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Abstract

Research suggests that electronic nicotine delivery system (ENDS) use is associated with other
substance use in adolescents; however, the magnitude of this association and whether this differs
between adolescents and adults is not yet well understood. This meta-analysis aimed to quantify
the extent to which ENDS use is associated with alcohol and marijuana use among adolescents
and to compare the odds across adolescent samples and a comparison group of adult samples. A
comprehensive literature review was conducted examining the relationship between ENDS use and
alcohol (adolescent A=40 from 19 independent studies; adult A&=35 from 12 independent studies)
and marijuana (adolescent A=24 from 14 independent studies; adult <=6 from 3 independent
studies) use. Adolescents who use ENDS had greater odds of reporting co-occurring alcohol use
(OR=4.50, p<.001), particularly binge drinking (OR=4.51), and marijuana use (OR=6.04, p<.001)
than adolescent who did not use ENDS. Adults who use ENDS were also more likely to use
alcohol (OR=1.57, p<.001) and marijuana (OR=2.04, p<.001) than those who did not use ENDS.
ENDS use was associated with significantly greater odds of alcohol use (/og odds ratio;, L OR=0.96
(OR=2.61), p<.001) and a trend of greater marijuana use (LOR=0.93 (OR=2.53), p=0.08) in
adolescents than in adults. Effects were large in adolescents and small in adults. Findings suggest
that ENDS use should be assessed in adolescents in both research and clinical settings.
Importantly, ENDS use is strongly associated with co-occurring alcohol or marijuana use in
adolescents.
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Introduction

Electronic nicotine delivery system (ENDS) use rates are increasing in adolescents,
surpassing rates of cigarette use. Recent data indicate that approximately 13% of eighth
through twelfth graders report past month ENDS use, while only 7% report cigarette use
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(Johnston et al., 2016). With increasing popularity of ENDS use, research has begun to
examine how ENDS use is associated with other substance use among adolescents. Due to
differences across studies, effect sizes of these relationships vary quite widely and
estimating the extent to which ENDS use is associated with other substance use is difficult at
best. This meta-analysis aimed to review the emerging literature on ENDS use in order to
characterize the size of the relationship between ENDS use and substance use in
adolescents. The present study also aimed to compare the size of these effects across
adolescent samples and a comparison group of adult samples.

In the current meta-analysis, we were primarily concerned with how ENDS use is associated
with co-occurring alcohol and marijuana use in adolescents, as these behaviors are illegal,
but prevalent, in this age group, are associated with a slew of negative outcomes that persist
well into adulthood (e.g. Meier et al., 2012; Hemphill et al., 2014; Cobb-Clark et al., 2015),
and negatively influence brain development during this maturational period (see Bava &
Tapert, 2010; Lishdahl et al., 2018; Squeglia et al., 2009; Squeglia & Gray, 2016). Earlier
age of adolescent onset alcohol use is associated with higher frequency of problematic
alcohol use (Ohannessian et al., 2015), a higher likelihood of developing a substance use
disorder, lower likelihood of graduating high school, and increased likelihood of having a
criminal justice record in adulthood (Green et al., 2016). Additionally, heavy adolescent
marijuana use is related to lower income and higher anxiety as an adult (Green et al., 2017).
Both alcohol and marijuana use as an adolescent are related to decline in verbal memory,
working memory, attention, psychomotor speed, and visuospatial functioning (Hanson et al.,
2011; Nguyen-Louie et al., 2015), with greater use associated with greater declines in
cognitive functioning (Winward et al., 2014). Such cognitive deficits are linked to disrupted
development of grey and white matter in the brain (i.e., disrupted neuron development),
which likely contributes to later behavioral undercontrol (Luciana et al., 2013),.

