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Abstract

Under certain conditions, electronic cigarettes (ECIGs) can deliver nicotine to and suppress
tobacco abstinence symptoms in cigarette smokers. Growing popularity of ECIGs raises abuse
liability concerns. This study’s purpose was to compare the abuse liability of an ECIG (1.5 Ohm,
3.3 \Wolt) filled with 36 mg/ml or 0 mg/ml nicotine to an FDA-approved nicotine inhaler and
participants” own brand of cigarettes. Smokers (N = 24) completed four sessions in which they
completed to the Multiple-Choice Procedure (MCP) and plasma nicotine concentration and
subjective effects were measured. Mean (SD) MCP crossover point was $0.87 (1.0) for the 36
mg/ml nicotine ECIG and $0.96 (1.2) for the 0 mg/ml ECIG, significantly higher than the nicotine
inhaler mean of $0.32 (0.6) but significantly lower than the own brand cigarette mean of $1.42
(1.4). Ten puffs from an own brand cigarette increased mean plasma nicotine concentration from
3.55 (2.8) to 13.64 (9.8) ng/ml, as compared to an increase from 3.16 (1.8) to 8.51 (5.4) ng/ml for
the 36 mg/ml ECIG. The 36 mg/ml ECIG reduced nicotine abstinence symptoms more than the 0
mg/ml ECIG, and both ECIGs were rated as more reinforcing than the inhaler but less reinforcing
than participants’ own brand cigarettes (ps < .05). Results suggest that the ECIG examined had
higher abuse liability than the nicotine inhaler but lower than combustible cigarettes. These data
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and methods may be useful for policymakers by revealing how ECIG abuse liability compares to
tobacco/nicotine products with abuse liability profiles that are well established.

Keywords

electronic cigarettes; abuse liability; Multiple-Choice Procedure; combustible cigarettes; nicotine
inhaler

Tobacco cigarette smoking is the leading cause of preventable death worldwide (World
Health Organization, 2008). Combustible cigarettes now share the market with a variety of
other tobacco products, including electronic cigarettes (ECIGs). ECIGs entered the U.S.
market in 2007 (Regan, Promoff, Dube, & Arrazola, 2013) and have been advertised as
cigarette alternatives for smokers (Pearson, Richardson, Niaura, Vallone, & Abrams, 2012).
In 2017, 2.8% of U.S. adults were current (someday or everyday use) ECIG users (Wang et
al., 2018). Higher rates of current ECIG use were reported among recent former cigarette
smokers (one year or less; 22.0%) and current cigarette smokers (15.9%), than never
smokers (0.4%; Schoenborn & Gindi, 2015). Some smokers report using ECIGs for smoking
reduction and cessation (Breland et al., 2017; Dockrell et al., 2013; Etter, 2010). Notably, in
2017 current (past 30-day) ECIG use (11.7%) was more common than combustible cigarette
use (7.6%) among U.S. high school students (Wang et al., 2018).

ECIGs are battery-powered devices that aerosolize a liquid that is often contained in a
reservoir (i.e., tank, cartridge, pod). Users inhale the aerosol through a mouthpiece,
mimicking some of the behaviors associated with combustible tobacco cigarettes. ECIG
users can purchase ECIG liquids in thousands of different flavors (Zhu et al., 2014) and
nicotine concentrations that often range from 0 mg/ml to 36 mg/ml (Breland et al., 2017);
recently liquids with even higher nicotine concentrations have been reported (Gibson-Young,
2018). ECIGs vary in their ability to deliver nicotine, such that early products delivered little
or no nicotine to users (e.g., Hajek, Przulj, Phillips, Anderson & McRobbie, 2017;
Vansickel, Cobb, Weaver, & Eissenberg, 2010), but as the product class evolved, some newer
and more advanced models of ECIGs are capable of delivering more nicotine to users than
early models (e.g., Farsalinos et al., 2014; Hiler et al. 2017; Vansickel & Eissenberg, 2013;
Wagener et al., 2017).

The growing popularity of ECIGs and the ability of these devices to deliver substantial
amounts of nicotine to users have raised concerns among policymakers regarding their
impact on public health (Green, Fielding, & Brownson, 2018; Palazzolo, 2013; Walton et al.,
2015). Specifically, many individuals question the abuse liability of ECIGs, or the likelihood
for these products to be used in excess and produce dependence and adverse consequences
(Balster & Walsh, 2010; Jaffe & Jaffe, 1989; Carter et al., 2009). The likelihood for a drug
or product to be abused is contingent on many factors such as the rate of drug delivery,
sensory and subjective reinforcing effects, social acceptability, and product appeal and
attractiveness (Balster & Walsh, 2010; Carter et al., 2009; Henningfield, Hatsukami, Zeller,
& Peters, 2011; Jaffe & Jaffe, 1989). Generally, for common drugs of abuse, as the rate and
dose of drug delivery increases, the rewarding effects (e.g., euphoric feelings) and the
likelihood for that drug or drug product to be abused also increases (Jaffe & Jaffe, 1989;
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Benowitz, 1996). For example, combustible cigarettes deliver nicotine quickly to users and
produce rewarding effects, and therefore have high abuse liability (Henningfield & Keenan,
1993; Benowitz, 1996); nicotine replacement therapies (NRT) deliver nicotine relatively
slowly, produce weak rewarding effects, and therefore have lower abuse liability (Schuh,
Schuh, Henningfield, & Stitzer, 1997).

Abuse liability can be evaluated using a variety of methods, including subjective effect
measurements and behavioral tasks (Carter et al., 2009; Fischman & Foltin, 1991). With
regard to subjective effects, the assessment of positive reinforcing effects (e.g., euphoria)
and negative reinforcing effects (e.g., suppression of aversive drug abstinence symptoms) is
important in determining abuse liability. Products that produce these reinforcing effects have
an increased likelihood of being used repeatedly (e.g., Eissenberg, 2004). ECIGs can
suppress nicotine abstinence symptoms in tobacco cigarette smokers and in experienced
ECIG users (Dawkins & Corcoran, 2014; Hiler et al., 2017; Vansickel & Eissenberg, 2013;
Vansickel, Weaver, & Eissenberg, 2012), suggesting negative reinforcement. Interestingly,
these abstinence-suppressing effects have been observed with ECIGs that do not deliver
nicotine to users (Vansickel, Cobb, Weaver & Eissenberg, 2010).

