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Abstract

Background and Aims: Recent nicotine use trends raise concerns that electronic cigarettes
(ECs) may act as a gateway to cigarettes among adolescents. The aims of this study are to examine
prevalence trends of exclusive EC use, exclusive cigarette use, and dual use, and to determine the
corresponding ages of initiation, and investigate hypothetical trends in total nicotine use and
cigarette use in the absence of ECs among US adolescents.

Design: Data from the National Youth Tobacco Survey (NYTS) were used to statistically model
trends in the prevalences of each user group, and their initiation ages. Projections from
counterfactual models based on data from 1999-2009 (before EC introduction) were compared to
actual trends based on data from 1999-2018. Rigorous error analyses were applied, including
Theil proportions.

Setting: USA.

Participants: Adolescents aged 12-17 years who are established exclusive cigarette users (=100
cigarettes smoked AND <100 days vaped), established exclusive EC users (<100 cigarettes
smoked AND >100 days vaped), and established dual users (=100 cigarettes smoked AND >100
days vaped), based on cumulative lifetime exposure (N~12,500-31,000 per wave).

Results: Exclusive cigarette use prevalence declined from 1999-2018, while exclusive EC use
and dual use prevalences increased since their introduction in 2009. The age of cigarette initiation
began a slight increase after 2014, whereas the age for EC use remained approximately constant
and was higher than that of cigarettes. The counterfactual comparison results were consistent with
ECs not increasing the number of US adolescent nicotine users, and in fact diverting adolescents
from cigarettes.

Conclusions: ECs may have offset conventional smoking among US adolescents between 2010-
2018 by maintaining the total nicotine use prevalence and diverting from more harmful
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conventional smoking. Additionally, EC users initiate at older ages relative to conventional
smokers, which is associated with lower risk.

INTRODUCTION

ECs have steeply risen in popularity in the United States (1), raising public health concerns
about the current landscape of nicotine use in adolescents (2-4). However, the rise in ECs
has been offset by a corresponding decline in conventional cigarette smoking (1, 5), leaving
it unclear whether the total number of nicotine users has changed. The negative health
effects of ECs are estimated to be 5% that of conventional cigarettes (6, 7), suggesting
potential for harm reduction. However, concerns have been raised about the disproportionate
targeting of ECs to young users, such as with marketing (8) and flavorings (9, 10).
Moreover, it has been suggested that ECs may have a causal effect on subsequent
conventional cigarette smoking among adolescents (11). Meta analyses (11, 12) have
associated EC use with future cigarette use in adolescents, but methodological research has
shown bias in these effect estimates (13-15), motivating novel analyses.

In the worst-case scenario, ECs are used at an earlier age, are increasing the total number of
nicotine users (16-18), and are causing the surplus population of users to then use
conventional cigarettes which are more harmful (19). On the other hand, in the best-case
scenario, the trends in ECs may reflect a population-level transition to a less-harmful
product, and may even divert adolescents from using conventional cigarettes (20, 21). This
remains controversial because of limited data available on EC use, as well as heavy
confounding between ECs and conventional cigarette use. For example, youth who use ECs
are highly similar to those who use conventional cigarettes with respect to a variety of risk
factors (22, 23). In fact, shared risk factors largely account for the apparent effect of ECs on
conventional smoking among adolescents (13). Therefore, it remains challenging to isolate
the causal effect of ECs on nicotine use patterns among US adolescents.

Key to understanding the effects of ECs is estimating the counterfactual, i.e. what the
conventional smoking prevalence would have looked like in the absence of ECs. One way to
do this is to examine population-level changes in prevalence of nicotine product use, which a
few notable studies have done. Levy et al. (24) showed that year-by-year decreases in
conventional smoking accelerated by 2—4 times after ECs became popular. West et al. (25)
showed that increases in EC use among adolescents were overwhelmingly attributable to
those who were already established cigarette users and who had initiated first with
cigarettes. Walker et al. (26) showed that ECs may be displacing conventional smoking
based on trend analysis of repeated cross-sectional data of New Zealand adolescents.
However, very little research has been done examining and projecting prevalence trends
continuously across time, focusing on how these trends changed before and after the
introduction of ECs (2010-2018).

This paper is a population-level approach at circumventing these challenges by statistically
modeling trends in exclusive cigarette use, exclusive EC use, and dual use of cigarettes and
ECs, using 1) actual data over two decades from the National Youth Tobacco Survey
(NYTS), and 2) projected data under the counterfactual scenario in which ECs are absent.
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The aims of this study are to examine a) prevalences of each user group over time, b) ages of
initiation and established use of each group, and ¢) whether the actual use trends differ from
the counterfactual projections. Trends are modeled using best fits and validated with
statistical methods such as Theil proportions (27), which represents a rigorous and novel
approach to examining the competing accounts of the current EC landscape in the US.