Overall, the growing body of literature indicates that ENDS use is associated with alcohol
use and marijuana use in adolescents. Effect sizes for the odds of reporting co-occurring
ENDS use and alcohol use in adolescents range from modest (Leventhal et al., 2016) to large
(Camenga et al., 2014); effects sizes for the relationship between ENDS use and marijuana
use range from small (Kong et al., 2016) to medium (Milicic & Leatherdale, 2017) to large
(Camenga et al., 2014). This variability in effect sizes across studies necessitates a
comprehensive review to determine a more robust estimate of these relationships and to
examine potential moderators affecting these relationships across studies. Interestingly, the
state of the literature appears to suggest that these relationships may be larger in adolescents
than in adults: alcohol effects range from small (Hershberger, et al, 2016a; Saddleson et al.,
2015) to modest (Cohn et al., 2015; Littlefield et al, 2015) and marijuana effects are
generally small in adults (Saddleson et al., 2015; Cohn et al., 2015). However, no study has
quantitatively compared the size of these relationships across adolescent and adult samples,
so the field does not yet know if these effect size patterns indicate increased odds in
adolescents. Therefore, the main goal of the current meta-analysis was to quantify the extent
to which ENDS use is associated with alcohol and marijuana use among adolescents and to
compare the size of the effects across adolescent samples and a comparison group of adult
samples.
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In a further attempt to understand the emerging literature, we also aimed to examine
multiple potential moderators of the relationship between ENDS use and both alcohol and
marijuana use in adolescents, including age, gender, and type of use (current vs. lifetime use
of the substance). First, some evidence suggests ENDS use prevalence increases with age in
adolescence, but that the strength of the relationship between ENDS and alcohol use is
smaller as age increases (Miech et al., 2015). Second, although similar rates of ENDS use
have been found between girls and boys, there is some evidence to suggest that the
relationship between ENDS use and alcohol and marijuana use is larger for girls
(Kristjansson et al., 2015). Third, type of use (i.e., current vs. lifetime use) may also be a
viable moderator of the relationship between ENDS use and alcohol and marijuana use. For
example, Leventhal & colleagues (2016) found medium effects for the relationship between
marijuana use and ever use of ENDS, although the size of the effect varied across current
problematic use versus ever use. Fourth, indicators of problematic alcohol use, such as binge
drinking (NIAAA, 2017), could have a stronger relationship with ENDS use. For example,
Kristjansson et al. (2015) found a strong relationship between binge drinking and ENDS use.

Thus, the goals of the current manuscript were to 1) quantify the extent to which ENDS use
is associated with alcohol and marijuana use among adolescents, 2) compare the odds across
adolescent samples and a comparison group of adult samples, and 3) examine the
moderating role of age, gender, type of use (current vs. lifetime use), and alcohol use pattern
in explaining differences in effect size estimates across studies. We aimed to compare the
odds across adolescent and adult samples in order to determine if these effects are unique to
adolescents or represent a more general risk factor. The latter would suggest that the
relationships equally apply across these two groups. If ENDS use is a general risk factor,
ENDS use could be used as a marker of alcohol or marijuana use in both adults and
adolescents. Whether or not ENDS use influences later alcohol or marijuana use, or vice
versa, asking a person about their ENDS use might be a marker of individual risk for alcohol
or marijuana use behaviors. However, if odds are elevated in adolescents, as suggested by
effect size patterns in the existing literature, this would suggest that it is more important to
consider and measure ENDS use in this high-risk group, both in research and clinical
practice, even if we do not yet understand the causal direction of the relationship.
Documenting this increased risk would also help to catalyze and focus future research
attempts in this high-risk group.

Literature search

Studies for the present meta-analysis were identified using Medlline, Psychinfo, EMBase and
PsychArticles. Articles published through March 2019 were chosen based on an exhaustive
combination of the following keyword groups: 1) efectronic cigarette, e-cig*, ENDS, vape,
vaping, e-hookah, e-pipe, electronic vapor product, EVP OR éelectronic nicotine delivery,
AND 2) alcohol, drink*, marijuana, cannabis, substance, ethyl alcohol, ethanol, weea, pot,
OR drug. Weekly e-mail alerts were setup to identify articles published after the original
search, reference sections of articles were searched, and forward searches were conducted
using identified articles and studies citing identified articles, until no unique studies were
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identified. To obtain missing data needed for the present meta-analysis (e.g., when a study
reported measuring study variables, but did not include data in article), authors were
contacted.

Inclusion and Exclusion Criteria

The present meta-analysis included dissertations, published data, and data received from
contacted authors. Adult studies (defined here as an average age > or = 18) were included
for comparison to adolescent samples. Specific inclusion criteria were 1) any measure of
ENDS use (e.g., past 30-day use, ever use), 2) any measure of any alcohol or marijuana use,
and 3) article available in English. Exclusion criteria were 1) sample population was
individuals in treatment for a substance use disorder and 2) study assessed ENDS use only to
vape cannabis.

Coding of Studies

The following variables were coded for each study included in the present meta-analysis:
publication year, study design, publication type, sample type (e.g., high-school, college),
sample size, gender, ethnicity, type of use (i.e., current use vs. ever use), and substance
assessed (i.e., alcohol or marijuana). For studies reporting longitudinal effect sizes (k=2),
cross-sectional relationships were used in calculating the summary effect in order to remain
consistent in study design and to reduce confounding the summary effect. Studies were
coded by the first author and 25% of studies were coded by the second author for inter-rater
reliability. Coders consulted on methodology of coding (e.g., which table to gather values
from to compute the effect size) prior to coding and data analysis. There were no
discrepancies between coders.

Construct definitions

Current and lifetime ENDS use.—Current ENDS use was defined as the study
assessing use (1) or no use (0) of ENDS ranging from within the past 30 days to past year.
Lifetime ENDS use was defined as the study assessing use (1) or no use (0) of ENDS ever or
in their lifetime. Lifetime measures of ENDS use may have included current users, but this
could not be distinguished based on the available data.