With regard to behavioral tasks, choice procedures have been used to assess the abuse
liability of ECIGs, as well as other drugs and drug products. The Multiple-Choice Procedure
(MCP; Griffiths, Troisi, Silverman, & Mumford, 1993) is a useful tool for assessing the
abuse liability of nicotine and tobacco products because it allows comparisons across drug
products (Carter et al., 2009). The MCP involves having participants make discrete choices
between a drug/drug product and increasing amounts of money by circling their choice on a
pen and paper task. A choice (i.e., money or product) is selected randomly and presented to
the participant to keep or use. The highest monetary value that participants choose to receive
product puffs over money is used to estimate the product’s reinforcing efficacy and is often
called the crossover point. To our knowledge, four clinical laboratory studies have used the
MCP to assess ECIG abuse liability (Barnes, Bono, Lester, Eissenberg, & Cobb, 2017;
Krishnan-Sarin et al., 2017; McPherson et al., 2016; Vansickel, Weaver, & Eissenberg,
2012).

Several studies have investigated the abuse liability of nicotine containing ECIGs (i.e., 18
mg/ml and 24 mg/ml) in cigarette smokers using the MCP (McPherson et al., 2016;
Vansickel, Weaver, & Eissenberg, 2012). In these studies, participants’ own brand cigarettes
had higher crossover points on the MCP than the nicotine-containing ECIGs examined,
suggesting that, in cigarette smokers, nicotine-containing ECIGs have a lower reinforcing
efficacy than combustible cigarettes (McPherson et al., 2016; Vansickel, Weaver, &
Eissenberg, 2012). The MCP has been used to assess the influence of ECIG liquid flavor
(tobacco vs. menthol; cherry vs. unflavored) and ECIG reduced harm messaging (reduced
harm message or reduced carcinogen exposure message vs. no message) in cigarette
smokers (Barnes, Bono, Lester, Eissenberg, & Cobb, 2017). The average MCP crossover
point in this study was lower for all ECIG conditions compared to participants’ own brand
cigarettes, except for the tobacco flavored ECIGs regardless of the presence of a reduced
harm message. Interestingly, the cherry flavored ECIGs had higher crossover points than the
unflavored ECIGs, indicating greater abuse potential, and there were no differences observed

Exp Clin Psychopharmacol. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Maloney et al.

Method

Page 4

between the ECIGs with and without a reduced harm/carcinogen message on the MCP
regardless of flavor (Barnes, Bono, Lester, Eissenberg, & Cobb, 2017). A recent study used
a modified version of the MCP to investigate the reinforcement value of different ECIG
liquid menthol and nicotine concentrations in ECIG users, some of whom also used
combustible cigarettes. There were no significant differences between the ECIG liquid
menthol or nicotine concentrations on the modified MCP, however, the presence of menthol
increased subjective ratings of wanting and liking in the ECIG conditions (Krishnan-Sarin et
al., 2017). Three of these clinical studies suggest that the ECIGs examined have a lower
abuse liability than combustible cigarettes in samples of cigarette smokers (Barnes, Bono,
Lester, Eissenberg, & Cobb, 2017; McPherson et al., 2016; Vansickel, Weaver, &
Eissenberg, 2012). Two studies suggest that other factors, such as flavor, may influence
ECIG abuse liability as well (Barnes, Bono, Lester, Eissenberg, & Cobb, 2017; Krishnan-
Sarin et al., 2017).

Examining ECIGs systematically to understand their potential harms to nicotine-naive
individuals’ and potential benefits to smokers can inform product regulations (Walton et al.,
2015). In this context, regulatory action can be guided by determining the abuse liability of
ECIGs and comparing it to a product with a known high abuse liability (i.e., combustible
cigarettes; Schuh, Schuh, Henningfield, & Stitzer, 1997) and a product with a known low
abuse liability (e.g., nicotine inhaler; West et al., 2000). Furthermore, comparing a nicotine-
containing ECIG to a non-nicotine-containing ECIG will help to provide insight into the role
that nicotine plays in ECIG abuse liability. To our knowledge, there are there are no
published studies examining an ECIG with and without nicotine on measures of abuse
liability in comparison to an FDA-approved nicotine inhaler and combustible cigarettes.
Therefore, the current study aims to investigate the abuse liability of an ECIG with 0 mg/ml
nicotine and 36 mg/ml nicotine in comparison to combustible cigarettes and the Nicotrol
nicotine inhaler in cigarette smokers.

Participants

This study was approved by Virginia Commonwealth University’s (VCU’s) institutional
review board (IRB: HM20005746). Cigarette smokers were recruited by local
advertisements and word of mouth. Participants were eligible if they were between the ages
of 18 and 55, smoked ten or more cigarettes per day for at least a year, had an expired
carbon monoxide (CO) = 15 ppm at screening, and were willing to use an ECIG in the lab.
Individuals were not eligible to participate if they reported any current disease or psychiatric
conditions, history of chronic organ-related disease, high or low blood pressure, breast
feeding, pregnancy (verified by urinalysis), regular use of prescription medications
(excluding birth control or vitamins), past-month use of cocaine, opioids, benzodiazepines,
methamphetamines, past 30-day use of marijuana >10 days, or past 30-day use of alcohol >
25 days. Individuals who had used an ECIG > 20 times in their lives were considered to be
experienced with ECIGs and were not eligible to participate in this study. We limited the
sample to ECIG-naive smokers to ensure that the positive control (own brand cigarettes)
would test unequivocally positive (Carter & Griffiths, 2009).
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Once screening was complete, eligible participants were scheduled for four separate lab
sessions that were separated by a minimum of 48 hours. In each session, participants used
one of four study products: their own brand of cigarettes (OB), an ECIG with nicotine
(ECIG_36), an ECIG without nicotine (ECIG_0), and a nicotine inhaler (IN). These four
sessions (see Table 1 for session procedure details) were each approximately five hours long,
Latin-square ordered, and ECIG conditions were double blind (keeping participants and staff
blind to the own brand cigarette and the inhaler conditions was not feasible). Participants
were required to come into the lab at least 12 hours abstinent from all nicotine and tobacco
products and were asked to provide an expired air CO sample at the beginning of each
session to verify abstinence from combustible tobacco (< 10 ppm, as in Hiler et al., 2017).
See Table 1 for a detailed description of the session procedures.

