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Abstract

Electronic cigarettes (ECIGs) have continued to gain popularity among the general public since
their introduction in 2003. While all ECIGs work by heating a liquid solution into an aerosol that
is then inhaled by the user, there are differences in engineering characteristics and appearance of
the devices as well as how the liquid is stored and heated, its nicotine concentration, its ratio of
propylene glycol and/or vegetable glycerin, and the flavorants added to the liquid. Some of the
research areas previously examined with ECIGs include aerosol toxicant yield, user puffing
behavior, physiological effects, subjective effects, abuse liability, and effects on smoking
cessation. Much of this work used earlier device models that delivered very little nicotine to the
user, and additional research needs to be conducted using consistent and reliable devices, assays,
and methodologies in order to gain a clearer understanding of ECIGs and their implications for
individual and public health. Furthermore, the effects that ECIGs have on smoking cessation and
among vulnerable populations must be addressed empirically.
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Introduction

Electronic cigarettes (ECIGs) heat a liquid solution and produce a smoke-free aerosol for
user inhalation. The liquid solutions often contain nicotine (ready-to-use concentrations < 48
mg/ml; higher concentrations available for dilution), propylene glycol and/or vegetable
glycerin, flavorants, and other additives (Etter, 2012; VVaporzone Inc., 2014). Generally,
ECIGs consist of a power source (e.g., battery) and a heating element (“atomizer”), and a
reservoir for the liquid solution. All of these features have changed considerably over the
past decade, and the product class is evolving constantly. This evolution is a challenge to
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understanding ECIG effects, and is driven by the growing popularity of ECIGs in a variety
of populations.

In the U.S., ever use of ECIGS among adults increased from 3.3% in 2010 to 6.2% in 2011,
including increases among current smokers from 6.8% to 9.8% within the same timeframe
(King et al., 2013). Additionally, ever use among adult former smokers increased from 2.5%
in 2010 to 9.6% in 2013 (King et al., 2013). In a 2012 survey, 7% of smokers aged 18-34
were also current ECIG users (Rath et al., 2012). Youth who never smoked conventional
tobacco cigarettes but reported ECIG use increased more than three-fold from 79,000 in
2011 to 263,000 in 2013 (Bunnell et al., 2015). ECIG sales have continued to rise since their
introduction to the U.S. market, with sales between 2012 to 2013 increasing from $273B to
$636B (Giovenco et al., in press).

The potential effects of ECIGs are uncertain. That is, ECIGs may help smokers quit smoking
conventional tobacco cigarettes, they may induce more people to use nicotine who might
otherwise remain nicotine-naive or among those who previously have quit smoking
cigarettes entirely, and they may be associated with adverse health outcomes due to user
inhalation of the liquid and aerosol constituents. The primary aim of this review is to
examine what is known about ECIGs today and to highlight important issues about them
that remain unresolved, particularly regarding the rapid evolution of this product and
inconsistencies in the literature thus far. The review is not intended to be comprehensive;
detailed syntheses can be found elsewhere (e.g., Breland et al., 2014; Grana, Benowitz, &
Glantz, 2014; Pisinger & Dgssing, 2014). Rather, the intent is to introduce a variety of
relevant topics including the engineering of ECIGs and contents/effects of ECIG aerosol in
preclinical assays, the nicotine delivery and effects of ECIGs in clinical laboratory studies,
and the cessation outcomes associated with ECIGs in clinical trials. In so doing, important
gaps in the literature emerge, including the need to take product evolution into
consideration, uncertainty regarding long-term health outcomes, the influence of flavors on
ECIG abuse liability, and the effect of ECIGs on vulnerable populations.

