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Abstract

Most electronic cigarettes (ECIGs) aerosolize a nicotine-containing liquid that users inhale. Few 

experimental studies have examined ECIG abuse liability (the extent to which use of these 

products may lead to persistent and/or problematic use). In this study, 24 male experienced ECIG 

users completed four sessions that differed by product used: own ECIG (OWN), an eGo ECIG 

filled with participants’ own brand/flavor liquid in 0 mg/ml nicotine (ECIG_0), an eGo ECIG 

filled with the highest nicotine concentration available in participants’ own brand/flavor 

(ECIG_highest), and an FDA-approved nicotine inhaler (IN). Outcome measures included 

crossover point on the multiple-choice procedure (MCP), plasma nicotine delivery, and subjective 

effect profile. After ten puffs, a significantly higher mean crossover point was observed for OWN 

at $1.35 (SD=0.90) compared to ECIG_highest at $0.88 (SD=0.89), ECIG_0 at $0.83 (SD=0.79) 

and IN at $0.72 (SD=0.84). Significant increases in mean plasma nicotine concentration were 

observed for OWN at 7.94 ng/ml (SD=6.19) and ECIG_highest at 7.51 ng/ml (SD=5.39). 

Significant reductions in abstinence symptom suppression, and higher ratings of satisfaction were 

observed for OWN and ECIG_highest, with significantly less suppression and lower ratings of 

satisfaction for ECIG_0 and IN. These findings suggest that human laboratory methods can be 
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used to assess ECIG abuse liability, and that nicotine-containing ECIGs have greater abuse 

liability than nicotine-free ECIGs and the nicotine inhaler. Potential regulations intended to limit 

ECIG abuse liability should be tested using these or similar procedures.

Keywords

electronic cigarettes; abuse liability

Introduction

Electronic cigarettes (ECIGs) are a class of tobacco products that vary considerably in terms 

of materials, design, construction, electrical power, flavors, and nicotine concentration of the 

liquid placed inside them. In general, they consist of a device that aerosolizes a nicotine-

containing liquid that users inhale (Breland et al., 2017). These products are increasing in 

popularity among adults and youth (e.g., Cullen et al., 2018; Jamal et al., 2017; King, Patel, 

Nguyen, & Dube, 2015; McMillan, Gottleib, Shefer, Winickoff, & Klein, 2015). ECIG use 

among youth is a risk factor for progression to combustible cigarettes (e.g., Leventhal et al., 

2015; Soneji et al., 2017; Spindle et al., 2017; Watkins, Glantz, & Chaffee, 2018). Further, 

from 2017 to 2018, significantly more youth reported using an ECIG on ≥ 20 days/month 

(20.0% to 27.7%; Cullen et al., 2018). The rapid increase in ECIG use prevalence among 

adults and youth as well as the increases in the frequency of use suggest that ECIG use is 

associated with abuse; the potential abuse of these products warrants systematic 

investigation into their abuse liability.

Abuse liability can be defined as “the likelihood that individuals will engage in persistent or 

problematic use of a drug and the likelihood that individuals will experience undesirable 

consequences as a result of its use” (Carter et al., 2009, p. 2). Abuse liability for drugs and 

tobacco products can be measured in a variety of ways, as reviewed in several other 

publications (Maloney et al., 2019 as well as Balster & Walsh, 2010; Carter et al., 2009; 

Henningfield, Hatsukami, Zeller, & Peters, 2011; Jaffe & Jaffee, 1989). Some previous 

studies have assessed aspects of ECIG abuse liability, such as nicotine delivery and tobacco/

nicotine abstinence symptom suppression. Overall, ECIG nicotine delivery varies 

considerably as a function of device design and power, liquid nicotine concentration, and 

user behavior (e.g., Hiler et al., 2017; Vansickel, Cobb, Weaver, & Eissenberg, 2010; Yan & 

D’Ruiz, 2015; Farsalinos et al., 2014; Wagener et al., 2017). In some studies, ECIG nicotine 

delivery can be similar to or exceed that associated with combustible cigarettes (e.g., Hiler et 

al., 2017; Ramôa et al., 2016; Wagener et al., 2017). In terms of abstinence symptom 

suppression, ECIGs can reduce nicotine/tobacco abstinence symptoms in cigarette smokers 

and also in established ECIG users (e.g., Dawkins & Corcoran, 2014; Hiler et al., 2017, 

Vansickel et al., 2010; Vansickel & Eissenberg, 2013); the magnitude of symptom 

suppression is related to the nicotine concentration of the liquid, suggesting that drug 

delivery is important (Hiler et al., 2017) though other factors are also relevant (Vansickel et 

al., 2010).
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Few studies have assessed the abuse liability of ECIGs with behavioral tasks, in part due to 

complexity in measurement (Cassidy, Tidey, Colby, Long, & Higgins, 2017). In four studies 

that have been completed with cigarette smokers (Barnes et al., 2017; Maloney et al., 2019; 