During each of the four sessions, participants were provided with a study product; OB,
ECIG_36, ECIG_0, and IN. In the OB condition, participants’ usual brand of cigarettes was
provided to them. In the ECIG conditions, participants were provided with an “eGo” 3.3
\olt, 1000 mAh ECIG battery (11.2 cm high cylinder, 1.9 cm diameter at the base) paired
with a 1.5 Ohm, dual-coil, 510-style “cartomizer” (5 cm high cylinder, 0.9 cm diameter at
the base, black opaque color; both from SmokTech, Shenzhen, China). The cartomizer was
preloaded with 1 ml of 70% propylene glycol/30% vegetable glycerin flavored liquid
(tobacco or menthol, matched to participants’ OB cigarette flavor). The two ECIG study
sessions differed by nicotine concentration of the liquid; 0 mg/ml or 36 mg/ml nicotine.
ECIG liquid nicotine concentration was verified independently by VCU’s Bioanalytical
Shared Resources Laboratory prior to administration. Finally, in the IN condition
participants were provided the Nicotrol inhaler (10 mg nicotine, Pfizer).

Outcome Measures

Multiple-Choice Procedure.—The MCP is a pen and paper task that measures and
allows for comparisons of abuse liability between different drugs and drug delivery
platforms (Griffiths, Troisi, Silverman, & Mumford, 1993). In the current study, participants
were asked to make eleven choices between increasing amounts of money (i.e., $0.01, $0.02,
$0.04, $0.08, $0.16, $0.32...$10.24) or 10 puffs from the study product used in that session
(OB, ECIG_36, ECIG_0, or IN); participants selected their choice by circling the preferred
item in the pair (money versus 10 puffs). After completing the entire task, one of the pairs
was drawn randomly by the participant. Participants were then presented immediately with
the item they circled in that pair, either 10 puffs from the session product (that could be
taken at the participant’s leisure during a 10 minute consumption period) or the
corresponding monetary amount (in cash). The pair with the highest dollar amount at which
participants chose to receive product puffs over the corresponding dollar value was the
crossover point. The higher the crossover point, the greater the reinforcing efficacy of the
product. For participants who chose money for all eleven choices, a crossover point of $0.00
was used for analysis and for participants who choose all study product a crossover point of
$10.24 was used for analysis.
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Physiological measures.—Immediately after blood collection, samples were
centrifuged, and the serum was collected and stored at —70°C until it was sent to VCU’s
Bioanalytical Analysis Core Laboratories and analyzed for plasma nicotine concentration.
The limit of quantitation (LOQ) for the samples was 2 ng/ml (for additional detail, see
Breland et al, 2006). A Criticare Systems model 507 monitored heart rate (every 20 seconds)
and blood pressure (every four minutes). Expired CO was measured at the start of every
session using the BreathCO monitor (Vitalograph, Lenexa, KS) that was fitted with a
disposable mouth piece.

Subjective questionnaires.—Four subjective questionnaires were administered at
different time points throughout the session: the Hughes and Hatsukami Tobacco
Withdrawal Scale (Hughes & Hatsukami, 1986), the Direct Effects of Nicotine
Questionnaire (Evans et al., 2006; Perkins et al., 1994), the Direct Effects of Product Use
Questionnaire (Buchhalter et al., 2005; Foulds et al., 1992; Pickworth, Bunker, &
Henningfield, 1994), and the Tiffany-Drobes Questionnaire of Smoking Urges-brief (Tiffany
& Drobes, 1991). With the exception of the Tiffany-Drobes Questionnaire of Smoking
Urges-brief, all items were administered using a computerized visual analog scale that had a
horizontal line that was anchored with “not at all” on the far left and “extremely” on the far
right. Participants were presented with a word or phrase in the center of the horizontal line
and were asked to rate how they were currently feeling by using a mouse to click anywhere
on the line. Scores were calculated as a percentage of the total line length that participants
marked relative to the left anchor (0 — 100). Items from the Tiffany-Drobes Questionnaire of
Smoking Urges-brief were rated on a seven-point Likert scale in which participants clicked
seven discrete ratings from ‘not at all’ to ‘extremely’.

For the present study, an adapted version of the Hughes and Hatsukami Tobacco Withdrawal
Scale (Hughes & Hatsukami, 1986) was used to measure tobacco abstinence symptoms (see
Breland, Evans, et al., 2002; Buchhalter et al., 2005). This shortened version of the scale
consisted of eleven items and was administered a total of 11 times in each session; baseline,
before and immediately following the two directed bouts, and before and after each of the
three MCP procedures/choice reinforcements (product puffs or money). The Direct Effects
of Nicotine Questionnaire was modified from a previous study (Perkins et al., 1994),
consisted of ten smoking related items, and was administered five times in each session;
baseline and before and immediately following the first two bouts. The Direct Effects of
Product Use Questionnaire was modified from the “Direct Effects of Tobacco” scale that
was developed through previous studies evaluating the subjective effects of tobacco cigarette
smoking (Buchhalter et al., 2005; Foulds et al., 1992; Pickworth, Bunker, & Henningfield,
1994). This modified scale was generalized for participants to rate the four different study
products and was administered three times in each session: immediately following the first
bout, and before and after the second bout. The TD was modified from the original
Questionnaire of Smoking Urges (Tiffany & Drobes, 1991) and consisted of ten smoking-
related items that were scored to create two factors: intention to smoke (Factor 1; 0-30) and
anticipation of relief from smoking abstinence (Factor 2; 0-24; Cox, Tiffany, & Christen,
2001). This scale was administered five times in each session; baseline and before and
immediately following the first two bouts.
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Data Preparation

Plasma samples for which the analysis results were less than the LOQ (2 ng/ml) were
replaced with 2 ng/ml (as in Vansickel et al., 2010). Each baseline sample was inspected to
determine if participants were abstinent for at least 12 hours from all nicotine and tobacco
products at the start of each study session; a value greater than 5.0 ng/ml was indicative of
non-abstinence (see Hiler et al., 2017; Spindle et al., 2017; Spindle et al., 2018). Ten
participants had at least one session with baseline plasma nicotine concentrations over the
5.0 ng/ml. Abstainers and non-abstainers were dichotomized and each outcome measure was
analyzed as described below.