Current Knowledge of ECIGS

Engineering and contents/effects of ECIG aerosol in preclinical assays

The wide variety of ECIG models differ by how the solution is stored, method of heater
activation, electric power, and other device features. ECIGs that are sized and shaped like
cigarettes are often referred to as “cig-alikes” (Figure 1A; Cassidy, 2011) and are often
constructed as a single unit that is disposable. Other ECIGs do not resemble cigarettes in
size or shape and use either a cartridge (“cartomizer”) or reservoir (“tank”) that screws onto
a separate and rechargeable battery that may vary by voltage (FigurelB and 1C). The
cartomizer or tank simultaneously stores the liquid and brings it into contact with the heating
element; both can be refilled with solution and used often (Etter, 2012).

ECIG design and user behavior can each influence the amount of nicotine emitted per unit
time from the mouth-end of an ECIG (i.e., the “nicotine flux”, Shihadeh & Eissenberg,
2015). With regard to design, increasing the power source voltage from 3.3 to 5.2 volts led
to a 4-5 fold increase in nicotine flux (Talih et al., 2015). Device power includes heater
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resistance as well as power source voltage, and lowering the resistance also likely increases
nicotine flux. Puff velocity does not influence nicotine flux, while doubling the duration of a
puff produces a modest flux increase (e.g., at 3.3 volts, 4.9 ug/s for a 4-sec puff and 6.0 pg/s
for an 8 sec puff; Talih et al., 2015). The role played by these and other variables, including
liquid nicotine concentration, in influencing nicotine flux can be predicted using a
mathematical model (Talih et al., 2015). However, nicotine is only one ECIG aerosol
constituent, and the extent to which these and other device and user characteristics may
influence ECIG toxicant yield await systematic investigation. To our knowledge, these are
the only systematic studies that have examined how device variables and user behavior
influence nicotine yield. As devices evolve, relevant variables could be entered the
mathematic model to estimate nicotine flux.

Because ECIGs do not combust during normal operation like conventional tobacco
cigarettes, the aerosol that they produce may contain fewer/lower levels of toxicants.
Toxicants such as formaldehyde, acetaldehyde, acrolein, toluene, N’-nitrosonornicotine
(NNN), and 4-methylnitrosoamino-1-3-pyridyl-1-butanone (NNK), as well as added
flavorings are important to examine in ECIG aerosol because they may be contained in the
liquid prior to heating or formed during heating (Farsalinos et al., 2014a; Goniewicz et al.,
2014). Formaldehyde, acetaldehyde, and acrolein are carbonyl compounds that are
cytotoxic, carcinogenic, and can cause pulmonary emphysema and dermatitis, while NNN
and NNK are carcinogenic tobacco-specific nitrosamines (Smith, Livingston, & Doolittle,
1997). While trace amounts of these toxicants were found in the aerosol produced by ECIGs
purchased in Poland and the U.K. that varied by brand and model as well as flavor and
nicotine content, they were at levels 9- to 450-times lower compared to cigarettes
(Goniewicz et al., 2014). Others have examined the toxicant levels in aerosols of sweet-
flavored e-liquids, as these liquids are thought to be more attractive to youth and non-
smoking adults (Farsalinos et al., 2014a). While the content of these flavorings (e.g.,
diacetyl and acetyl propionyl) are generally recognized as safe food additives for oral
consumption, they have not been tested adequately for safety via inhalation. Compared to
cigarette smoke, levels of diacetyl and acetyl propionyl were found to be 10- to 100- times
lower in the e-liquid aerosol (Farsalinos et al., 2014a). As this product class continues to
evolve, there is a growing need to develop methods that allow for accurate prediction and
rapid testing of ECIG nicotine and other toxicant output, including added flavorants and
preservatives that may be in the liquid, as well as how they relate to or produce toxicants.