Data on smoking behaviour were taken from the NYTS (28), a complex multi-stage
probability sample which surveys ~15,000 to ~36,000 youths aged 9-21 years on their
tobacco use and associated risk factors. Results from 1999-2018 were used which represent
repeated independent cross-sectional samples at each wave. The data were reduced by
filtering for ages 12-17 years leaving ~12,500 to ~31,000 observations per wave.

The decision to collect data on adolescents aged 12 —17 years is justified by the relatively
low level of tobacco product use initiation before the age of 12, and the legality of tobacco
product purchase changing at 18.

Exclusive cigarette users were defined from surveys across 1999-2014 as adolescents who
had smoked =100 cigarettes (5 packs) in their lifetime. With the availability of more data on
cumulative EC use, exclusive cigarette users were defined from surveys across 2015-2018
with the additional requirement of having used ECs for <100 days.

Exclusive EC users were defined from surveys across 2015-2018 as adolescents who had
used ECs for >100 days in their lifetime, and who had smoked <100 cigarettes in their
lifetime. This cutoff differs from that of exclusive cigarette use (i.e. inclusion vs exclusion of
exactly 100) due to the NYTS questionnaire response options.

Dual users were defined from surveys across 2015-2018 as adolescents who had smoked
>100 cigarettes in their lifetime, and who had used ECs for >100 days. Our definition of
dual use describes cumulative lifetime exposure to both products, and the cross-sectional
nature of NYTS data precludes examining temporal ordering of product use.

The decision to define use by cumulative lifetime exposure, as opposed to initiation, was
based on two primary factors; 1) initiation is less important than cumulative lifetime use for
long-term health outcomes (29); and 2), systematic errors in ever use of ECs have been
identified in the NYTS prior to 2014 due to a change in questionnaire design (30).

Weighted prevalences of exclusive cigarette users, exclusive EC users, and dual users to total
adolescents were calculated at each wave. Up to and including the year 2009, the prevalence
of EC and dual users were taken to be approximately zero prior to ECs becoming available.

Average ages of use initiation for exclusive cigarette users, exclusive EC users, and dual
users were calculated at each wave.
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Details of our statistical analyses are available in the Supplementary Information online. All
data processing, analysis, and plotting were performed in Python with the following
packages: NumPy, Uncertainties, Matplotlib, and SciPy. Code will be supplied upon a
reasonable request to the authors. The following summarizes the statistical methods
employed.

Survey-weighted prevalences for each user group (exclusive cigarette use, exclusive EC use,
and dual use) were estimated at each wave, with standard error estimates.

Analysis of total nicotine use—We defined the prevalence of total nicotine use as the
sum of exclusive cigarette use prevalence + exclusive EC use prevalence + dual use
prevalence at each wave.

An actual best fit curve was found for total nicotine use across 1999-2018. A counterfactual
best fit curve was found across 1999-2010 and extrapolated from 2010-2018, representing a
scenario in which ECs never came onto the market. These curves were derived with
weighted regressions. The shape of each curve, as explained in the Supplementary
Information, was decided by minimizing the root mean square error (RMSE). The RMSE
was complemented by use of Theil proportions (27) which break down the mean squared
error (MSE) into three components; the bias inequality proportion UB, the unequal variation
inequality proportion UV, and the unequal covariation inequality proportion U, whose
relative proportions describe the differences between the data and fit. The MSE components
indicate the source of the error, and the RMSE indicates how greatly this error affects the
best fit.

The potential change of total nicotine users was investigated by comparing the actual and
counterfactual curves in the following way: for each year after 2010, the total nicotine use
prevalence was estimated from the actual and counterfactual best fit functions. The absolute
difference between the actual and counterfactual prevalences on a given year were divided
by the error on the difference, giving a dimensionless constant M. M then represents the
difference between the actual and counterfactual prevalences, relative to their combined
errors. Assuming a Gaussian distribution of errors, a value of M<1 indicates that the
difference is likely just due to uncertainty; therefore the curves describe approximately the
same trend (i.e. the introduction of ECs is not likely to have caused a change in the total
prevalence of nicotine users, which corresponds to the null hypothesis). On the other hand, a
value of M>1 indicates that the difference is not likely due to uncertainty, and the curves
describe different trends (i.e., the introduction of ECs is likely to have either increased the
total prevalence of nicotine users (if the actual curve is above the counterfactual), or
decreased the total prevalence of nicotine users (if the actual is below the counterfactual)).