McPherson et al., 2016, Vansickel et al., 2012), using a task called the multiple-choice 

procedure (MCP, Griffiths, Troisi, Silverman, Mumford, 1993), all showed that cigarette 

smokers found the nicotine-containing ECIGs used less reinforcing than their own brand 

tobacco cigarette, suggesting a lower abuse potential for ECIGs. In another study of cigarette 

smokers, a progressive ratio task was used, and results indicated that smokers would work 

harder for flavored ECIGs compared to unflavored ones (Audrain-McGovern, Strasser, & 

Wileyto, 2016). One other study was conducted with both dual ECIG/cigarette users and 

exclusive ECIG users (adolescents and young adults), in which a tank-style ECIG and no 

menthol, low menthol, or high menthol flavor was administered. No differences for the MCP 

were observed across conditions, although mean rating of wanting/liking was higher in the 

high menthol conditions compared to the no menthol conditions (Krishnan-Sarin et al., 

2017). Overall, these studies indicate that in cigarette smokers, ECIGs may have a lower 

abuse liability than cigarettes, and that flavors play a role in abuse liability.

Other work has shown that when dual cigarette/ECIG users shop for their tobacco products 

in an experimental marketplace in which cigarette prices increase, they will purchase more 

alternative products such as their usual brand of ECIGs over other nicotine/tobacco products 

(Quisenberry, Koffarnus, Epstein, & Bickel, 2017). In another experimental marketplace 

study, cigarette smokers valued a nicotine-containing tank-style ECIG less than cigarettes 

(Stein, Koffarus, Stepanov, Hatsukami, & Bickel, 2018). Finally, another study of cigarette 

smokers showed that a cartridge-style ECIG filled with nicotine-containing, menthol-

flavored liquid had a lower abuse liability (as measured by subjective effects and nicotine 

delivery) than cigarettes, but greater than 4 mg nicotine gum (Stiles, Campbell, Jin, Graff, 

Fant, & Henningfield, 2018).

Thus, with little published work assessing the abuse liability of ECIGs among experienced 

ECIG users, this study’s purpose was to assess the abuse liability of an eGo ECIG, loaded 

with the highest concentration of nicotine available in participants’ own brand/own flavor. 

Control conditions include the same ECIG loaded with 0 mg/ml nicotine in participants’ 

own brand/flavor (negative control), participants’ own ECIG and liquid (positive control), as 

well as the Nicotrol inhaler (a product with a known low abuse liability). Outcome measures 

included the reinforcing efficacy of each product (as assessed by MCP), plasma nicotine 

delivery, and subjective effect measures. A secondary purpose was to explore how biological 

and behavioral measures of ECIG abuse liability are related.

Method

Participants

This study was approved by Virginia Commonwealth University’s (VCU’s) institutional 

review board (“Choice assessment of nicotine-containing products in cigarette smokers and 

electronic cigarette users”; HM20005746). ECIG users (reported open-style ECIG use ≥ 3 

months, > one cartridge or 1 ml of ECIG liquid/day of > than 6 mg/ml nicotine, or, less than 

6 mg/ml if they used ≥ 10 ml of liquid per day) were recruited by advertisements and word 
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of mouth. ECIG users were also defined as individuals who reported using fewer than five 

cigarettes/day (Vansickel & Eissenberg, 2013), and using other tobacco products (e.g., cigar, 

waterpipe) no more than 3 times a week. Other eligibility criteria included reporting being 

healthy and aged 18–55. Individuals were excluded from participation if they reported a 

history of chronic disease or psychiatric condition, regular prescription medication use 

(aside from birth control), marijuana use > 10 days and alcohol use > 25 days in the past 30, 

and any illicit drug use (e.g. cocaine, opioids, benzodiazepines, and methamphetamine) in 

the past 30 days. Women were excluded if they tested positive for pregnancy (by urinalysis) 

at screening or reported breastfeeding.

Procedure

The study procedure was similar to that described elsewhere (Maloney et al., 2019). Briefly, 

participants completed each of the four, Latin-square ordered, ~4.5-hour sessions at Virginia 

Commonwealth University’s (VCU) Clinical Behavioral Pharmacology Laboratory. 

Sessions were separated by a minimum of 48 hours and differed by the product used: own 

ECIG (OWN), an experimenter-supplied ECIG (~3.3 V, 1000 mAh battery attached to a 1.5 

Ohm, dual coil, 510-style cartomizer; produced by SmokTech; Shenzhen, China) that was 

filled with 0 mg/ml nicotine (ECIG_0) in the participant’s preferred brand/flavor, the 

identical ECIG filled with the highest mg/ml nicotine available the participant’s preferred 

brand/flavor (ECIG_highest) or the FDA-approved 10 mg Nicotrol inhaler (IN). Participants 

were instructed to abstain from nicotine/tobacco for ≥ 12 hours prior to each session. 