Current and lifetime alcohol or marijuana use—Current use of alcohol or marijuana
was defined as the study assessing use (1) or no use (0) of alcohol or marijuana ranging from
currently (specific wording in study was “currently” with no measure of duration) to past
year. Lifetime alcohol or marijuana use was defined as the study assessing use (1) or no use
(0) of alcohol or marijuana ever or in their lifetime. Lifetime measures of alcohol and
marijuana use may have included current users, but this could not be distinguished based on
the available data.

Binge drinking.—Binge drinking was defined as any report of lifetime to past two-week
drunkenness or binge drinking (i.e., 5 or more drinks on one occasion for boys, 4 or more
drinks on one occasion for girls).
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Meta-analytic Method

Effect size calculation.—An odds ratio (OR) was used to quantify the following effect
sizes: 1) Adolescent odds of reporting both ENDS use and alcohol use, 2) Adolescents odds
of reporting both ENDS use and binge drinking, 3) Adolescents odds of reporting both
ENDS use and marijuana use, 4) Adult odds of reporting both ENDS use and alcohol use, 5)
Adult odds of reporting both ENDS use and binge drinking, and 6) Adult odds of reporting
both ENDS use and marijuana use. The effect sizes represent the binary relationship
between ENDS use and the alcohol or marijuana use outcome for the above 6 analyses.
Effects were coded so that OR greater than one indicates ENDS use is associated with
higher odds of reporting co-occurring alcohol or marijuana use.

For each study aim, a multilevel random-effects model was fitted to the data. This method
enables the modeling of clustering (and thus non-independence) induced by a multilevel
structure in the data (Van den Noortgate et al., 2013). Sample dependence is problematic as
more weight is assigned to studies with multiple outcomes and, if the dependent outcomes
are positively related, the error of the summary effect is underestimated (Borenstein et al.,
2009). Multilevel random-effects modeling accounts for both within and between study
variance and the correlation of effect sizes coming from the same study (i.e. dependency
between effect sizes). When studies reported multiple effect sizes from the same sample, and
the number of studies was too small to fit a multilevel model to the data (e.g., binge outcome
analysis in adults and marijuana use in adults), effect sizes were averaged (Card, 2012) and
simple random-effects models were used, in order to control for sample dependence.

Effect size estimation.—The metafor package (Viechtbauer, 2010) in the R statistical
software was used to calculate a summary effect for all six analyses and follow-up ztests
were conducted to determine significance of the summary effect. Significance was
determined on the p<.05 level and interpreted in accordance with Chen and colleagues
(Chen et al., 2010) guidelines for small, medium, and large effects based on the baseline
prevalence rates of each behavior in individuals who did not use ENDS: 1) Average
marijuana use in adolescents who did not use ENDS was 6% across the studies included,
resulting in effect size descriptors of small (OR=1.51), medium (OR=2.67) and large
(OR=4.55) effects. 2) Average alcohol use in adolescents who did not use ENDS was 20%
across the studies included, resulting in effect size descriptors of small (OR=1.41), medium
(OR=2.31) and large (OR=3.75) effects. 3) Average marijuana use in adults who did not use
ENDS was unavailable in the studies included; we thus used the estimates from the
adolescent samples, resulting in effect size descriptors of small (OR=1.51), medium
(OR=2.67) and large (OR=4.55) effects. 4) Average alcohol use in adults who did not use
ENDS was 46% across the studies included, resulting in effect size descriptors of small
(OR=1.38), medium (OR=2.67) and large (OR=4.55) effects. Adjusting effect size
descriptors by base rates of behavior in the unexposed groups allows for better comparison
across samples for which prevalence rates vary quite markedly (Chen et al., 2010).

For significant summary effects, a fail-safe N analysis was conducted to estimate the number
of studies with null findings required to reduce the summary effect to non-significance. For
Aim 1, a generalized/weighted least squares extension of Cochran’s Q-test for residual
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heterogeneity was conducted to test whether the variability in the observed effect is larger
than one would expect based on sampling variability alone. The # index of heterogeneity
(Huedo-Medina et al., 2006), which represents the percentage of the total variability due to
heterogeneity, was calculated. Effect sizes with significant Aeterogeneity were followed-up
with moderation analyses.

Moderation analyses.—Meta-regression analyses were conducted to evaluate the impact
of study characteristics on effect sizes in adolescent samples only. Significance was
determined on the p<.05 level. Slopes for meta-regression analyses are presented as Log
Odds Ratios (L OR), although ORs are also reported. Odds were compared across adolescent
and adult samples to examine the moderating role of sample (adolescent=1 versus adult=0)
on the relationship between ENDS use and alcohol use, as well as between ENDS use and
marijuana use, in separate models. The following moderators were examined: 1) Gender
(i.e., percent female) and age (i.e., average age of sample) were examined as continuous
moderator variables; 2) Type of ENDS use (i.e., 1=current use, O=ever-use) and was
examined as a dichotomous moderator variable; and 3) Type of substance use (i.e., 1=current
use, O=lifetime use) was examined as a dichotomous moderator variable. The suggested
minimum sample size (&) for conducting meta-regression is k=10 (Borenstein et al., 2009),
which was not achieved for adult samples in the present study; thus, meta-regression was not
conducted for adult samples.