Analysis of total cigarette use—We defined the prevalence of total cigarette use as the
sum of exclusive cigarette use prevalence + dual use prevalence at each wave.

An actual best fit curve was found for total cigarette use across 1999-2018. A counterfactual
best fit curve was found across 1999-2010 and extrapolated from 2010-2018, representing a
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scenario in which ECs never came onto the market. These curves were derived with
weighted regressions. Again, the shape of each curve was decided by minimizing the RMSE,
and Theil proportions were applied.

The potential gateway from EC use to cigarette use was investigated by comparing the actual
and counterfactual curves, in the same way as described in the analysis on total nicotine use.
Here, a value of M<1 indicates that the difference is likely just due to uncertainty, therefore
the curves describe approximately the same trend (i.e. the introduction of ECs is not likely to
have caused a change in the total prevalence of cigarette use, corresponding to the null
hypothesis). On the other hand, a value of M>1, indicates that the difference is not likely due
to error, and the curves describe different trends (i.e., the introduction of ECs is likely to
have either increased the total prevalence of cigarette use (if the actual is above the
counterfactual, corresponding to the gateway hypothesis), or decreased the total prevalence
of cigarette use (if the actual is below the counterfactual, corresponding to the diversion
hypothesis)).

Analysis of initiation age—Survey-weighted average initiation ages for exclusive
cigarette use and exclusive EC use were estimated at each wave, with standard error
estimates.

For dual use, the average initiation age at each wave was found by finding the initiation ages
of cigarette use and EC use for a given user, taking the highest of the two (since they only
become a dual user once meeting the use requirements of both products), then averaging
these ages across all dual users.

RESULTS

The trends of nicotine use prevalence are shown in Figure 1.

Looking at Figure 1(A), established cigarette use has declined monotonically from ~12% of
adolescents in 1999, to an all-time minimum of ~1% of adolescents in 2018. A breakdown
of the MSE reveals UC~0.992, indicating that the covariance of the best-fit model data and
measurement data differ, so the best fit and measurements have the same mean and trend but
differ point-by-point. However, the RMSE of the fit is 0.464, which indicates that the fit is
very good relative to the range of y-axis data (a numerical change of ~11), and that the
point-by-point difference is minimal.

Looking at Figure 1(B), established EC use has increased since its introduction in 2009 to an
all-time maximum of ~2.5% of adolescents in 2018, which is still below the 2014 level of
cigarette use prevalence. The MSE breakdown reveals UY~0.278, and UC~0.625, indicating
that the best-fit model data does not simulate the noise of the measurement data, so the best
fit and measurements have the same mean and trend but differ point-by-point due to this
noise. The RMSE~0.447, which indicates that the fit is good relative to the y-axis range of
~3, and that the point-by-point difference is small.

Looking at Figure 1(C), established dual use has also increased since its introduction in 2009
to an all-time maximum of ~1% of adolescents in 2018, the same as 2018’s minimum level
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of cigarette use prevalence. The MSE breakdown reveals UC~0.974, similar to 1(A).
However, the RMSE=0.158, which indicates that the fit is reasonable relative to the y-axis
range of ~1, and that the point-by-point difference is small.

The trends of use initiation age are shown in Figure 2.

Looking at Figure 2(A), the cigarette initiation age has remained relatively stable at ~11.7
years (besides some noise) from 1999-2012, after which a clear, albeit low magnitude,
upward trend is observed. The MSE breakdown reveals UY~0.308, and UC~0.689, similar
to 1(B). The RMSE~0.168, which indicates that the fit is acceptable relative to the y-axis
range of ~0.7, and that the point-by-point difference is somewhat small.

Looking at Figure 2(B), the EC initiation age has shown some fluctuation around an
approximate mean of ~13.5 years. This is significantly greater than the initiation age of
cigarettes. The MSE breakdown reveals UY~0.830, indicating that the best-fit model is
always the mean of the measurement data (with approximately zero variance), but the
measurement data is cycling over time, so the correlation is weakened. Since the model fit is
not meant to simulate this cycling, this suggests an unsystematic error. The RMSE=~0.215,
which indicates that the fit is acceptable relative to the y-axis range of ~0.5, and that the
point-by-point difference is somewhat small.

Looking at Figure 2(C), the dual use initiation age has also shown some fluctuation around a
decreasing gradient from ~13.4 years to ~12.8 years on average across 2015-2018. The
MSE breakdown reveals UY~0.263, and UC~0.710 indicating that the best-fit model data
does not simulate the cycling of the measurement data, so the best fit and data have the same
mean and trend but differ point-by-point because the measurements contain cycles. The
RMSE~0.254, which indicates that the fit is acceptable relative to the y-axis range of ~0.9,
and that the point-by-point difference is somewhat small.