Abstinence from combustible tobacco was verified via participants’ expired air CO 

concentration prior to the start of the session (≤ 10 ppm) and later analysis of plasma 

nicotine prior to the start of the session (≤ 5 ng/ml was considered abstinent, as in Hiler et 

al., 2017). In each session, participants completed two, 10-puff product use bouts (with ~30 

second inter-puff-intervals and 20 minutes in between bouts), followed by a 90-minute rest 

period, and then three administrations of the multiple-choice procedure (MCP), each 

separated by 20 minutes. After each MCP administration, participants’ choices were 

reinforced with a random drawing of one of their choices (puffs or money). If puffs were 

selected from the drawing, participants were given the opportunity to use the session product 

at that time. If money was selected from the drawing, it was given to participants 

immediately. An intravenous catheter was used to sample blood (~7 ml) 4 times in each 

session (at baseline, after the first use bout, after the second use bout, and before MCP 

administration). Subjective questionnaires were administered at baseline and following each 

of the two use bouts. Physiological monitoring (heart rate, blood pressure) occurred 

throughout each session, although these data are not reported.

Materials

Participants’ preferred brand/flavor liquid (in their preferred nicotine concentration, in 0 

mg/ml concentration, and in the highest nicotine concentration available in that brand/flavor) 

was purchased by study staff and study staff loaded the liquid into the ECIG tank or 

cartomizer for the appropriate condition. All liquids were analyzed independently for 

nicotine content (See Table 1).
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Measures

Multiple-Choice Procedure.—The Multiple-Choice Procedure (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 separate choices between increasing amounts 

of money ($0.01 to $10.24) or ten puffs from the study products. After participants made 

their choices, one was drawn at random by the participant, and the choice (either money or 

puffs) was delivered immediately. The maximum dollar value that participants chose puffs of 

the study product over money was defined as the crossover point. The higher the crossover 

value, 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 chose all study product a crossover point of $10.24 was used for analysis.

Subjective questionnaires.—Four subjective questionnaires were administered before 

and after each directed bout: the Hughes and Hatsukami Tobacco Withdrawal Scale 

(modified from Hughes & Hatsukami, 1986; see Breland, et al., 2002, Buchhalter, Acosta, 

Evans, Breland, & Eissenberg, 2005), the Direct Effects of Nicotine Questionnaire (modified 

from Perkins et al., 1994; see Evans, Blank, Sams, Weaver, & Eissenberg, 2006), and a 

modified version of The Tiffany-Drobes Questionnaire of Smoking Urges (QSU-Brief; 

modified so that “cigarette” was replaced with “e-cig”; and “smoke” replaced with “vape”; 

Cox, Tiffany, & Christen, 2001). The Direct Effects of Product Use Questionnaire (modified 

from Buchhalter et al., 2005; Foulds et al., 1992; Pickworth, Bunker, & Henningfield, 1994) 

was administered immediately following the first bout, before the second bout, and 

immediately following the second bout. With the exception of the QSU-Brief, all subjective 

measures were administered using a computerized visual analog scale such that a horizontal 

line anchored with “not at all” on the left and “extremely” on the right was presented 

beneath a word/phrase and participants clicked a mouse anywhere along the line (see Table 2 

for abbreviated versions of the word/phrase). Scores were calculated by the percentage of 

the total line length from the left anchor where participants clicked. Items from the QSU-

Brief were rated on a seven-point Likert scale in which participants could click seven 

discrete ratings from ‘not at all’ to ‘extremely’. Scores were calculated to create Factor 1 

(Anticipation of Relief from Withdrawal), and Factor 2 (Desire and Intention to Use ECIGs).

Data Preparation and Analysis

For the MCP, data were prepared as described above. For plasma nicotine delivery, as in 

previous work, values below the LOQ were replaced with 2 ng/ml as this is a more 

conservative approach than assuming that values below the LOQ are zero (Lopez, Hiler, 

Maloney, Eissenberg, & Breland, 2016; Vansickel et al., 2010).

For the MCP and two subjective questionnaires, several participants had missing data. For 

the MCP, one participant failed to complete the task properly in one session and this 

participants’ data were not included in the analysis of this measure. For the QSU-Brief, one 

participant had missing data for one time point, thus, this participant was not included in the 

analysis for these factors. For the Direct Effects of Product, one participant had missing data 

for two time points, thus, this participant was not included in the analysis for these items.
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Because a lack of 12-hour abstinence might have influenced study results, prior to analysis, 

plasma nicotine data were examined for values above 5 ng/ml (indicating that participants 

may have failed to abstain from nicotine for at least 12 hours pre-session; see Hiler et al., 

2017; Spindle et al., 2016; Spindle et al., 2018). Using abstinence status as a between-

subjects factor, nicotine data were analyzed to determine if abstinence/lack of abstinence 

affected results. Eight participants had at least one baseline plasma sample that was above 5 

ng/ml nicotine. For all other outcome measures, abstinence status was assessed similarly (as 

in Maloney et al., 2019). Any significant main effects or interactions observed for abstinence 

status are noted in the results section.