Results

A comprehensive literature review resulted in 715 initial studies after duplicates were
removed. After a review of the titles, 454 studies that were not applicable to the present
analysis (e.g., used animal models, stated it was a review or opinion, assessed chemical
properties of ENDS) were excluded. After a review of the abstracts, an additional 155
studies were excluded (e.g. reviews, opinions, no assessment of substance use). The
remaining 89 full articles were reviewed. Three authors were contacted by e-mail with a
request to provide data necessary for inclusion but that was not reported in the manuscript; 1
response was received. At the end of each stage of this process, 32 independent articles met
inclusion criteria for the present meta-analysis.

Odds of reporting co-occurring ENDS use and alcohol use among adolescents.

Nineteen studies met inclusion criteria for adolescent ENDS and alcohol use (see Table 1 for
adolescent study characteristics, including study design). Across those studies, 40 effects
were reported. The total sample size was 150,299. Average age of the sample was 15.24
(SD=1.10, range 13.60-18) and average percent girls was 51.18% (SD=3.44%, range 44% to
62.10%). Age and gender were approximately normally distributed (skewness 0.01 to 0.74;
kurtosis —1.47 to 0.39). A total of A=19 effects assessed current ENDS use and 4=21
assessed lifetime ENDS use. A total of &=31 effects assessed current alcohol use, A=13
assessed current binge drinking, and 4=9 assessed lifetime alcohol use.

Summary effect: Alcohol use.—The weighted mean effect size for the relationship
between ENDS use and alcohol use in adolescents was large (k=40, OR=4.50, 95% CI 3.31
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to 6.13) and statistically significant, z=9.60, p<.001. The effect size indicated that
adolescents who report ENDS use have 4.50 times greater odds of reporting alcohol use than
those who do not report ENDS use. A fail-safe N analysis indicated that 8,724 studies with
null effects would be needed to reduce the summary effect to non-significance. The test of
heterogeneity was significant (Q(a/=41)=132.08, p< 0.001), indicating that a significant
proportion of variability in effect sizes was due to between study variation. The /2 Index of
effect size heterogeneity was 73.84, indicating that 73.84% of the total variability was due to
between study heterogeneity.

Summary effect: Binge drinking.—The weighted mean effect size for the relationship
between any ENDS use and binge drinking in adolescents was large (k=13, OR=4.51, 95%
Cl 3.13 to 6.51) and statistically significant, ~=8.07, p<.001. The effect size indicated that
adolescents who report ENDS use have 4.51 greater odds of reporting binge drinking than
those who do not report ENDS use. A fail-safe N analysis indicated that 875 studies with
null effects would be needed to reduce the summary effect to non-significance. The test of
heterogeneity was significant (Q(d/=12)=21.26, p=0.05), indicating that a significant
proportion of variability in effect sizes was due to between study variation. The /2 Index of
effect size heterogeneity was 49.79.

Moderator Analyses.—The relationship between ENDS use and alcohol use (A=40) did
not vary significantly by age of the sample (LOR=-0.13 (OR=0.88), z=0.67, p=50),
gender (LOR=-0.05 (OR=0.95), z=-1.08, p=.28), type of alcohol use (current vs. lifetime
use; LOR=0.03 (OR=1.03), z=0.14, p=.89), or type of ENDS use (current vs. lifetime use;
LOR=0.21(OR=1.23), z=1.00, p=32).

Odds of reporting co-occurring ENDS use and marijuana use among adolescents.

Fourteen studies met inclusion criteria for adolescent ENDS and marijuana use (see Table 1
for adolescent study characteristics, including study design). Across those studies, 24 effects
were reported. The total sample size was 89,962. Average age of the sample was 15.14
(SD=1.26, range 13.60-18) and average percent girls was 51.81% (SD=3.25%, range
47.94% to 58.60%). Age and gender were approximately normally distributed (skewness
0.21 to 0.85; kurtosis —1.82 to —0.45). A total of A=11 effects assessed current ENDS use
and k=13 assessed lifetime ENDS use. A total of &=13 effects assessed current marijuana
use and =10 assessed lifetime marijuana use (with dependent effects).