Heart rate data were averaged across time to produce a single value for baseline and the five
minutes during each product bout. The data points during the rest period (1.5 hours) were
divided into two groups (15t half and 2" half of the rest period) and then averaged to
produce a single data point for the first half and a single data point for the second half.
Although heart rate was monitored throughout the remaining two hours of the session, data
were not analyzed as different participants experienced different conditions based on their
MCP results (i.e., puffs of a product or money). Although measured, blood pressure data are
not included here.

Due to technical problems, some participants were not administered certain questionnaires at
one or more time points, requiring their data to be excluded from analyses involving those
measures. Thus, the Direct Effects of Nicotine Questionnaire and the Tiffany-Drobes
Questionnaire of Smoking Urges-brief analysis included 21 participants and the Direct
Effects of Product Use Questionnaire analysis included 22 participants. Other than the
aforementioned subjective questionnaires, there were no other missing data.

Data Analysis Plan

The statistical analyses for the outcome measures were performed using IBM SPSS (Version
23.0). Participants were excluded from individual analyses if they had any missing data for
the outcome variable of interest. For the MCP crossover points, a four (product) by three
(time) within-subjects ANOVA was performed to test for differences in crossover point
between the study products. For plasma nicotine levels, a four (product) by four (time)
within-subjects ANOVA was performed to test for differences in nicotine delivery between
the study products (a = .05). The subjective effects questionnaire items were analyzed using
within-subjects, repeated measures ANOVAs. Analyses for subjective effects were
conducted only with subjective data preceding the MCP due to differing choices and
selections made by participants after MCP administration, making data interpretation
difficult. Thus, items from the Hughes and Hatsukami Tobacco Withdrawal Scale were
analyzed using a four (product) by six (time) repeated measures ANOVA (a = .05). Items
from the Direct Effects of Nicotine Questionnaire and the two factors from the Tiffany-
Drobes Questionnaire of Smoking Urges-brief were analyzed using a four (product) by five
(time) repeated measures ANOVA (a = .05). Finally, items from the Direct Effects of
Product Use Questionnaire were analyzed using a four (product) by three (time) repeated
measures ANOVA (a =.05).
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The Huynh-Feldt correction (Huynh & Feldt, 1976) was used to correct for violations of the
sphericity assumption. Means from any outcome measure for which analyses revealed a
significant interaction or main effect were analyzed using Bonferroni-corrected (a = .05/
number of comparisons), paired-samples t-tests (Bonferroni, 1936). These t-tests were
conducted to examine differences from baseline for measures with a true baseline (i.e.,
plasma nicotine, heart rate, and all subjective measures except the Direct Effects of Product
Use questionnaire). Bonferroni-corrected paired samples t-tests were used to compare OB to
ECIG_36 and eG_0, and to compare IN to ECIG_36 and ECIG_0. Comparisons between
OB and IN were not made due to previous research establishing that these products have
high and low abuse liability (Henningfield & Keenan 1993; Hughes 1998; West et al., 2000).
Additional analyses were conducted to assess differences between the ECIG_36 and the
ECIG_0 conditions using Bonferroni-corrected paired samples t-tests.

The effect of abstinence status was examined before the aforementioned analyses using
mixed factorial ANOVAs with abstinence status as a between-subjects factor (i.e., abstinent
or non-abstinent) and condition (i.e., product) and time levels for the outcome measures (i.e.,
MCP, blood plasma nicotine concentrations, heart rate, and subjective measures) as within-
subjects factors. Except where noted (see Subjective Effects, below) there were no
significant main effects or interactions involving abstinence status. Post-hoc tests were
conducted on any variables with a significant effect of abstinence status (a = .05).

Twenty-four participants completed this study (See Table 2 for demographic information).
Table 3 shows statistical analysis results for all outcome measures. Interactions of condition
and time and main effects of condition were of greatest interest as they highlight differences
in aspects of abuse liability between the study products.

Multiple-Choice Procedure

A significant main effect of condition was observed for the MCP crossover point. Figure 1
(A)shows the mean crossover point for each condition. Collapsed across time, the mean
MCP crossover point for the OB condition was significantly higher than the mean of the
ECIG_36 condition [#(23) = 3.27, p < .01]. There was no significant difference between the
mean crossover point in the OB condition and the ECIG_0 condition. The mean MCP
crossover point for the IN was significantly lower than means for the ECIG_36 condition the
ECIG_0 condition [& (23) > 2.71, ps < .025; Bonferroni-corrected p-value].

Physiological Measures

Plasma nicotine.—A significant condition by time interaction was observed for plasma
nicotine concentration. As seen in Figure 2 (A), mean plasma nicotine concentration
increased in the OB condition and the ECIG_36 condition following the first and second
bout [& (23) > 4.62, ps < .001] and remained higher following the rest period [5 (23) > 3.25,

s < .01].

Plasma nicotine concentration was significantly higher in the OB condition compared to
ECIG_0 following the first and second bout and the rest period [& (23) > 4.29, ps < .001].
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OB did not differ significantly from ECIG_36 at any time point. Plasma nicotine
concentration was higher in the ECIG_36 condition compared to ECIG_0 and IN after the
first and second bouts [& (23) > 3.25, ps < .01]. Plasma nicotine concentration in the IN
condition was significantly higher than in the ECIG_0 condition following the second bout
and the rest period [& (23) > 2.62, o5 < .025].

Heart rate.—A significant condition by time interaction was observed for heart rate.
Participants’ mean heart rate in the OB condition increased significantly from a baseline
mean of 67.08 bpm (SD = 8.2) to 79.16 bpm (SD = 8.2) during the first bout and to 77.73
bpm (SD = 7.9) during the second bout [ (23) > 7.76, ps < .001]. Participants’ mean heart
rate in the ECIG_36 condition increased significantly from a baseline mean heart rate of
67.54 bpm (SD = 9.6) to 72.59 bpm (SD = 8.6) during the first bout and remained higher at a
mean heart rate of 71.37 bpm (SD = 8.3) during the second bout [ (23) > 3.92, ps < .01].
Participants’ mean heart rate in the IN condition increased significantly from a baseline
mean of 67.71 bpm (SD = 12.0) to 69.74 bpm (SD = 11.7) during the first bout [#(23) =
3.06, p < .01]. Participants’ mean heart rate was higher in the OB condition during both
bouts and the first half of the rest period compared to ECIG_36 and ECIG_0 conditions
during these time points [& (23) > 2.72, ps < .025]. Participants’ heart rate was higher in the
ECIG_36 condition during the second bout compared to the IN condition’s mean of 67.47
bpm (SD = 10.8) at this time point, [£(23) = 2.67, p< .025].