The effects of ECIG aerosols have been examined using a limited set of preclinical assays
(Cervellati et al., 2014; Marini et al., 2014). For example, human skin and lung cells have
been exposed to ECIG aerosol to examine possible cytotoxic effects and cytokine release
(Cervellati et al., 2014). While the cytotoxicity of the ECIG aerosol was lower than the
cytotoxic effects of cigarette smoke for both cell types, the aerosol’s cytotoxicity was
directly related to the flavor additive used (i.e., balsamic flavor; Cervellati et al., 2014).
Others have examined the particle number concentrations of ECIG aerosol and effects on
exhaled nitric oxide among regular cigarette smokers (Marini et al., 2014). Total particle
number concentrations were similar for nicotine-free ECIGs and conventional cigarettes (3.5
+0.4 x 109 and 3.1 + 0.6 x 109, respectively) and higher for nicotine-containing ECIGs (5.1
+0.1 x 10%; Marini et al., 2014). Acute respiratory effects showed immediate reductions in
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exhaled nitric oxide following ECIG use with and without nicotine, consistent with results
from conventional cigarettes (Malinovschi et al., 2006; Min & Min, 2014; Marini et al.,
2014).

ECIGs with and without nicotine and with and without flavors (i.e., menthol and tobacco
flavors) did not induce any cytotoxic, genotoxic, or inflammatory effects (Misra et al.,
2014). One explanation for the apparent discrepancy between these results and those
reported elsewhere (i.e., Marini et al., 2014) is a difference is device type. Marini et al
(2014) used a tank system while Misra et al (2014) used a “cig-alike™; the nicotine
concentration of the liquids also differed across studies. These methodological differences
make cross-study comparisons challenging and, more generally, the diversity of devices and
assays used to evaluate ECIG effects preclinically highlights the need for standardization of
methods. Consistency across studies would help in understanding how changes in products
influence health risks, and involving commonly used devices and testing the effects of the
aerosols they generate would increase result verisimilitude. Aerosols should be produced in
a manner that mimics the way actual ECIG users generate aerosols under natural
environment conditions. In particular, puff parameters used to simulate the behavior of
combustible tobacco cigarette smokers likely are not representative of experienced ECIG
users (see Behar et al., 2015; Hua et al 2013; Spindle et al., 2015). Given that puff
parameters are one of several factors that can influence aerosol toxicant content (Talih et al.,
2015), testing the toxicant content of aerosols that are generated using parameters that do not
represent the actual behavior of ECIG users likely does not reveal the toxicants to which
these users are exposed. In a related point, the rapid evolution and diversity of this product
class also must be taken into consideration when evaluating preclinical effects; results from
previous studies using early-generation, low power devices may not be representative of the
effects of later-generation, more powerful devices; again, the power of the device influences
toxicant yield (Talih et al., 2015). There is also a need for animal models to study ECIG
effects in vivo.

Clinical laboratory studies

There is a growing literature examining the effects of ECIG use in the clinical laboratory,
wherein either ECIG-naive or ECIG-experienced participants use an ECIG under controlled
conditions. Common outcome measures include nicotine delivery and other physiological
effects, subjective response, and/or behavioral tasks.

Nicotine delivery—Initial studies of the nicotine delivery profile of various models of
ECIGS showed that tobacco cigarette smokers naive to ECIG use received little to no
nicotine (Bullen et al., 2010; Vansickel et al., 2010). More recent studies with different
ECIG designs and experienced ECIG users have reported nicotine delivery of approximately
2.1-8.3 ng/ml (Dawkins & Corcoran, 2014; Farsalinos et al., 2014b; Vansickel &
Eissenberg, 2013), less than that delivered by a tobacco cigarette under similar conditions
(e.g., 15-20 ng/ml; Vansickel et al., 2010). Comparisons between a cig-alike and a tank
ECIG shows that plasma nicotine concentrations were higher by 35-72% in the tank model
(Farsalinos et al., 2014b). However, some ECIGs are capable of delivering cigarette-like
nicotine doses (Spindle et al., 2015). In this study, 13 ECIG-experienced overnight-abstinent
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participants used a dual heating-coil cartomizer with 1.5 Ohm resistance with their preferred
battery and liquid. Mean plasma nicotine concentration increased following a 10-puff bout
(mean = 19.2 ng/ml, SEM = 2.3) relative to baseline (mean = 2.4 ng/ml, SEM = 0.2; Spindle
etal., 2015). In summary, while earlier ECIG models tested in 2010 failed to delivered
nicotine, models tested in 2012-13 had evolved enough such that some nicotine was being
delivered to experienced users and, currently, at least some ECIGs on the market are capable
of delivering the nicotine delivered by a single cigarette (e.g., Spindle et al., 2015). The time
course of this combustible cigarette-like nicotine delivery (5 minutes or less) is consistent
with pulmonary rather than buccal drug absorption. This rapid evolution, from no nicotine
delivery to cigarette-like doses in the 5-10 years since ECIGs entered the market, suggests
that subsequent product development may lead to even greater nicotine delivery.