Summary effect: Marijuana use.—The weighted mean effect size for the relationship
between ENDS use and marijuana use in adolescents was large (k=24, OR=6.04, 95% ClI
3.80 to 9.60) and statistically significant, z=7.60, p<.001. The effect size indicated that
adolescents who report ENDS use have 6.04 times greater odds of reporting marijuana use
than those who do not report ENDS use. A fail-safe N analysis indicated that 6,205 studies
with null effects would be needed to reduce the summary effect to non-significance. The test
of heterogeneity was significant (Q(a7=23)=134.40, p<0.001), indicating that a significant
proportion of variability in effect sizes was due to between study variation. The /2 Index of
effect size heterogeneity was 84.77.
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Moderator Analyses.—The relationship between ENDS use and marijuana use in
adolescents did not vary significantly by age of the sample (LOR=-0.31 (OR=0.73), z=
-1.10, p=0.27), type of marijuana use (current vs. lifetime use; LOR=-0.07(OR=0.93), z=
-0.36, p=0.72), or type of ENDS use (current vs. lifetime use; LOR=0.18 (OR=1.20),
z=0.66, p=51). Gender was a significant moderator of the relationship between ENDS use
and marijuana use (LOR=-0.19 (OR=0.83), z=2.61, p=.01), indicating that as the percent of
females in the sample increased, the relationship between ENDS and marijuana use became
weaker.

Odds of reporting co-occurring ENDS use and alcohol use among adults.

Twelve studies met inclusion criteria for adult ENDS and alcohol use (see Table 2 for adult
study characteristics). Across those studies, 35 effects were reported. Included studies were
conducted between 2014 and 2019 and had a total sample size of 57,622. Average age of the
sample was 29.57 years (SD=10.66, range 19-47.50). Average percent female was 56.68%
(SD=5.65%, range 48.8-69.5). Age and gender were approximately normally distributed
(skewness 0.61 to 0.62; kurtosis —1.38 to —0.33). A total of k=33 effects assessed current
alcohol use and k=2 effect assessed lifetime alcohol use. A total of k=24 effects assessed
current ENDS use and k=11 effects assessed lifetime ENDS use (with dependent effects).

Summary effect: Alcohol use.—The weighted mean effect size for the relationship
between ENDS use and alcohol use in adults was small (OR=1.57, 95% CI 1.25-1.99) and
statistically significant, z=3.81, p<.001. The effect size indicated that adults who report
ENDS use have 1.57 times greater odds of reporting alcohol use than those who report no
ENDS use. A fail-safe N analysis indicated that 320 studies with null effects would be
needed to reduce the summary effect to non-significance. The test of heterogeneity was
nonsignificant (Q(d7=32)=37.57, p=0.31), indicating that most of the variability in effect
sizes was not due to sampling error. The # Index of effect size heterogeneity was 39.67.

Summary effect: Binge drinking.—Four independent studies examined binge drinking,
with 10 effects reported. Because the humber of studies was too small to fit a multilevel
model to the data, dependent effect sizes were averaged. The weighted mean effect size for
the relationship between ENDS use and binge drinking in adults was small (OR=1.63, 95%
Cl 1.14 to 2.35) and statistically significant, 2=2.65, p=.008. The effect size indicated that
adults who report ENDS use have 1.63 greater odds of reporting binge drinking than those
who do not report ENDS use. A fail-safe N analysis indicated that 24 studies with null
effects would be needed to reduce the summary effect to non-significance. The £ Index of
effect size heterogeneity was significant, (2=65.21, p=.01), indicating that a significant
proportion of variability in effect sizes was due to between study variation.

Odds of reporting co-occurring ENDS use and marijuana use among adults.

Three independent studies met inclusion criteria for adult ENDS and marijuana use (see
Table 2 for adult study characteristics). Across those studies, 6 effects were reported.
Because the number of studies was too small to fit a multilevel model to the data, dependent
effect sizes were averaged and random effects meta-analysis was fitted. Included studies
were conducted between 2015 and 2017 and had a total sample size of 8,093 (mean=2,023,
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SD=1,184.87, range 1,134-3757). Average age of the sample was 19.8 years (SD=1.23,
range 18.5-20.9). Average percent female was 65.35% (SD=4.58%, range 61.20-69.50).
Sample size was approximately normally distributed (skewness —0.22; unable to compute
age and gender due to A=2). The majority of data was collected in the United States (k=2). A
total of 2 effects assessed current marijuana use and 1 effect assessed lifetime marijuana use.
A total of 3 effects assessed current ENDS use and 3 effects assessed lifetime ENDS use
(with dependent effects).

Summary effect.—The weighted mean effect size for the relationship between ENDS use
and marijuana use in adults was small (OR=2.04, 95% CI 1.53 to 2.73) and statistically
significant, z=4.84, p<.001. The effect size indicated that adults who report ENDS use have
2.04 time greater odds of reporting marijuana use than those who do not report ENDS use. A
fail-safe N analysis indicated that 139 studies with null effects would be needed to reduce
the summary effect to non-significance.

Comparison of odds across adolescent and adult samples

The relationship between ENDS use and alcohol use was significantly stronger in adolescent
samples than adult samples (LOR=0.96 (OR=2.61), z=4.21, p<.001), suggesting that the
odds of reporting ENDS use and co-occurring alcohol use are stronger in adolescents than
adults. The relationship between ENDS use and marijuana use trended to be stronger in
adolescent samples than adult samples (LOR=0.93 (OR=2.53), z=1.76, p=0.08), suggesting
that the odds of reporting ENDS use and co-occurring marijuana use are stronger in
adolescents than adults?.