For the MCP, a condition by time (three levels of time) ANOVA was conducted. Condition 

by time repeated measures analysis of variance (ANOVA) was used to examine plasma 

nicotine (four levels of time) and heart rate (three levels of time). For subjective measures, 

timepoints analyzed were: directly before and directly after product use (four timepoints) for 

the Hughes-Hatsukami, Tiffany-Drobes, and Direct Effects of Nicotine items, and directly 

after product use (two timepoints) for the Direct Effects of Products items. For any analysis 

with a significant interaction or main effect, paired-samples t-tests with a Bonferroni 

correction (α = .05/number of comparisons) were used to compare means within and across 

conditions (as in Maloney et al., 2019). Within conditions, baseline values were compared to 

subsequent values over time. Across conditions, OWN and IN were compared to all other 

conditions (ECIG_0, ECIG_highest, IN; similar to Maloney et al., 2019). Finally, for 

bivariate analyses examining associations between biological (plasma nicotine) and 

behavioral (subjective effects, crossover point), Pearson’s correlations were used.

Results

Participant Characteristics

Twenty-four participants (all male; 71% white or Caucasian) completed all four sessions and 

thus their data were included in the analyses. These 24 participants were, on average, 28.6 

years old (SD = 7.4), had been using ECIGs for 18.0 months (SD = 13.1), used liquid with a 

concentration of 9.4 mg/ml (SD = 4.1), and reported using 6.1 ml (SD = 4.5) per day. 

Participants’ mean CO concentration at screening was 3.3 ppm (SD = 3.5) and on average, 

they reported smoking 0.04 (SD = 0.20) cigarettes per day (one participant reported smoking 

one cigarette/day). Most participants were former smokers (21 of 24), and one participant 

was a current smoker. Two participants reported never smoking. Participants who were 

former smokers reported being abstinent from smoking for 2.0 years (SD = 3.27). 

Participants’ mean CO concentration pre-session was 2.83 ppm (SD = 1.94).

Multiple-Choice Procedure (MCP)

For the MCP, a significant interaction of condition by time was observed [F(6,132) = 2.78; p 
= 0.03]. Because of this interaction of time, means could not be averaged, as in previous 

work (Vansickel, Weaver, & Eissenberg, 2012). Due to the non-uniform administration of 

reinforcers (puffs or money) after each MCP administration, which may account for the 

interaction of time, only data from the first administration of the MCP was used in 

subsequent analyses. Thus, an ANOVA with four levels of condition was conducted, and a 
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significant main effect of condition was observed, as shown in Table 2. Post-hoc tests 

revealed that, compared to the OWN mean crossover point of $1.35 (SD = 0.90), a 

significantly lower mean crossover point was observed for ECIG_highest ($0.88; SD = 

0.89), for IN ($0.72; SD = 0.84), and for ECIG_0 ($0.83; SD = 0.79; [ts(22) > −3.9, ps 

<.016; Bonferroni-corrected p-value]). No significant difference was observed between the 

mean IN crossover point and the mean for ECIG_highest or ECIG_0.

Plasma Nicotine

A significant main effect of abstinence status was observed [F(1,22) = 7.03, p < .05). 

Overall, higher mean nicotine concentration was observed across all conditions and times 

for non-abstinent participants (mean = 7.31 ng/ml, SD = 6.93) compared to abstinent 

participants (mean = 5.41 ng/ml, SD = 5.89). Subsequently, difference scores were 

calculated (by subtracting the baseline data point from all subsequent data points) and these 

data were analyzed using the same strategy and results revealed no significant main effects 

or interactions involving the abstinence status factor; these difference score data are reported 

here. Significant main effects of condition and time as well as a significant interaction of 

condition by time were observed, as shown in Table 1 (ps < .001). As shown in Figure 1, 

post hoc tests revealed that mean plasma nicotine concentration increased significantly after 

product use in the OB and ECIG_highest conditions, and after the second product use in the 

IN condition, but not at any time points in the ECIG_0 condition. More specifically, after the 

first use, increase for OWN was 7.94 ng/ml (SD = 6.19) and for ECIG_highest was 7.51 

ng/ml (SD = 5.39), OWN was significantly higher than ECIG_0 at 0.00 ng/ml (SD = 1.61) 

and IN at 0.71 ng/ml (SD = 1.48). Compared to IN, the mean ECIG_highest concentration 

was higher after the first product use, and before the second product use. Also compared to 

IN, mean ECIG_0 concentration was lower before the second product use ([ts (23) > −5.8, 

all ps <.016 or .025; Bonferroni-corrected p-values).

Subjective Questionnaires

Hughes and Hatsukami Tobacco Withdrawal Scale.—As shown in Table 2, 

significant condition by time interactions and significant main effects of condition and time 

were observed for “Craving an e-cigarette/nicotine” and “Urge to use an e-cigarette”. For the 

item “Craving an e-cigarette/nicotine”, as shown in Figure 2, post hoc tests revealed that 

mean scores on this item decreased significantly in each condition, except for ECIG_0. 