Physiological effects—ECIG effects on heart rate and pulmonary function have been
examined in several studies. Cig-alikes that did not delivery nicotine also did not increase
heart rate (Vansickel et al., 2010). However, “cartomizer” ECIGs that deliver nicotine also
increase heart rate: after a 10-puff bout, heart rate significantly increased to a mean = 74.2
beats/min (SEM = 1.6) relative to a mean = 65.7 beats/min (SEM = 1.5) at baseline among
experienced ECIG users (Spindle et al., 2015). While ECIGs can increase heart rate, they
may do so to a lesser degree as compared to combustible tobacco, especially when using
devices that inefficiently deliver nicotine to the user (Yan & D’Ruiz, 2015). Reports of
studies examining the effects of ECIGs on pulmonary function are less conclusive. While
some researchers have reported acute effects concordant with conventional cigarette use
such as increases in total respiratory resistance (Vardavas et al., 2012), others have reported
no lung function impairments (Chorti et al., 2012; Flouris et al., 2013). These inconsistent
findings may be the result of variations in ECIG model including using devices with
uncertain nicotine delivery profile as well as other sources of cross-study variability, such as
user puffing behavior. Certainly, more evidence is needed to make definitive conclusions on
the physiological effects of ECIGs as the devices continue to evolve.

Subijective effects—Suppression of tobacco/nicotine abstinence symptoms, direct
positive effects, and adverse events of ECIGs has also been examined. While ECIGs have
been shown to reduce tobacco/nicotine abstinence symptoms reported by combustible
tobacco smokers (Bullen et al., 2010, Dawkins et al., 2013a, 2013b; Vansickel et al., 2010),
whether nicotine delivery or behavioral conditioning stimuli may be causing these
reductions separately or additively remains unclear. ECIGs can decrease tobacco/nicotine
abstinence symptom severity without actually delivering nicotine to the user (Vansickel et
al., 2010), and there are interactions between gender and nicotine-containing ECIGs where
women showed reduced desire to smoke regardless of the nicotine content, but nicotine-
containing ECIGs were more effective in men (Dawkins et al., 2012). Furthermore,
experienced ECIG users show significantly decreased symptom severity after using their
preferred liquid in controlled 10-puff bouts (Spindle et al., 2015) and after 10 directed puffs
plus ad libitum use for 60 minutes (Dawkins & Corcoran, 2014) following 12 hours of
tobacco/nicotine abstinence. Others have found no effects of ECIG use on reducing cigarette
craving among regular smokers (Norton et al., 2014). ECIGs that mimic the nicotine
delivery of a conventional combustible cigarette would perhaps have the greatest effect on
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reducing abstinence symptoms in cigarette smokers, though this speculation awaits
systematic investigation.

Topography—Puff topography is the quantitative measurement of puff behavior including
puff number, duration, volume, flow rate, and interpuff interval. The puff topography of
experienced ECIG users recently has been measured objectively (Spindle et al., 2015).
Relative to tobacco cigarette smokers from a previous study under similar conditions
(Kleykamp et al., 2008), experienced ECIG users inhaled twice the volume per puff, had a
three times longer puff duration, and a lower flow rate. These results are consistent with
earlier exploratory studies suggesting that the topography of an experienced ECIG user is
markedly different than that of a conventional cigarette user, with ECIG users taking puffs
twice as long as cigarette smokers (Farsalinos et al., 2013; Hua, Yip, & Talbot, 2013). While
more work is needed, these initial three studies of ECIG user topography provide a first
approximation of the type of puffing behavior that should be used to generate ECIG aerosol
for subsequent toxicity testing.