Discussion

The present meta-analysis provides a synthesis of existing data examining the relationship
between ENDS use and both alcohol and marijuana use in adolescents. First, our findings
suggest that adolescents who use ENDS have approximately 4.5 to 6 times greater odds of
reporting co-occurring alcohol or marijuana use. This is important: Although the state of the
literature does not allow a precise understanding of the nature of this association (i.e., does
ENDS use in adolescents increase odds for alcohol and marijuana use or do alcohol and
marijuana use in adolescents increase odds for ENDS use), this relationship is large and
suggests that ENDS use should be assessed in adolescents in both research and clinical
settings, as it might be a marker of alcohol and marijuana use. Given that ENDS use is
generally more socially acceptable, adolescents may be more likely to report openly and
honestly concerning their ENDS use than other use behaviors. Thus, if adolescents report
ENDS use, this might suggest further assessment of other substance use. Research should
aim to clarify if ENDS use is a risk indicator for marijuana and alcohol use and what the

1A sensitivity analysis divided the samples into adolescents, college students, and non-college adults: The association between ENDS
and alcohol use was not significantly different between college and non-college adult samples (p=0.860), but the relationship was
larger in adolescent samples (p=0.001-0.003). The association between ENDS and marijuana use was not significantly different
between college and non-college adult samples (p=0.639) and was similar across adult and adolescent samples (p=0.090-0.534),
although there was a trend effect similar to what report in the manuscript. A second sensitivity analysis used age as a continuous
moderator and found a similar pattern: There was a significant negative effect of age in the relationship between ENDS and alcohol
use (b=-0.031, p=0.030) and between ENDS and marijuana use (b=—0.223, p=0.016).
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directional nature of this relationship might be in adolescents. It is our hope that this finding
of increased odds will lead to more targeted research in this high-risk group.

Higher odds of alcohol and marijuana use associated with ENDS use is of high research and
clinical impact. ENDS, alcohol, and marijuana use have the potential to be mutually
reinforcing (e.g., Rohsenow et al., 1997; Ericson et al., 2003; Soderpalm et al., 2000),
meaning that the use of one may reinforce and thereby increase the use of the others and
vice versa. Although beyond the scope of the present study, we see this as a critical area for
future research, with this study demonstrating feasibility of such research. Mutual
reinforcement among alcohol, marijuana, and ENDS is particularly concerning for
adolescents because of recent large increases in ENDS use in this high-risk group (Johnston
et al., 2016). Negative consequences of alcohol and marijuana use in adolescents are well-
acknowledged, such as the development of problematic use and substance use disorders in
later adolescence into adulthood (Bolland et al., 2016), as well as increased risk for negative
health outcomes, such as heart attack (Hall & Degenhardt, 2009; Castellanos-Ryan et al.,
2013). Marijuana and alcohol use during this developmental period can lead to negative
outcomes including poor grades (Cobb-Clark et al., 2015), impaired memory and reasoning
(Meier et al., 2012), and higher likelihood of arrest (Hemphill et al., 2014), as well as
negative effects on brain development that are related to worse outcomes later in life (Green
et al., 2016; Nguyen-Louie, 2015; Winward et al., 2014). Thus, anything associated with
increased risk for these behaviors in adolescents should be studied in research and tracked
clinically. Of course, ENDS use itself is also associated with negative health consequences,
such as impaired respiratory and cardiovascular function (Kosmider et al., 2014; Lerner et
al., 2015; Schweitzer et al., 2015; Sussan et al. 2015), and increases subsequent substance
use risk (Unger et al., 2016), and thus is in interest in and of itself in this this high-risk
group. The odds of reporting co-occurring ENDS use and alcohol or marijuana use were
generally unaffected by type of use (current vs. lifetime use), but were higher as the
proportion of males in the sample increased. This suggests that ENDS and marijuana use are
more highly related in adolescent boys.

Although emerging research indicates that ENDS use is associated with future increased
marijuana use in adolescents (Wills et al., 2017), we believe future research should seek to
determine the causal direction of these relationship. We propose three plausible, although
not mutually exclusive, explanations for how ENDS use may be strongly associated with
alcohol and marijuana use in adolescents, which we discuss here: 1) alcohol and marijuana
use are related to ENDS use through common risk factors, 2) alcohol and marijuana use
contribute to ENDS use, and 3) ENDS use contributes to alcohol and marijuana use (Wills et
al., 2017).