Figure 3 compares the projected counterfactual trend in total nicotine use prevalence over
time using data from before the introduction of ECs, to the actual trend in total nicotine use
prevalence over time.

The area enclosed by the 95% confidence bounds on the actualbest fit lies completely
within the area enclosed by the bounds on the expected counterfactual best fit. The M values
range from ~0.65 in 2010 to ~0.77 in 2018. All of these satisfy M<1, indicating that the
difference is likely due to error, so the curves describe approximately the same trend.

Figure 4 compares the projected counterfactual trend in cigarette use prevalence over time
using data from before the introduction of ECs, to the actual trend in the total prevalence of
cigarette use (exclusive cigarette use + dual use) over time.

The area enclosed by the 95% confidence bounds on the actualbest fit diverges downward
from the area enclosed by the bounds on the expected counterfactual best fit. The M values
range from ~1.6 in 2010 to ~2.5 in 2018. All of these satisfy M>1, indicating that the
difference is not likely due to error, and the curves describe different trends.
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DISCUSSION

This study aimed to examine the trends in use prevalence and initiation age for adolescents
aged 12-17 with respect to cigarettes and/or ECs, as well as the possible impacts of EC use
on cigarette use and total nicotine use. Our results showed that exclusive cigarette use
among adolescents has declined monotonically since 1999, and in 2018 hit an all-time
minimum of ~1% of adolescents. All EC use has increased since their introduction circa
2009, however their maxima still fall short of recent cigarette use prevalence. Additionally,
the EC initiation age varies minimally over time, and is higher than that of cigarettes.
Furthermore, the introduction of ECs is likely to have had little to no impact on the total
number of adolescents using nicotine, and is likely diverting adolescents from cigarettes.

Previous literature has found younger age of initiation to be a risk factor for later nicotine
use (31, 32). Thus, the risk for adolescents using ECs may be lower than that of adolescents
using cigarettes. Moreover, the marketing of ECs to younger adolescents (8-10) does not
appear to reduce the age of exposure to nicotine. However, the dual use initiation age shows
some decline, albeit to an age still greater than that of cigarettes. This warrants further study
with forthcoming data.

The total nicotine use prevalence findings present a novel examination of the actual trend vs
the expected trend in the counterfactual scenario of no ECs. The lack of statistical difference
besides error between these trends indicates that the total number of users does not
significantly differ in reality vs the counterfactual case. Thus, the introduction of ECs is not
likely to have caused a change in the total prevalence of nicotine users. This contradicts
previous studies, which have suggested that ECs bring in a new population of adolescent
nicotine users (16-18).

Despite findings from meta analyses (11, 12) associating EC use with future cigarette use in
adolescents, our findings show that the actual total cigarette use is consistently and
increasingly lower than the expected trend under the counterfactual scenario of no ECs. The
significant statistical differences imply the introduction of ECs is likely to have decreased
the total prevalence of cigarette users by diverting adolescents to exclusive EC use.

The prevalences reported in our study are markedly lower than those reported in many other
surveillance reports (1, 5, 33). This was a deliberate choice to present prevalence using
definitions of established cumulative lifetime use, rather than more common definitions
based on lifetime use (having ever tried a cigarette or EC) or current use (any cigarette or EC
use within the past 30 days). Our decision was motivated by the fact that it is established
use, rather than initiation or experimental use, that is relevant to population-level health risks
(29). This difference in definition should be taken into consideration when comparing our
findings with previous research.

Implications for Harm Reduction

Our findings have several implications for the harm reduction potential of ECs. First, given
that ECs are estimated to be only 5% as harmful as conventional cigarettes (6, 7), any
amount of offsetting conventional cigarettes by ECs should lead to harm reduction from a
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population health perspective (34). In the current case, this offsetting appears to occur both
with respect to a stable prevalence of the use of anytobacco product, and a decrease in the
use of conventional cigarette smoking. Second, since the age of initiation is considered a risk
factor for chronic smoking (31, 32), the fact that age of smoking initiation is occurring /ater
after the appearance of ECs, as well as the higher initiation age for ECs relative to cigarettes,
may represent further harm reduction with respect to subsequent nicotine use.