Cognition and abuse liability—Cognitive effects of ECIGs have also been examined.
First-generation ECIG models with 18 mg/ml nicotine concentration have been reported to
improve working memory performance relative to placebo cig-alikes in nicotine-dependent
smokers following ad libitum ECIG use (Dawkins et al., 2012). In another study, abstaining
conventional smokers using an 18 mg/ml nicotine concentration ECIG ad libitum (later-
generation tank model) significantly improved in their prospective time-based, but not
event-based, memory compared to those using a placebo ECIG (Dawkins et al., 2013a,
2013b). However, this work that has been conducted with a limited set of devices likely is
not conclusive. Similarly, only one study has examined the abuse liability of a single ECIG
(Vansickel et al., 2012). A more systematic investigation that takes into account the nicotine
delivery profile and other characteristics of a range of devices would likely be more
informative and help to elucidate the possible cognitive effects and the abuse liability of
ECIGs.

Clinical trials & smoking cessation

Uncontrolled designs have hinted at ECIG effects and smoking cessation (e.g., Caponnetto
etal., 2011; Polosa et al., 2011) but two randomized control trials have examined this issue
rigorously (Bullen et al., 2013; Caponnetto et al., 2013). In one, tobacco cigarette smokers
with no intention to quit were randomized to one of three double-blind “cig-alike: ECIG
conditions for 12 weeks: 7.2 mg/ml nicotine concentration for all 12 weeks, 7.2 mg/ml
nicotine concentration for 6 weeks followed by 5.4 mg/ml nicotine concentration for weeks
7 through 12, or placebo ECIG for all 12 weeks (Caponnetto et al., 2013). While there were
significant decreases in cigarettes smoked per day and expired breath CO at study visits
compared to baseline, there were no consistent differences across ECIG conditions. Overall,
over 20% of the sample reduced their smoking by week 12, with 10% reporting reduction at
a 52 week follow-up. Approximately 10% of the sample ceased all combustible tobacco use
in the study.
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Another trial examined the extent to which cig-alike ECIGs were more effective than
nicotine patches at maintaining tobacco abstinence in tobacco cigarette smokers who were
motivated to quit (Bullen et al., 2013). Smokers were randomized to a nicotine patch, an
active ECIG (16 mg/ml), or a placebo ECIG. Approximately 7% of those randomized to the
active ECIG condition were verified as abstinent from smoking at 6 months, compared to
6% in the nicotine patch condition and 4% in the placebo ECIG condition. There were no
significant differences in abstinence rates between the active ECIG and nicotine patch
conditions.

While these studies did not report differences among ECIG conditions (Caponnetto et al.,
2013) or increased abstinence greater than that obtained with nicotine patch (Bullen et al.,
2013), this lack of an effect may be a reflection of uncertain nicotine delivery with the ECIG
devices/liquid nicotine used. Indeed, in one of the two trials (Bullen et al., 2013), the ECIGs
delivered about 2 ng/ml nicotine, far less than a tobacco cigarette. Thus, the ability of ECIGs
that approximate the nicotine delivery of a combustible cigarette to maintain tobacco
cigarette abstinence remains uncertain, although a recent Cochrane review found that use of
active (nicotine-containing) ECIGs in these two RCTs led to increased long-term cessation
and a reduction in the number of combustible cigarettes smoked as compared to placebo
ECIGs (McRobbie et al., 2014). However, the review also noted that the small sample size
suggested caution when interpreting the reliability and generalizability of these findings.