Compared to OWN, mean score in the ECIG_0 condition after baseline was significantly 

higher at all time points, and mean score after the first product use in the IN condition was 

also significantly higher. Compared to IN, mean score in the ECIG_0 condition was higher 

before and after the second product use ([ts (23) > −4.6, ps < 0.16; Bonferroni-corrected p-

value). A similar pattern was observed for the item “Urge to use an e-cigarette”, post-hoc 

tests revealed that mean score on this item also decreased significantly after each condition, 

except in ECIG_0. Compared to OB, mean score after the first product use was higher in IN 

and ECIG_0, and higher in ECIG_0 before and after the second product use. Compared to 

IN, mean score after product use in ECIG_0 was higher before and after the second product 

use only ([ts (23) < −5.0, all ps <.016 or .025; Bonferroni-corrected p-values).
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Significant effects of time (collapsed across condition) were observed for the items 

“Anxious”, “Difficulty concentrating”, “Drowsy”, and “Restless”. Post hoc tests revealed 

that for “Anxious”, compared to the baseline mean score of 15.60 (SD = 19.17), the mean 

score was significantly reduced after the first product use at 7.42 (SD = 10.05) and second 

product uses, at 7.70 (SD = 9.34; [ts (23) > 2.5, ps <0.016; Bonferroni-corrected p-values). 

For “Difficulty concentrating” and “Restless”, mean scores were significantly reduced after 

the first product use only [ts (23) > 2.4, ps < 0.016; Bonferroni-corrected p-values).

Tiffany-Drobes Questionnaire of E-cigarette Urges Brief

Significant condition by time interactions and significant main effects of condition and time 

were observed for both factors. Post-hoc tests revealed that for Factor 1, mean score 

decreased significantly from baseline to after product use in all conditions except for 

ECIG_0. For example, in the OWN condition, mean score at baseline was 20.74 (SD = 9.43) 

and after the first product use decreased to 10.43 (SD = 8.29), and after the second product 

use, to 9.91 (SD = 8.34). In the ECIG_highest condition, mean score at baseline was 20.61 

(SD = 7.63), and after the first product use decreased to 14.17 (SD = 8.85), and after the 

second product use, to 13.35 (SD = 9.56). In the IN condition, mean score at baseline was 

21.13 (SD = 6.94) and decreased after the first product use to 15.91 (SD = 8.55), and after 

the second product use, to 15.83 (SD = 9.27). After the first product use, compared to the 

OWN mean score of 10.43 (SD = 8.29), the mean score after the first ECIG_highest use of 

14.17 (SD = 8.85), mean score after the first IN use of 15.91 (SD = 8.55), and mean score 

after the first ECIG_0 use of 19.96 (SD = 8.03) were all significantly higher. Compared to 

OWN mean score before the second use of 13.96 (SD = 9.22), mean score before the second 

ECIG_0 use of 20.57 (SD = 7.84) was significantly higher. Compared to OWN mean score 

of 9.91 (SD = 8.34) after the second use, mean score after the second ECIG_0 use was also 

significantly higher at 19.61 (SD = 8.04) as well as after the second IN use at 15.83 (SD = 

9.27; [ts (22) > −4.9, ps < .016]; Bonferroni-corrected p-values). Compared to IN across 

condition, mean score after the first IN use was lower than mean score after ECIG_0 use ([ts 

(22) = −2.62, p < .025]; Bonferroni-corrected p-value). For Factor 2, mean score decreased 

significantly only in the OWN condition, from 7.52 (SD = 7.93) at baseline to 2.61 (SD = 

3.30) after the first use, and to 2.87 (SD = 3.83) after the second use ([ts (22) > 7.60, ps 

< .016]). Across conditions, compared to OWN, mean score after the first product use was 

higher for ECIG_0 at 5.78 (SD = 6.37; [t (22) = −2.66, p <.016], Bonferroni-corrected p-

value).

Direct Effects of Nicotine Scale

A significant interaction of time by abstinence was observed for the item “Heart pound”, 

[F(3, 66) > 3.60, ps < .05] with overall higher scores across time for participants who had 

not abstained compared to those who had abstained.

Significant interactions of condition by time and significant main effects of time were 

observed for “Dizzy” and “Lightheaded”. A significant main effect of time was also 

observed for “Heart pound”. For “Dizzy”, post hoc tests revealed a significant increase on 

the rating for this item in the OWN, IN, and ECIG_highest conditions, but not ECIG_0. For 

OWN, mean score increased from 3.13 (SD = 7.39) before the first use, to 17.46 (SD = 
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24.69) after the first product use. In IN, mean score increased from 3.00 (SD = 7.68) to 

10.83 (SD = 17.48) after the first product use. For ECIG_highest, mean score increased from 

1.75 (SD = 3.50) to 8.17 (SD = 13.59) after the first product use ([ts (23) > −2.9, ps < .016]; 

Bonferroni-corrected p-values). Across conditions, compared to OWN mean score of 17.46 

(SD = 24.69) after the first product use, mean score in the ECIG_0 condition was 

significantly lower, at 3.17 (SD = 8.95). Across conditions, compared to the IN mean score 

of 10.83 (SD = 17.48) after the first product use, mean score in the ECIG_0 condition was 

also significantly lower. Last, mean score in the IN condition after the second product use of 

7.83 (SD = 13.57), was significantly higher than mean score in the ECIG_0 condition of 

3.96 (SD = 10.21; [ts (23) > 2.60, ps < .016 or 0.025]; Bonferroni-corrected p-values).