First, there appear to be common factors associated with ENDS use and alcohol use. For
example, children of alcoholic fathers are more likely to both use ENDS and to co-use
ENDS and alcohol (Lessard et al., 2014), thus suggesting a genetic component putting
adolescents at risk for both ENDS and alcohol use; however, marijuana use has not been
examined. ENDS use is related to impulsive personality traits (Hershberger et al., 2017),
which are well-established risk factors for both alcohol and marijuana use (Coskunpinar et
al., 2013; VanderVeen et al., 2016), thus suggesting shared personality-based risk factors for
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both ENDS use and alcohol and marijuana use. Additionally, given present findings
indicating a more robust relationship between ENDS use and both alcohol and marijuana use
in adolescents, age could be a risk factor for the use of both substances, with multiple
candidate mechanisms to explain this age risk (e.g., impulsive personality traits; Romer et
al., 2009).

Second, alcohol and marijuana use could contribute to later ENDS use in adolescents. A vast
research literature has highlighted how classically conditioned behavioral cues and mutually
reinforcing chemical properties link alcohol and cigarette use (Soderpalm et al., 2000; Tizabi
et al., 2002; Ericson et al., 2003; Funk et al., 2006). These mechanisms may also apply to
the relationship between ENDS and both alcohol and marijuana use. For example,
Rohsenow and colleagues (1997) found that exposure to typical alcohol cues (e.g., odor)
increases cigarette craving and likely consumption as well. Additionally, co-occurring
ENDS use and alcohol and/or marijuana use may lead to synergistic drug effects (Rabin &
George, 2015) by which nicotine and alcohol and/or marijuana may become mutually
rewarding. Blocking nicotinic receptors of the dopamine reward system has shown to lessen
alcohol consumption (Soderpalm et al., 2000) and blocking nicotine receptors during alcohol
consumption eliminates alcohol-induced dopamine release (Tizabi et al., 2002; Ericson et
al., 2003; Funk et al., 2006). Given the similarities in drug content of ENDS and cigarettes
(Dawkins et al., 2014, Etter et al., 2014; Flouris et al., 2013), it is possible ENDS use and
alcohol or marijuana use could share similar mutually rewarding chemical properties.

Third, ENDS use could contribute to marijuana and alcohol use in adolescence. Many of the
mechanisms discussed above for how alcohol and marijuana use contribute to ENDS use are
potential mechanisms also for how ENDS use could contribute to alcohol and marijuana use.
For example, cigarette use and marijuana use share a route of administration (Rabin &
George, 2015), which may cue marijuana use through increased cravings (Penetar et al.,
2005). Similarly, the endocannabinoid system may mediate the rewarding properties of
nicotine (Valjent et al., 2002) and exposure to nicotine, regardless of route of administration,
increases the subjective reward value of marijuana (Penetar et al., 2005). Developmental
research indicates that early onset (< 16 years old) cigarette use is related to increased odds
of alcohol dependence and other illicit drug dependence eleven to twelve years later, while
early onset of alcohol and illicit substance use does not appear to lead to increased odds of
later cigarette use (Moss et al., 2014). The positive longitudinal relationship between
cigarette use and substance use progression has been replicated in samples of African
Americans (Strong et al., 2016), Korean Americans, and Chinese Americans (Myers et al.,
2013), and thus likely generalizes across ethnic groups in the United States. Importantly,
recent research on the longitudinal relationship between ENDS and marijuana use indicates
that ENDS use may significantly predict future increased marijuana use (Wills et al., 2017),
thus ENDS use may have a gateway effect on other substance use.

An extremely important finding of the current study is that odds associated with ENDS use
are stronger in adolescents than adults. Although the state of the literature doesn’t allow full
understanding concerning why these differences occur, we offer two potential reasons for
stronger odds in adolescents. First, these findings could be related to a cohort effect. ENDS
are a relatively new form of nicotine delivery, and, as such, became popular during the
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adolescence period of the current cohort. 1t’s been well-established that adolescence is a
developmental time period for increased risk taking, particularly substance use (see Crone et
al., 2012) and that many individuals “mature out” of this use, making substance use and
related problems less likely into adulthood (Verges et al., 2013). This could also explain the
increasing rates of ENDS use among adolescents (Johnston et al., 2016). As adults are less
likely to have new onset substance use than adolescents (Verges et al., 2013), adults may be
less vulnerable to beginning ENDS use or to have increased associated odds of marijuana
and alcohol use.

Second, the reasons or motives for using ENDS likely differ between adolescents and adults.
Adolescents tend to report using ENDS for experimentation, out of boredom, and to have a
good time (Patrick et al., 2016), whereas adults typically use ENDS for smoking cessation
(Malas et al., 2016). It is possible that using ENDS to reduce smoking might be associated
with lower odds for other substance use, and using for fun or experimentation might be
associated with higher odds of using other substances. Findings indicate that adolescents are
increasingly exposed and targeted in ENDS advertisements (CDC, 2014), which may
increase the likelihood of adolescents using ENDS.

Overall research is needed to better explain these differences and how best to leverage them
for intervention and prevention. This heightened risk in adolescents is important, given the
effect of marijuana, alcohol, and nicotine on the developing brain, including
neurodegeneration and neurocognitive deficits (Zeigler et al., 2005), decreased white-matter
volume in tracts associated with mood regulation (Squeglia et al., 2009), and disruption of
acetylcholine receptors, which are vital for neurotransmitter regulation, cell survival, and
synaptic formation and maturation (Dwyer et al., 2009).