Subjective Measures

Abstinence status had an effect on four of the 33 subjective outcome items (i.e., “Craving a
cigarette/nicotine”, “Urges to smoke”, “Did the product make you dizzy?”, and “Did the
product taste good?”). These results are further described in the below.

Hughes and Hatsukami Tobacco Withdrawal Scale.—A significant condition by
abstinence status interaction was observed for the items “Craving a cigarette/nicotine” and
“Urges to smoke” [Fs > 3.08, ps < .05]. For the item “Craving”, post-hoc tests revealed that
collapsed across time, in the OB condition, abstinent participants (n=14) had a higher mean
rating of “Craving” of 64.68 (19.0) than non-abstinent participants (n = 10) who had a mean
rating of 35.48 (SD = 25.8), [#(22) = 3.20, p < .01]. For the item “Urges to smoke”, post hoc
tests revealed a significant difference between participants who abstained and participants
who did not abstain in the OB condition [#(22) = 3.44,p < .01]. Collapsed across time,
participants in the OB condition who abstained had a higher mean rating of 69.07 (SD =
18.1) on the item *“Urges to smoke” relative to participants who did not abstain, who had an
overall mean rating of 38.35 (SD = 25.7), [#(22) = 3.44, p< .01].

Collapsed across abstinence status, significant condition by time interactions were observed
for the items “Anxious”, “Craving a cigarette/nicotine”, “Impatient”, and “Urges to smoke”
(Table 3). In the OB condition, participants’ mean ratings of “Anxious”, “Craving”, and
“Urges to smoke” were significantly reduced following the first bout and were reduced
further following the second bout [5 (23) < 3.03, s < .01]. As Figure 2 (B) shows, for
“Craving”, participants” mean rating was significantly reduced in the OB condition after the
first and second bout [& (23) < 4.75, ps < .001]. In the ECIG_36 condition, participants’
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mean ratings of “Anxious”, “Craving”, and “Urges to smoke” were significantly reduced
compared to baseline following the first and second bouts [& (23) > 2.94, ps < .01]. For
example, participant ratings of “Urges to smoke” decreased significantly in the ECIG_36
condition from a baseline mean rating of 80.42 (SD = 26.3) to a mean rating of 56.17 (SD =
36.8) after the first bout and remained lower than baseline with a mean rating of 56.21 (SD =
37.8) following the second bout [& (23) > 3.04, ps < .01].

Direct Effects of Product Scale.—A significant effect of abstinence status was
observed for the items “Did the product make you dizzy?” and “Did the product taste
good?” [Fs > 4.58, ps < .05]. For the item “Dizzy?”, abstinent participants had a higher
mean rating of 20.46 (SD = 24.3) in the IN condition following the second bout relative to
non-abstinent participants who had a mean rating of 1.44 (SD = 4.0), [#(20) = 2.31,p< .05].
Also, for the item “Taste good?”, post hoc tests revealed that there was a significant
difference between participants who did and did not abstain in the ECIG_0 condition before
and after the second bout [& (20) > 2.31, ps < .05]. More specifically, prior to the second
bout, participants who abstained had a mean rating of 59.77 (SD = 30.3) for the item “Taste
good” in the ECIG_0 condition whereas participants who did not abstain had a mean rating
of 22.56 (SD = 28.7), [#(20) = 2.93, p< .01]. Similar results were observed following the
second bout.

Collapsed across abstinence status, a significant condition by time interaction was observed
for the item “Did the product calm you down?” and significant main effects of condition
were observed for the items “Did the product make you feel more awake?”, “Did the product
help you concentrate?”, “Did the product make you dizzy?”, “Was the product pleasant?”,
“Did the product reduce your hunger for food?”, “Was the product satisfying?”, and “Did the
product taste good?”. Collapsed across time, participants had significantly higher mean
ratings for the items “Awake”, “Concentrate”, “Dizzy”, “Pleasant”, “Hunger”, “Satisfy”, and
“Taste Good” in the OB condition compared to the ECIG_36 condition and the ECIG_0
condition [& (21) > 2.71, ps < .05]. Participants had significantly higher mean ratings for the
items “Awake”, “Concentrate”, “Pleasant”, “Satisfy”, and “Taste good” in the ECIG_36
condition compared to the IN condition [& (21) > 2.56, g5 < .05]. Participants had
significantly higher ratings for the items “Pleasant”, “Satisfy”, and “Taste Good” in the
ECIG_0 condition compared to the IN condition [& (21) > 4.51, ps <.001]. Also,
participants had a significantly higher rating for the items “Pleasant” and “Taste good” in the
ECIG_0 condition compared to the ECIG_36 condition, but only at the first time point [&
(21) > 2.19, ps < .05]. Figure 1 (B and C) depicts participants’ mean subjective ratings by
condition for the items “Taste good” and “Satisfy”.

Tiffany-Drobes Questionnaire of Smoking Urges-Brief.—Significant condition by
time interactions were observed for Factor 1 (desire and intention to smoke) and Factor 2
(anticipation of relief from smoking abstinence). As shown in Figure 2 (C), following the
first bout, participants’ mean Factor 1 score was reduced significantly in the OB condition
following the first bout, remained lower before the second bout, and was reduced further
following the second bout [ (20) > 3.46, ps < .01]. Participants’ mean Factor 1 score was
reduced significantly in the ECIG_36 condition following the first and second bout [ (20) >
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2.90, ps < .01]. Participants” mean Factor 1 score was reduced significantly in the ECIG_0
condition following the first bout [#(20) = 2.94, p < .01]. Following the first bout,
participants’ mean Factor 2 score was reduced significantly in the OB condition from a
mean baseline score of 11.24 (SD = 8.1) to 6.48 (SD = 7.4) following the first bout,
remained lower prior to the second bout at 7.71 (SD = 8.3), and was reduced further to 4.71
(SD = 5.6) following the second bout [ > 2.80, ps (20) <.0125].