For “Lightheaded”, as shown in Figure 2, post hoc tests revealed a similar pattern, with a 

significant increase on the rating for this item after the first product use in the OB, IN and 

ECIG_highest conditions ([ts (23) > −3.7,ps < .016]; Bonferroni-corrected p-values), but not 

for ECIG_0. Across conditions, mean score in OWN was significantly higher than in 

ECIG_highest after the first product use. Compared to IN, mean score was higher after the 

first product use than for ECIG_0 ([ts (23) > −3.05, ps < .016 or 0.025]; Bonferroni-

corrected p-values). For “Heart Pound”, mean scores after the first product use were higher 

in OWN compared to ECIG_0 ([t(23) = 2.72, p < .025]; Bonferroni-corrected p-value).

Direct Effects of Product Scale

Significant main effects of abstinence status were observed for two items: “Was the product 

pleasant?” and “Did the product taste good?” [F(1,21) > 7.90, ps <.05). For both items, 

overall mean ratings were lower for those who had not abstained, than for those who had 

abstained. For example, for the item “Did the product taste good?” the mean rating 

(collapsed across condition and time) for participants who abstained was 71.38 (SD = 

33.29), compared to a mean of 52.66 (SD = 39.15) for participants who had not abstained. A 

similar pattern was observed for the item “Was the product pleasant?”.

Significant main effects of condition (collapsed across time) were observed for the items 

“Did the product make you feel more awake”, “Did the product calm you down?”, “Did the 

product help you concentrate?”, “Did the product make you dizzy”, “Was the product 

pleasant?”, “Would you like to use another product right now?”, “Was the product 

satisfying?”, and “Did the product taste good?”. Across all items, no differences were 

observed between OWN and ECIG_highest, except for the item “Would you like to use 

another product right now?”, in which scores for ECIG_highest at 55.09 (SD = 30.34) were 

significantly higher than scores for OWN at 34.54 (SD = 30.68; [t (22) = 3.63, p < .016]; 

Bonferroni-corrected p-value). For many items (“Pleasant”, “Taste good”, “Satisfy”, 

“Calm”, and “Concentrate”), IN was rated lower than OWN ([ts (22) > −6.48, ps < .016; 

Bonferroni-corrected p-values) . OWN was often rated higher than ECIG_0 on the items 

“Calm”, “Satisfy”, “Awake”, “Concentrate”, “Pleasant”, and “Dizzy”; ([ts (22) > 2.80; ps 

< .016]; Bonferroni-corrected p-values). Compared to IN, scores were significantly lower 

than ECIG_highest for the items “Satisfy”, “Taste good”, “Pleasant”, and “Right now” ([ts 

(22) > 2.94, ps < .025]; Bonferroni-corrected p-values). Compared to IN, scores were 

Breland et al. Page 9

Exp Clin Psychopharmacol. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



significantly higher for ECIG_0 for “Right now” “Pleasant” and “Taste good”. For “Dizzy”, 

scores for IN were significantly higher than for ECIG_0 ([ts (22) > −3.00, ps < .025]).

Correlations among Abuse Liability Measures

After examining condition effects individually across plasma nicotine and behavioral 

measures of abuse liability, correlations among these measures were examined as an 

exploratory analysis to understand whether patterns of responses for these individual 

measures were similar. Associations among nicotine plasma increase, differences in self-

reported responses to the item “Craving a cigarette/nicotine” from the Hughes and 

Hatsukami Tobacco Withdrawal Scale, and crossover point from the MCP were tested. 

Broadly, these three measures were found to be correlated with each other, suggesting they 

each may be related indicators of a larger ECIG abuse liability construct. In particular, 

plasma nicotine increase was associated with the change in craving (from before product use 

to after product use), such that higher plasma increases were correlated with larger 

reductions in craving (Pearson’s r = −0.30, p <0.01). Further, larger reductions in craving 

were positively associated with higher MCP crossover points (Pearson’s r = −0.33, p <0.01) 

suggesting participants were willing to pay more or work harder for products that reduced 

their craving more. Plasma nicotine increase and crossover point were not correlated 

(Pearson’s r = 0.03, p <0.79).

