence after
10 years and the effective dose of harmful constituents
from e-cigarettes compared to cigarettes. Even where less
optimistic assumptions are made about parameter values,
substantial reductions in deaths and YLL are still seen.
Our findings support literature indicating e-cigarettes can
have an important effect on the health challenges created
by smoking (Mendez and Warner 2021).
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