Discussion

This study compared the abuse liability of an ECIG with and without nicotine (ECIG_36 and
ECIG_0) to combustible cigarettes (OB) and an FDA-approved nicotine inhaler (IN). Abuse
liability was assessed via the Multiple-Choice Procedure (MCP), plasma nicotine delivery,
and subjective effects (i.e., nicotine abstinence suppression and direct effects of product and
nicotine). Results from the MCP revealed that the mean MCP crossover point in the OB
condition was $1.42, significantly higher than the mean crossover point in the ECIG_36
condition that was $0.87. These results are similar to previous studies that have found that
some nicotine-containing ECIGs have a lower reinforcing efficacy compared to combustible
cigarettes on the MCP in cigarette smokers (McPherson et al., 2016; Vansickel, Weaver, &
Eissenberg, 2012). However, another previous study that examined the impact of flavor and
harm messaging using the MCP found that participants’ MCP crossover point for the
tobacco flavored ECIG (containing 36 mg/ml nicotine) did not differ significantly from
participants’ own brand of cigarette, although significant differences were observed between
participants’ own brand of cigarettes and the unflavored, menthol, and cherry flavored
ECIGs (also containing 36 mg/ml nicotine; Barnes, Bono, Lester, Eissenberg, & Cobb,
2017). Similarly, in the present study, the OB crossover point of $1.42 and the ECIG_0
crossover point of $0.96 did not differ significantly. Furthermore, the mean ECIG_36
crossover point of $0.87 and the mean ECIG_0 MCP crossover point of $0.96 were
significantly higher than the mean IN crossover point of $0.32, indicating that this particular
ECIG paired with either the 0 or the 36 mg/ml liquid had a higher reinforcing efficacy than
the IN.

Plasma nicotine results revealed that the OB and ECIG_36 conditions delivered nicotine
reliably to participants while the IN condition and ECIG_0 condition did not. This result
suggests that the ECIG_36 could support nicotine dependence and therefore has the
potential for abuse. In the current study, increases in plasma nicotine observed with OB use
were lower than what has been reported previously (Hajek, Przulj, Phillips, Anderson &
McRobbie, 2017; Lopez et al., 2016; Vansickel et al., 2010), while ECIG_36 nicotine
increases were similar to what has been reported previously with this device (Lopez et al.,
2016; Hiler et al., 2017). However, higher wattage ECIG devices may be able to deliver
more nicotine (e.g., Wagener et al., 2017), especially when paired with liquid nicotine
similar to the concentration reported here. Nicotine delivery for the IN was similar to
previous studies that demonstrated limited nicotine delivery after product use, even with
additional puffs (i.e., 120 puffs; Schuh, Schuh, Henningfield, & Stitzer, 1997). Furthermore,
significant increases in heart rate were observed for OB, ECIG_36, and IN following the
first bout. The largest increases in heart rate following the first bout were seen after OB use
(mean increase of 12.1 bpm) followed by ECIG_36 use (mean increase of 5.0 bpm), and
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finally IN use (mean increase of 2.0 bpm). Increases in heart rate following ECIG use have
also been reported in previous studies (Lopez et al., 2016; Hiler et al., 2017).

Results from subjective ratings of tobacco abstinence suppression demonstrated that the
greatest symptom reduction was observed after OB product use. Following the first and
second OB bout, significant reductions were observed on measures assessing cigarette
craving, urge to smoke, intention to smoke (Factor 1), and anticipation of relief from
abstinence symptoms (Factor 2). Similar to previous studies (Hiler et al., 2017; Lopez et al.,
2016; Vansickel, Cobb, Weaver & Eissenberg, 2010; Vansickel & Eissenberg, 2013),
ECIG_36 reduced cigarette cravings, urge to smoke, and intention to smoke significantly.
These findings suggest that this product is able to ameliorate some of the negative side
effects associated with acute nicotine abstinence in smokers, possibly warranting further
investigation into this product’s utility for suppressing nicotine abstinence symptoms for
longer periods of time and perhaps for smoking reduction and/or cessation. Interestingly,
ECIG_0 suppressed intention to smoke significantly following the first bout. This finding
supports previous research that suggests that ECIG factors beyond nicotine delivery likely
play a role in nicotine abstinence suppression (Buchhalter, Acosta, Evans, Breland, &
Eissenberg, 2005). A previous study investigating non-nicotine containing ECIGs
demonstrated that participants’ expectation of nicotine while using the non-nicotine
containing ECIG was capable of suppressing nicotine abstinence symptoms (Copp et al.,
2015); however, other studies have found that ECIGs without nicotine do not reduce nicotine
abstinence symptoms in smokers significantly (Hiler et al., 2017). Further, IN did not reduce
nicotine abstinence symptoms significantly. Previous studies comparing a nicotine inhaler to
an ECIG (Steinberg et al., 2014) and to a heat-not-burn product (Fagerstrém, Hughes,
Rasmussen & Callas, 2000), found that the inhaler was less satisfying than the ECIG
examined (Steinberg et al., 2014) and did not reduce abstinence symptoms as well as the
heat-not-burn product (Fagerstrom, Hughes, Rasmussen & Callas, 2000). When comparing
products to each other, OB reduced nicotine abstinence symptoms significantly more than
the ECIG_36 and ECIG_0. These findings are consistent with previous literature that has
demonstrated greater reductions in nicotine abstinence symptoms in smokers following OB
consumption compared to ECIG consumption (Lopez et al., 2016; Stiles et al., 2017;
Vansickel, Weaver, & Eissenberg, 2012). Finally, ECIG_36 reduced cigarette cravings and
intentions to smoke significantly more than IN, suggesting that ECIG_36 is more reinforcing
than IN.