In summary, ECIGs have evolved rapidly from early devices that resembled cigarettes (cig-
alikes) into devices that use separate tanks or cartomizers and connect to batteries of varying
voltage. A mathematical model exits that can predict ECIG aerosol nicotine yield (Talih et
al., 2015). Preclinical studies have examined in vitro toxicant exposure from both the liquid
that goes into the ECIG as well as the aerosol produced (e.g., Behar et al., 2014; Cervellati
et al., 2014). Clinical laboratory studies have also examined acute effects such as nicotine
delivery (e.g., Spindle et al., 2015; Yan & D’Ruiz, 2015; Dawkins and Corcoran, 2014;
Bullen et al., 2010), physiological effects (e.g. Yan & D’Ruiz, 2015), subjective effects
(e.g., Bullen et al., 2010; Norton et al., 2014), topography (e.g., Spindle et al., 2015),
cognition (e.g., Dawkins et al., 2013a, 2013b), and abuse liability (e.g., Vansickel et al.,
2012). RCTs have also been conducted to examine smoking cessation with ECIGs
(McRobbie et al., 2014). The majority of this research has been conducted with a limited
number of ECIG types and a large representation of early-generation cig-alike models that
likely or demonstrably under delivered or inconsistently delivered nicotine to the user.
While variability within the ECIG product class increases regularly, the scientific literature
thus far has lagged behind. If every device available on the marked must be tested
separately, then this lag is likely to continue. Instead, the purpose of this non-comprehensive
review is to make the case that another approach is needed, wherein scientific work
regarding ECIGs is driven less by specific devices and more by questions that can be
answered in a generalizable manner. For example, in considering ECIG nicotine delivery,
questions such as “How does liquid nicotine concentration interact with device power to
influence plasma nicotine concentration?” might extend knowledge more than questions
such as “What is the nicotine delivery profile of this particular device with this particular
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liquid in it?”. The field is ready for a systematic determination of the factors that influence
ECIG effects.

Future Directions

Cessation

Based on the existing literature and the rapid evolution of ECIG devices, more research is
clearly warranted. In addition to the overwhelming need to understand ECIG health effects,
ECIGs need to be examined for their ability to help with cessation efforts among existing
smokers and their potential effects with vulnerable populations.

ECIGs theoretically could be useful as smoking cessation tools, as they mimic nicotine and
non-nicotine stimuli associated with smoking. While numerous surveys suggest that ECIGs
have potential for helping smokers quit tobacco (see Breland et al., 2014), the slower
delivery and lower dose of nicotine available from some ECIGs, relative to tobacco
cigarettes, may have influenced the results obtained in the few randomized control trials
examining cessation outcomes (Bullen et al., 2013; Caponnetto et al., 2013). Generally,
randomized control trials examining the effects of ECIGs on smoking cessation should not
begin until the devices and e-liquids/aerosols have been tested so that, at the least, the
nicotine delivery profile of the device/liquid combination to be used in the trial is well-
known. All other things being equal, the greatest cessation effect is likely to be observed
when a device/liquid combination mimics the nicotine delivery of a tobacco cigarette. Also,
trial design needs to take into account the extent to which ECIGs are likely to be used for
nicotine cessation generally, or tobacco cigarette cessation specifically. Trials that are
designed to examine effects on nicotine cessation generally will require a follow-up period
where participants are expected to be free of tobacco cigarettes, ECIGs, and all other
nicotine products. Trials that are designed to examine effects on tobacco cigarette cessation
specifically may have a follow-up period where participants continue to use ECIGs. This
latter trial design allows the study of ECIGs as a harm reduction product, a controversial
approach that, if adopted, should include a wide array of health-related measures during the
follow-up period.