Discussion

The purpose of this study was to assess the abuse liability of a ~3.3V, 1.5 ohm, dual-coil 

ECIG, loaded with the highest concentration of nicotine available in participants’ own 

brand/own flavor. Control conditions included the same ECIG loaded with 0 mg/ml nicotine 

(negative control), participants’ own ECIG and liquid (positive control), as well as the 

Nicotrol inhaler (a product with a known low abuse liability). Overall, the findings from this 

study suggest that nicotine-containing ECIGs have more abuse liability than a nicotine-free 

ECIG and the Nicotrol inhaler. The crossover point on the MCP (a measure of the 

reinforcing efficacy of a drug or product) was highest for OWN ECIGs compared to all other 

conditions. Plasma nicotine concentrations were significantly increased after the first 

product use in the OB and ECIG_highest conditions, but not after the first use of ECIG_0 or 

IN. Abstinence symptoms were reduced more in the OWN and ECIG_highest conditions 

than with ECIG_0 or IN. Other subjective measures such as feeling lightheaded and feeling 

satisfied were higher in the OWN and ECIG_highest conditions compared to ECIG_0 and 

IN. Further, factors beyond nicotine delivery and subjective effects may influence abuse 

potential (as OWN had a higher crossover point than ECIG_highest). Results from this study 

contribute to the existing literature regarding ECIG abuse liability while also highlighting 

laboratory methods that can be used to assess ECIG abuse liability as compared to other 

tobacco/nicotine products.

Significantly higher crossover values in the OWN condition compared to the ECIG_highest 

condition, the ECIG_0, condition, and the IN condition suggest a greater reinforcing efficacy 

of own brand ECIGs, and thus, greater abuse potential. In this study, OWN ECIG was a 

device set to 49 W (on average, based on available data) and filled with 6.86 mg/ml nicotine 
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(tested nicotine concentration; see Table 1). In comparison, ECIG_highest was a ~7.3 W 

device filled with 8.7 mg/ml nicotine (tested nicotine concentration). The greater power 

output for OWN relative to ECIG_highest may have affected participants’ evaluation of the 

ECIG’s reinforcing effects as increased power is associated with increased nicotine yield 

(Talih et al., 2017). In addition, participants may have been able to give a better estimate of 

the value of OWN compared to an abstraction of a product they use regularly 

(ECIG_highest), and which they had only briefly sampled. The finding of OWN being 

valued the highest is similar to previous studies where own brand cigarettes were compared 

to other products (e.g., Barnes et al., 2017; Maloney et al., 2019; McPherson et al., 2016, 

Vansickel et al., 2012).

Second, similar plasma nicotine increases in the OWN and the ECIG_highest conditions, 

and little or no nicotine delivery in the ECIG_0 and IN conditions indicates that a variety of 

ECIG types filled with nicotine-containing liquid of a range of concentrations can deliver the 

dependence-producing drug nicotine, thus increasing the potential for abuse. These plasma 

nicotine concentrations are somewhat similar to those observed elsewhere using cigarette 

smokers as participants (i.e., Maloney et al., 2019; ~5.35 ng/ml after 10 puffs from a ~7.3 W 

ECIG filled with 36 mg/ml nicotine). In addition, compared to other work with ECIG-

experienced individuals using the same ECIG device filled with 8 mg/ml nicotine (Hiler et 

al., 2017; 8.2 ng/ml, SD = 7.8), the mean plasma nicotine concentration in the ECIG_highest 

condition (filled with 8.7 mg/ml nicotine, on average) reported in the current study was also 

similar. However, ECIG nicotine delivery in experienced ECIG users can also be much 

higher: in individuals using the same ECIG device filled with 36 mg/ml nicotine, average 

plasma nicotine concentrations were 17.9 ng/ml (SD = 17.2; Hiler et al., 2017). Overall, 

studies of ECIGs in which plasma nicotine delivery is measured highlight the variability in 

ECIG nicotine delivery across product type and nicotine concentration. Interestingly, 

although nicotine delivery was similar for OWN and ECIG_highest, crossover values were 

different, suggesting that participants’ own brand ECIG devices have qualities beyond 

nicotine delivery that are reinforcing, including potentially device design features and 

learned patterns of use specific to participants’ own brand device. Further research is needed 

to determine what other qualities may contribute to ECIG abuse liability beyond nicotine 

delivery.

In this study, the mean labeled nicotine concentration for participants’ own brand liquid was 

higher than the mean tested nicotine concentration, both for their preferred (own) nicotine 

concentration and for the highest nicotine concentration available in their own brand and 

own flavor. Several other studies have noted discrepancies between labeled and tested 

nicotine concentration in ECIG liquids. In general, some tested samples contain less nicotine 

than the labeled concentrations and some contain more (e.g., Girvalaki et al., 2018; Kim, 

Goniewicz, Yu, Kim, & Gupta, 2015; Raymond, Collette-Merrill, Harrison, Jarvis, & 

Rasmussen, 2018).

Third, similar reductions in abstinence symptom suppression for the OWN and 

ECIG_highest conditions (and less for ECIG_0 and IN) indicates that a variety of nicotine-

containing ECIG types can suppress abstinence symptoms, which could increase the use of 

these products, thus also increasing the potential for abuse. Results for ECIG_highest, 
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OWN, and ECIG_0 followed a similar pattern to those previously observed for other 

nicotine-containing and nicotine-free ECIGs in experienced users (Hiler et al., 2017). 

Results are in contrast to those observed for denicotinized cigarettes, which show that these 

products can suppress abstinence symptoms without delivering nicotine (e.g., Breland, 

Buchhalter, Evans, Eissenberg, 2002; Butschsky, Bailey, Henningfield, Pickworth, 1995). 