In addition to suppressing tobacco abstinence symptoms more effectively, OB was rated as
more calming, pleasant, satisfying, and better tasting compared to ECIG_36 and ECIG_0.
Furthermore, participants had higher ratings of feeling awake, dizzy, and light-headed in the
OB relative to the ECIG_36 and the ECIG_0 conditions. These results are similar to that of
previous studies that have shown that OB produces greater levels of subjective reinforcement
than ECIGs (Lopez et al., 2016; McPherson et al., 2016; Vansickel, Weaver, & Eissenberg,
2012). Also, participants rated ECIG_36 and ECIG_0 as more pleasant, satisfying, and
better tasting than IN. In addition, in the ECIG_36 condition, participants felt more awake
and calm than in the IN condition. These results indicate that both nicotine and non-nicotine
containing ECIGs are more reinforcing than the IN in smokers, which suggest an elevated
abuse liability compared to IN. Finally, ECIG_0 was rated as more pleasant and better
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tasting than ECIG_36. ECIG users have reported that ECIG liquids with higher nicotine
concentrations produce a stronger throat hit (Etter, 2016), therefore, the current results may
indicate that the 36 mg/ml nicotine concentration was too harsh for some users.

The present study had several limitations. First, not all participants complied with pre-study
abstinence criteria. Specifically, 42% of the sample had baseline plasma nicotine
concentrations greater than the 5.0 ng/ml cutoff (see Hiler et al., 2017; Spindle et al., 2017;
2018). When data were analyzed to examine the effect of abstinence status on the outcome
measures, only four of 33 subjective items were affected by abstinence status significantly.
Future studies may benefit from including a 1-hour waiting period prior to the start of the
session during which participants are observed closely in order to assure some level of
compliance with pre-study tobacco product abstinence conditions (as in Spindle et al.,

2018). Second, this study only examined a single ECIG model, one power setting, two liquid
flavors, and two nicotine concentrations, making generalizations across the ECIG product
class difficult. While this design allowed for more experimental control, future studies would
benefit from examining different device styles, power settings, flavors, and nicotine
concentrations to understand better the factors that impact ECIG abuse liability. Third,
following 1.5-hour rest period, significantly lower ratings of “Craving a cigarette/nicotine”
in the OB condition were observed, relative to the ECIG_0 and the ECIG_36 condition,
suggesting that a longer interval between directed bout administration and MCP assessments
may be required. Lower craving levels in the OB condition may have influenced MCP
results by lowering the crossover point in the OB condition. In previous studies using the
MCP, participants sampled the products on a separate day (Barnes et al., 2017; McPherson et
al., 2016; Vansickel, Weaver, & Eissenberg, 2012), a procedure that is less likely to lead to
the potential for product sampling to influence MCP response. Fourth, MCP results in the
ECIG_36 condition may have been influenced by negative sensory effects (e.g., throat hit;
Etter, 2016), potentially lowering the crossover point in that condition. Finally, participants’
inexperience with ECIGs may have influenced the choices on the MCP via the novelty effect
(e.g., increased interest in new technology) or the lack of knowledge about product cost;
more-experienced users who are more familiar with ECIG may value the products more
highly. Moreover, inexperienced ECIG users obtain less nicotine than experienced ECIG
users (Hiler et al., 2017), thus changing their experiences with the product and possibly their
choices and ratings on the current study’s outcome measures.

Collectively, the results of this study demonstrated that the ECIG device and liquids
examined had moderate levels of abuse liability: on average lower than combustible
cigarettes, but higher than an FDA-approved nicotine replacement therapy (i.e., nicotine
inhaler). These results are similar to those reported in an abuse liability study that compared
three nicotine containing ECIGs to combustible cigarettes and nicotine gum (Stiles et al.,
2017). Taken together with recent studies showing that youth are using ECIGs (e.g., Shang,
Huang, Chaloupka, & Emery, 2017; Soneji et al., 2017; Wang et al., 2018) and the results
from this study demonstrating moderate abuse liability of ECIGs suggest the need for policy
that prevents the initiation and use of these products in vulnerable populations such as
nicotine-naive individuals and youth. The current results also suggest that these products are
able to suppress nicotine abstinence symptoms to a greater degree than the nicotine inhaler
and, therefore, may have more utility for smokers who have been unsuccessful in quitting
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smoking through traditional means (though the health effects of longer-term ECIG use is
uncertain). More research is needed to understand the efficacy of these products to suppress
tobacco abstinence symptoms over longer periods and to find optimal device/liquid
combinations that are associated with long-term cigarette abstinence and a positive safety
profile in treatment seeking smokers. Future studies would benefit from comparing the abuse
liability of these products across different populations such as experienced ECIG users, as
the abuse liability of ECIGs may differ in this population. In addition, further research is
needed in order to understand how other ECIG features such as flavors, sensory cues, device
settings, etc. affect the abuse liability of these products. Finally, the methods described in
this study extended previous work by demonstrating how the MCP can be used to determine
the relative abuse liability across three product classes: ECIGs, combustible cigarettes, and a
pharmaceutical nicotine inhaler. These methods are likely generalizable to many products
and populations and thus can be used as an efficient tool for determining the relative abuse
liability of novel tobacco products under controlled conditions.
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Significance statement

The current study examined the abuse liability of an ECIG device (i.e., eGo; 3.3 \olt; 1.5
Ohm), with 36 mg/ml and 0 mg/ml nicotine liquid, using various abuse liability
assessments. Results suggest that the ECIG examined in this study had moderate levels of
abuse liability: higher than an FDA-approved nicotine inhaler, but on average lower than
participants’ own brand of cigarettes. The product evaluation methods described in the
present study can be an efficient tool for determining the relative abuse liability of novel
tobacco products under controlled conditions.
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Figure 1.

Mean (+SEM) MCP crossover point (Panel A; n = 24), VAS score for the item “Did the
product taste good?” (Panel B; n = 22), and VVAS score for the item “Was the product
satisfying?” (Panel C; n = 22) for ECIG-naive cigarette smokers after use of products.
Asterisks (*) indicate significant difference from OB and plus sign (+) indicates a significant
difference from IN (#test, ps <.05).
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Figure 2.

Mean (xSEM) plasma nicotine concentration (Panel A; n = 24), VAS score for the item
assessing “Craving a cigarette/nicotine” (Panel B; n = 24), and Factor 1 score (Panel C; n =
21) for ECIG-naive cigarette smokers. Arrows represent the onset of each 10-puff product
bouts (30-seconds between each puff). Filled symbols indicate a significant difference from
baseline. Asterisks (*) indicates a significant difference from OB, plus sign (+) indicates
significant difference from IN, and (#) pound symbol indicates significant difference from
ECIG_36 at that time-point for that product (t-test).
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Table 1.