Vulnerable populations

While ECIGs primarily have been studied with otherwise healthy populations, effects on
vulnerable populations such as children and adolescents, pregnant and recently postpartum
women, and individuals with other substance use or severe mental health disorders also
should be examined. While over 200,000 youth who were never smokers reported ECIG use
in 2013 (Bunnell et al., 2015), how many of these youth will go on to be regular ECIG users,
become regular tobacco smokers, or be dual users is still unclear, especially as ECIG models
continue to evolve as their popularity increases. Cross-sectional studies with middle- and
high-school students have shown that sweet flavored liquids are most preferred among
current ECIG users, current cigarette smokers are more likely to use nicotine-containing
liquids compared to ever or never smokers, and current smokers preferred ECIGs to
conventional cigarettes (Krishnan-Sarin et al., 2015). Additionally, high school students
were more likely to experiment with ECIGs because of the availability of appealing flavors
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and less likely to use ECIGs to aid with smoking cessation compared to college-aged
students (Kong et al., 2015). While the majority of research with youth has been in the form
of focus groups and cross-sectional surveys, longitudinal monitoring is warranted to
examine long-term outcomes.

Women of childbearing age, specifically pregnant and recently postpartum women, are also
a vulnerable population that has been understudied regarding ECIG use and effects. 40% of
obstetricians report asking their patients about non-combustible tobacco use during prenatal
care, 29% stated that they believed ECIGs to be safer than cigarettes, and over 13% reported
that ECIGs had no health effects (England et al., 2014). Because there are currently no data
on the effects of ECIG use during pregnancy, whether or not ECIGs are safer or more
harmful than conventional tobacco use on maternal and infant health remains unknown.
Certainly, while nicotine readily crosses the placenta and there are numerous effects on the
developing fetus from cigarette smoking (Cnattingius, 2004; Suter et al., 2015), the effects
that inhaled propylene glycol and vegetable glycerin may have on fetal development remain
to be seen.

High proportions of individuals with substance use disorders and mental illness are current
smokers (71% and 35%, respectively; CDC, 2013; Richter et al., 2002). To our knowledge,
no studies to date have examined short- and long-term effects of ECIG use with either
population. Only one study to date examined ECIG use prevalence among opioid-
maintained smokers, and reported that around 34% of individuals used ECIGs in the past 30
days (Stein et al., 2015). Curiosity and help with nicotine cessation were the most endorsed
reasons for ECIG use (41% and 26%, respectively; Stein et al., 2015). Future studies should
state clearly whether or not ECIG use prevalence mimics, is lower, or is higher than
conventional cigarette use rates. Furthermore, what effects ECIG use has on illicit drug use,
mental illness symptomatology, cigarette use, and cessation rates among these populations
remains to be seen.

Concluding Remarks

While ECIGs have been increasing in popularity and device/liquids have been evolving
rapidly, the development of standardized preclinical and clinical methods to examine their
effects has been slower. Recent advances include the characterization of user puffing
behavior that can be used to generate aerosol for toxicity testing and the development of a
mathematical model that predicts the amount of nicotine that is emitted from the mouth-end
of an ECIG. While the literature reviewed here was not exhaustive, and may reflect some
selection bias, it nonetheless demonstrate the inconsistencies in the literature thus far, many
of which are due to using devices that of uncertain nicotine delivery profiles. Priority areas
for further work include identifying a set of pre-clinical assays that are relevant for testing
the toxicity of ECIG aerosols, developing mathematical models for other toxicants in
addition to nicotine, understanding the long-term health effects of daily inhalation of
hundreds of propylene glycol/vegetable glycerin-laced puffs, investigating the effects of
ECIGs that deliver nicotine as effectively as a tobacco cigarette using outcome measures
related to health as well as cessation, and a better understanding of ECIG effects, including
abuse liability, in a variety of vulnerable populations, including youth and individuals with
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substance use disorders. Much has been written about ECIGs as a technology that can
improve the individual health of smokers and public health generally. While this technology
evolves, so must the science that can be used to evaluate empirically the extent to which
ECIGs realize the individual and public health promises made about them.
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Figure 1.
Various ECIG models; A) pneumatically-operated cig-alike, B) cartomizer with variable-

voltage battery, C) tank atomizer with manually-operated 3.3 volt battery. Schematic of
inside of cartomizer provided by Dr. Alan Shihadeh. Detailed descriptions of other ECIG
products can be found elsewhere (e.g., Farsalinos et al., 2014b; Polosa et al., 2014).
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