Presumably, denicotinized cigarettes differ in some way from an ECIG without nicotine, in 

that denicotinized cigarettes are subjectively reinforcing for cigarette smokers, while in 

comparison, an ECIG without nicotine is less reinforcing for experienced ECIG users (and 

thus has a lower abuse potential than an ECIG that delivers nicotine).

Further, significantly higher mean ratings for items such as lightheaded in the OWN 

condition compared to other conditions indicate that OWN EICGs have a greater potential 

for abuse. Finally, significantly higher ratings of satisfaction and other items for OWN and 

ECIG_highest also suggest higher abuse potential for these products, compared to ECIG_0 

and IN. Other work has also shown that experienced ECIG users rate nicotine-containing 

ECIGs higher than nicotine-free ECIGs, in terms of satisfaction (Hiler et al., 2017).

Exploratory results showing a correlation between plasma nicotine increase and craving 

reduction, as well as a correlation between craving reduction and MCP crossover point 

suggest that ratings of subjective ECIG effects and measures of willingness to pay for an 

ECIG may be related. These results are supported by evidence reported by Wilson, Franck, 

Koffarnus, & Bickel (2016) who found that higher scores on the Questionnaire of Smoking 

Urges were associated with willingness to pay higher prices for ECIGs.

This study had several limitations. First, immediate verification of pre-session nicotine 

abstinence in exclusive ECIG users currently is not possible, as the usual test in cigarette 

smokers is by measuring expired air carbon monoxide (CO) concentrations, and ECIGs do 

not deliver CO. This problem has been noted by other researchers (e.g., Blank et al., 2016; 

Hiler et al., 2017), and until a test that reveals recent ECIG use is available, a waiting period 

before session onset may be required (as in Spindle et al., 2018), to assure that each 

participant has been abstinent from nicotine for at least the time of that waiting period. 

Second, this study compared participants’ own ECIG/liquid to the highest nicotine 

concentration available in their own liquid and although the nicotine concentrations were 

significantly different (6.86 mg/ml for OWN vs 8.77 mg/ml for ECIG_highest; t(23) = 

−3.09; p < .05); testing with a higher nicotine concentration may reveal greater differences 

between products. Third, ECIG flavor was not manipulated in this study, but flavor is likely 

a factor in ECIG abuse liability (Barnes et al., 2017; Audrain-McGovern, Strasser & 

Wileyto, 2016). Fourth, this study included no women participants and thus is generalizable 

to men only. Fifth, the sample size was relatively small, although effect sizes were large 

enough to detect effects for the MCP, plasma nicotine, and some subjective effects. Last, the 

laboratory setting may not generalize to the real world, although laboratory methods such as 

those used in this study can be good predictors of population level drug abuse (e.g., Rush, 

Collins, & Pazzaglia, 1988, Schuh, Schuster, Hopper, & Mendel, 2000).

The results of this study also show the value of a comprehensive abuse liability assessment, 

including behavioral tasks, assessment of drug delivery, and subjective effects, as well as 

Breland et al. Page 12

Exp Clin Psychopharmacol. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



adequate control conditions. Additional work must be done to assess fully the abuse 

potential of ECIGs, including the effects of flavors and other device and liquid 

characteristics, in experienced ECIG users as well as in cigarette smokers (as in Maloney et 

al., 2019). Laboratory studies assessing the abuse potential of products can help inform the 

Food and Drug Administration (FDA), which has regulatory authority over ECIGs. FDA. 

Specifically, FDA could use the techniques described here to assess the effects of potential 

future regulation on product abuse potential.
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Public health significance:

The purpose of this study was to assess the abuse liability of a ~3.3V, 1.5 ohm, dual-coil 

ECIG (~7.3 W), loaded with the highest nicotine concentration available in participants’ 

own brand/own flavor, using a variety of abuse liability measures. Results suggest that 

nicotine-containing ECIGs have greater abuse liability than a nicotine-free ECIG and an 

FDA-approved nicotine inhaler. The results of this study show the value of a 

comprehensive abuse liability assessment, including behavioral tasks, assessment of drug 

delivery, and subjective effects, as well as adequate control conditions.
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Figure 1. 
Mean plasma nicotine increase (+/− SEM; calculated using difference from baseline) for 24 

ECIG-naïve smokers. Filled symbols indicate a significant difference from baseline. 

Asterisk indicates a significant difference from OB (*), number sign indicates (#) significant 

differences from IN, (Tukey’s post-hoc tests; ps <.05).
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Figure 2. Left panel.
Mean scores for the item, “Craving a cigarette/nicotine” (+/− SEM) for 24 ECIG-naïve 

smokers. Filled symbols indicate a significant difference from baseline. Asterisk indicates a 

significant difference from OB (*), number sign indicates (#) significant differences from 

IN, (Tukey’s post-hoc tests; ps <.05). Right panel. Mean scores for the item, “Lightheaded?” 

(+/− SEM) for 24 ECIG-naïve smokers. In all other respects the right panel is identical to the 

left.
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