Table of session procedures.

Time Study Task
- 10 minutes  Abstinence verification via expired CO sample; participant connected to physiological monitoring equipment.
0 minutes 1V catheter inserted into participant’s forearm.
5 minutes Baseline subjective questionnaires completed.
30 minutes Baseline blood sample taken and subjective questionnaires completed.
35 minutes First directed 10-puff product bout.
40 minutes Blood sample #2 taken and subjective questionnaires completed.
55 minutes Subjective questionnaires completed.
60 minutes Second directed 10-puff bout.
65 minutes Blood sample #3 taken and subjective questionnaires completed.
- 90 minute rest period -
155 minutes  Blood sample #4 taken and subjective questionnaires completed. IV catheter removed from participant’s forearm.
165 minutes ~ MCP administered and choice selected by participant randomly.
170 minutes  Choice reinforcement: 10 minute, 10-puff product consumption period or participants receive payment in cash.
180 minutes  Subjective questionnaires completed.
195 minutes  Subjective questionnaires completed.
200 minutes  MCP administered and choice selected by participant randomly.
205 minutes  Choice reinforcement: 10 minute, 10-puff product consumption period or participants receive payment in cash.
215 minutes  Subjective questionnaires completed.
230 minutes  Subjective questionnaires completed.
235 minutes ~ MCP administered and choice selected by participant randomly.
240 minutes  Choice reinforcement: 10 minute, 10-puff product consumption period or participants receive payment in cash.
250 minutes  Subjective questionnaires completed.
255 minutes  Participants disconnected from the physiological monitoring equipment and compensated for their time.
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Table 2.

Demographic Characteristics of the Sample (N=24).

Characteristic Mean or N (SD or %)
Number Female 6 (25.0%)
Number non-Hispanic White or Caucasian 6 (25.0%)
Number non-Hispanic Black or African American 11 (45.8%)
Age (years) 30.9 (9.5)
Screen CO 20.1(5.0)
Cigarettes/day 16.3 (6.6)
Duration cigarettes use (years) 10.1(9.1)
Fagerstrom TND a 52(20)
Penn State Dependence b 136 (45)
Number menthol smokers 17 (70.8%)
Education (years) 13.3(2.2)

aThe Fagerstrém Test for Cigarette Dependence (Heatherton et al., 1991).

bPenn State Electronic Cigarette Dependence Index (Foulds et al., 2014).
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Table 3.
Summary of Results for All Outcome Measures.
Condition Time Condition x Time
Outcome Measure - P Wi F P Wi F P '7%7
MCP 9.75 <.001 30 1.96 ns 08 074 ns .03
Plasma Nicotine 21.51 <.001 48  32.92 <.001 59 10.85 <.001 .32
HR 6.95 <.001 .23 51.02 <.001 .69 1236 <.001 .35
Systolic BP 8.44 <.001 27 244 ns 10 126 ns .05
Diastolic BP 8.87 <.001 .28 642 <.001 22 241 <.05 .10
Subjective Measures
Hughes—Hatsukamia
Anxious 1.55 ns .06 8.20 <.001 .26 290 <.05 .09
Craving 11.02 <.001 32 12.40 <.001 .35 6.80 <.001 .23
Depression 0.91 ns .04 047 ns 02 159 ns .06
Difficulty concentrating ~ 1.88 ns .08 234 ns .09 0.73 ns .03
Drowsy 1.18 ns .05 195 ns .08 1.87 ns .08
Hunger 1.70 ns .07 583 <.01 20 113 ns .05
Impatient 2.00 ns .08 6.39 <.001 22 191 <.05 .08
Irritable 0.48 ns 02 621 <.01 21 112 ns .05
Restless 2.84 ns A1 297 <o05* 11 139 ns .06
Sweets 0.90 ns .04 130 ns 05 1.28 ns .05
Urge 7.51 <.001 25 1798 <.001 44 337 <.01 A3
Direct effects of nicotine b
Confused 0.18 ns 01 083 ns 04 118 ns .06
Dizzy 2.65 ns 12 341 <o05F 15 215 ns .10
Headache 0.41 ns 02 073 ns 04 117 ns .06
Heart pound 1.05 ns .05 184 ns .08 1.19 ns .06
Light headed 5.62 <.01 22 514 <.01 21 261 <.05 A2
Nausea 1.34 ns 06 012 ns 01 119 ns .06
Nervous 0.19 ns 01 201 ns .09 0.80 ns .04
Salivate 0.13 ns 01 198 ns 09 048 ns .02
Sweaty 0.22 ns .01 544 <.01 21 0.77 ns .04
Weak 1.02 ns .05 034 .76 .02 0.63 ns .03
Direct effects of product use ¢
Awake 15.45 <.001 42 6.71 <.01 24 149 ns .07
Calm 14.86 <.001 41 1143 <.001 .35 226 <.05 .10
Concentrate 11.49 <.001 35 007 ns .00 054 ns .03
Dizzy 8.16 <.001 28 276 ns 12 174 ns .08
Pleasant 34.26 <.001 .62 459 <.05 18 181 ns .08
Reduced hunger 9.54 <.001 31 1.20 ns .05 0.87 ns .04
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Condition Time Condition x Time

F p 2 F p 2 F p 2

Outcome Measure np np np
Right now 0.59 ns .03 5.70 <.01 21 181 ns .08
Satisfy 44.20 <.001 .68 254 ns 11 211 ns .09
Sick 1.05 ns 05 023 ns 01 064 ns .03
Taste good 40.48 <.001 .66  3.87 <.05 16 1.96 ns .09

Tiffany-Drobesd

Factor 1 9.18 <.001 32 1690 <.001 46 871 <.001 .30
Factor 2 2.25 ns 10 6.31 <.05 24 440 <.01 .18

Note.

aHughes and Hatsukami Tobacco Withdrawal Scale,
bDirect Effects of Nicotine Use,

cDirect Effects of Product Use,

dTiffany-Drobes Questionnaire of Smoking Urges Brief.

N

sterisk denotes items that did not have a statistical difference between condition or time points with follow up post-hoc tests.
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