Several limitations should be noted; first, data here are cross-sectional, which limits the
ability to draw causal conclusions and prevents consideration of temporal ordering of
product use. Similarly, the use of counterfactual models may not necessarily establish
causality due to possible confounding influences. For example, policy changes have
occurred over the considered time frame in the US, including the Family Smoking
Prevention and Tobacco Control (FSPTC) Act in 2010. However, policies aimed at reducing
nicotine use can sometimes have counterproductive effects (35, 36). Given that the FDA’s
implementation of this Act has come under criticism and that there is little research
examining its effectiveness, the FSPTC Act’s actual effect on nicotine use prevalence
remains ambiguous. Due to the novelty of the current study with respect to comparing actual
and counterfactual trends at the population level, we considered policy analysis outside the
scope of our study. Having found evidence of a potential diversion effect using
counterfactual trend modeling, future research should examine other population-level
confounders such as policies.

Also, data on EC use were limited, especially with respect to cumulative lifetime exposure
which was only available from 2015 onward. Similarly, the self-reported nature of survey
data may limit the accuracy of these findings, and the binning of survey response options
may cause some skew.

Furthermore, the implications of our results apply only to 2010-2018, and do not necessarily
apply to projections beyond 2018. Changes in the EC market landscape, such as the rapid
popularity of JUUL (in particular nicotine salts) circa 2018 among adolescents (37, 38), may
alter future trends. Additionally, policy changes such as forthcoming regulations of ECs by
the Food and Drug Administration (FDA) in the US will likely alter prevalence trends.
Future research may consider piecewise trend modeling for distinct eras punctuated by rapid
changes in product availability and regulatory environment.

The strengths of this paper include the novelty of the counterfactual projections utilized,
which offer a valuable contrast to biased analyses (13—-15) which dominate this field. Data
were taken from sources with large sample sizes and nationally representative weights,
producing results generalisable to the US adolescent population. This combined with the
methodological rigour taken provides strong statistically grounded findings, which were
validated with insightful error analysis methods.
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Conclusions

In summary, a population-level examination of adolescent nicotine use behaviours has
shown that the presence of ECs has not resulted in an earlier initiation age of nicotine
products, nor is it likely to have increased the total prevalence of adolescent nicotine users or
acted as a gateway to cigarette use. In fact, the results are more consistent with ECs diverting
adolescents from cigarette use. Since ECs are estimated to be only 5% as harmful as
cigarettes (6, 7), ECs have substantial implications for harm reduction among youth.
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Figure 1: Nicotine Use Prevalence Trends.
The prevalence of adolescents aged 12—-17 who are (A) established exclusive cigarette users

(=100 cigarettes smoked AND <100 days vaped), (B) established exclusive e-cigarette users
(<100 cigarettes smoked AND >100 days vaped), and (C) established dual users (=100
cigarettes smoked AND >100 days vaped), against time, based on NYTS data. The weighted
best-fit curves are of the forms y'= ae® + cfor (A), and y = ax + bfor (B) and (C), which
yielded the lowest root mean squared errors (RMSE). The data are weighted by their errors.
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Figure 2: Age of Nicotine Use I nitiation Trends.
The age of first use for adolescents aged 12—17 using (A) cigarettes, (B) e-cigarettes, and

(C) both (dual use), against time, based on NYTS data. The weighted best-fit curves are of
the forms y= ae®™ + cfor (A), and y'= ax + bfor (B) and (C), which yielded the lowest root
mean squared errors (RMSE). The data are weighted by their errors.
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Figure 3: Total Nicotine Use Prevalence Trends.

The darker curve shows the total prevalence of adolescents aged 12—-17 who are established
nicotine users, including exclusive cigarette users (=100 cigarettes smoked AND <100 days
vaped), exclusive e-cigarette users (<100 cigarettes smoked AND >100 days vaped), and
dual users (=100 cigarettes smoked AND >100 days vaped), against time, based on NYTS
data across 1999-2018. The lighter curve shows the percentage of just established exclusive
cigarette users against time based on NYTS data across 1999-2009, before e-cigarettes were
introduced. The latter curve is then extrapolated from 2009-2018. These weighted best-fit
curves are of the form = ae?X + ¢, which yielded the lowest root mean squared errors

(RMSE). The data are weighted by their errors.
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Figure 4: Total Cigarette Use Prevalence Trends.

The darker curve shows the total prevalence of adolescents aged 12—17 who are established
cigarette users, including exclusive cigarette users (=100 cigarettes smoked AND <100 days
vaped) and dual users (=100 cigarettes smoked AND >100 days vaped), against time, based
on NYTS data across 1999-2018. The lighter curve shows the percentage of just established
exclusive cigarette users against time based on NYTS data across 1999-2009, before e-
cigarettes were introduced. The latter curve is then extrapolated from 2009-2018. These
weighted best-fit curves are of the form = ae?* + ¢, which yielded the lowest root mean

squared errors (RMSE). The data are weighted by their errors.
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