Since the majority of research in this area to date is cross-sectional, a great amount of
research is needed to better elucidate the ENDS use and alcohol and marijuana use
relationship, including research utilizing both longitudinal and experimental designs. First,
longitudinal research would be useful to test and determine the causal direction between
ENDS use and both alcohol and marijuana use, which would inform how best to understand
and leverage this relationship. For example, if longitudinal data indicate that ENDS use
tends to precede alcohol and marijuana use, ENDS use may be a modifiable risk factor to
prevent or reduce the risk of future alcohol or marijuana use in adolescent populations. If
ENDS use follows alcohol or marijuana use, ENDS use would better be used as a screener
of other substance use. We propose that given the more socially acceptability of ENDS
(Hershberger et al., 2017), screening for ENDS use might result in more honest endorsement
in adolescents, which would then suggest further screening of other substance use.

Second, experimental designs would help determine if ENDS use and alcohol and marijuana
use co-occur in time and place for adolescents, as well as to identify mechanisms that
underlie these relationships, which could then be leveraged for treatment and prevention.
Further, this work would help differentiate unique mechanisms underlying ENDS (rather
than mechanisms common to both ENDS and cigarette use) in adolescents. One prime
candidate is expectancies: for example, adolescents often cite using ENDS for
experimentation and taste (Patrick et al., 2016), while the goal of cigarette use is typically
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positive or negative reinforcement (McKee eet al., 2004). These different expectancies may
suggest the need for the design and testing of specific prevention and intervention
approaches for ENDS (although there are likely similar expectancies across cigarettes and
ENDS that could be applied to prevention approaches for both behaviors).

There are limitations of the current work. First, this study is subject to common limitations
of meta-analytic design, including the file-drawer problem and the number of studies used in
analyses. The sample size for both adolescent meta-analytic questions was large, increasing
our confidence in the present findings, and further, fail-safe N analyses support that it is
unlikely additional studies would reduce the effect sizes to non-significant values. At the
same time, the sample size for adults was more limited, for example, with k=3 effects
assessing adult ENDS and marijuana use, and thus may be less robust. The present findings
represent the odds of co-occurring ENDS and alcohol or marijuana use, and no conclusions
can be drawn on the causal nature or direction of this relationship. Additionally, given the
self-report nature of included studies, findings are subject to self-report bias. Samples in
college students may or may not generalize to other samples, although our current findings
showed similar effects across college and non-college adults. We included studies with
samples from all over the world, which may mask differences across countries2. Tthe
dichotomous nature of outcome variables limits inferences to an either/or nature of each
behavior (e.g., either using ENDS or not). To improve future studies, ENDS use and alcohol
and marijuana use should be measured as continuous variables in order to improve
inferences that can be made from the data. There are well-established continuous measures
of alcohol and marijuana use, although there is little consensus on the continuous measure of
ENDS use. We believe ENDS use should be assessed through frequency of ENDS use (e.qg.,
days per week) and through measures of nicotine dependence for ENDS users (Foulds et al.,
2014). Finally, studies did not indicate if ENDS used did or did not contain nicotine. It could
be that there is a differential relationship between ENDS containing and not containing
nicotine and alcohol and marijuana use, and this should be examined in future studies.

Conclusions

The present meta-analysis highlights that although ENDS use is associated with increased
odds for alcohol and marijuana use in both adults and adolescents, the odds are significantly
higher in adolescents. The relationships between ENDS use and alcohol use, marijuana use,
and binge drinking are all large in adolescents, whereas the relationships are small in adults.
Together, the present findings suggest that clinicians and researchers alike should assess and
further study ENDS use in adolescents. Significant research is needed to better understand
how and why ENDS use is so strongly associated with alcohol and marijuana use in
adolescents and we hope this study stimulates future interest in this work. It is imperative
that future studies employ increased methodological rigor (e.g., continuous measurements,
longitudinal designs, experimental studies), including the investigation of the potential

2 sensitivity analysis found that ORs in the current study did not differ across U.S. and non-U.S. samples with one exception: the OR
for adolescent ENDS and alcohol use was 6.5 in U.S. samples vs. 4.5 when using all the samples in study. Thus, in general, U.S. and
non-U.S. samples had similar effects, but the relationship between ENDS and alcohol in adolescents may be larger in the U.S. as
compared to other countries.
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mechanisms and moderators of the relationship between ENDS use and alcohol and
marijuana use in adolescents. Given the negative effects of substance use for adolescents,
many of which are long-standing, this research should be done with the long-term goal of
understanding how best to decrease negative outcomes in this high-risk group. Early
assessment and detection of adolescent substance use, including assessing for ENDS use, is
essential to mitigating long-term persistence of substance use across the lifespan.
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