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Abstract

Delay discounting describes how rapidly delayed rewards lose value as a function of delay and 

serves as one measure of impulsive decision-making. Nicotine deprivation among combustible 

cigarette smokers can increase delay discounting. We aimed to explore changes in discounting 

following nicotine deprivation among electronic nicotine delivery systems (ENDS) users. 

Thirty young adults (aged 18–24 years) that exclusively used ENDS participated in two 

laboratory sessions: one with vaping as usual and another after 16 hours of nicotine deprivation 

(biochemically assessed). At each session, participants completed a craving measure and three 

hypothetical delay discounting tasks presenting choices between small, immediate rewards and 

large, delayed ones (money-money; e-liquid-e-liquid; e-liquid-money).

Craving for ENDS significantly increased during short-term nicotine deprivation relative to normal 

vaping. Delay discounting rates in the e-liquid now vs. money later task increased (indicating 

a shift in preference for smaller, immediate rewards) following short-term nicotine deprivation 

relative to vaping as usual, but no changes were observed in the other two discounting tasks.

*Correspondence concerning this article should be addressed to Irene Pericot-Valverde, Department of Psychology, Clemson 
University, 418 Bracket Hall, Clemson, SC 29634, United States. iperico@clemson.edu. 
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Short-term nicotine deprivation increased the preference for smaller amounts of e-liquid delivered 

immediately over larger, monetary awards available after a delay in this first study of its kind. 

As similar preference shifts for drug now vs. money later have been shown to be indicative of 

increased desire to use drug as well as relapse risk, the findings support the utility of the current 

model as a platform to explore interventions that can mitigate these preference shifts.
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Introduction

Electronic nicotine delivery systems (ENDS) are relatively new types of tobacco products 

that deliver nicotine via an inhalable aerosol. ENDS use among youth and young adults 

is a serious public health concern given the rapid increase in popularity and ENDS use 

in this vulnerable sub-population (Huang et al., 2019) In 2019, 8% of young adults (aged 

18–24) had used ENDS in the past 30-days(Prakash et al., 2021), nearly twice the rate of 

adults (4.7%). Well-known short-term health concerns of ENDS use include abnormality 

in respiratory function, lung oedema, and e-cigarette or vaping product use-associated lung 

injury (EVALI) (Marques et al., 2021; Münzel et al., 2020).

Impulsivity is consistently recognized as both a determinant and consequence of drug 

use (de Wit, 2009), including tobacco (Audrain-McGovern et al., 2009). One operational 

definition of impulsivity is preference for a relatively smaller, immediate reward (e.g., drug 

consumption) over a larger, delayed one (e.g., greater health, financial stability, etc.). Delay 

discounting characterizes how rewards are devalued as a function of length of delay to its 

delivery (Audrain-McGovern et al., 2009; Madden & Bickel, 2010). Steep delay discounting 

is characterized by a preference for smaller, immediate over larger, delayed rewards and 

is associated with various maladaptive behaviors, including substance use (Amlung et al., 

2017; Green & Myerson, 2004; Madden & Bickel, 2010).

Extensive research has characterized delay discounting in relation to multiple clinically 

relevant aspects of tobacco use, mostly in cigarette smokers. Greater discounting is 

associated with being a current smoker compared to both a non-smoker and former 

smoker (Bickel et al., 1999; Friedel et al., 2014; MacKillop et al., 2011), an increased 

risk of smoking initiation among youth (Audrain-McGovern et al., 2009), greater nicotine 

dependence (Amlung & MacKillop, 2014; Amlung et al., 2017) and smoking severity 

(Ohmura et al., 2005), a lower likelihood of quitting smoking (Yoon et al., 2007), and 

a higher likelihood of smoking relapse (Dallery & Raiff, 2007; García-Pérez et al., 

2022; González-Roz et al., 2019; Yoon et al., 2009; Yoon et al., 2007). In general, 

delay discounting has been observed to be a relatively stable, trait-like characteristic, but 

there is evidence that delay discounting among smokers may change depending on many 

environmental and individual factors (Bickel et al., 2015). For example, earlier studies have 

shown that short-term nicotine deprivation (12–24 hours) increases discounting for monetary 

rewards (Ashare & Hawk, 2012; Field et al., 2006; Heckman et al., 2017; Yi & Landes, 
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2012) and cigarettes (Field et al., 2006; Mitchell, 2004) among current smokers. There 

is also evidence indicating that the level of discounting varies as a function of nicotine 

dependence and the number of substances used (Barlow et al., 2016; García-Rodríguez et 

al., 2013; Johnson et al., 2007), with higher delay discounting rates among those who smoke 

more cigarettes per day or smokers who use illicit substances. Conversely, prior studies have 

shown that delay discounting can be reduced by applying interventions such as episodic 

future thinking or contingency management (García-Pérez et al., 2022; Yi et al., 2008). 

Finally, although a considerable amount of work has demonstrated that delay discounting 

is a negative prognostic factor of smoking cessation (Coughlin et al., 2020; Halpern et al., 

2016), prior research reveals that individuals who quit smoking exhibit significant decreases 

in delay discounting (Secades-Villa et al., 2014).

A few discounting studies performed with ENDS users have compared discounting for 

monetary rewards between ENDS users and users of other tobacco products, predominantly 

cigarette smokers (Białaszek et al., 2017; Chivers et al., 2016; DeHart et al., 2020; Huynh 

et al., 2021; Stein et al., 2018). These studies showed that ENDS users exhibit similar 

delay discounting for monetary rewards compared to other tobacco users (Białaszek et 

al., 2017; Chivers et al., 2016; DeHart et al., 2020; Weidberg et al., 2017). These earlier 

studies also demonstrated greater monetary discounting among ENDS users compared to 

non-tobacco users (Białaszek et al., 2017; DeHart et al., 2020; Huynh et al., 2021; Stein 

et al., 2018; Weidberg et al., 2017), which is consistent with existing delay discounting 

studies conducted among smokers. Moreover, recent research has shown that greater delay 

discounting among ENDS users is associated with more unsuccessful quit attempts (Pericot-

Valverde et al., 2020). Whether nicotine deprivation changes delay discounting among 

exclusive ENDS users remains unexplored. This is an important gap unaddressed in the 

literature since delay discounting during a short-term nicotine deprivation can provide 

important information to help develop interventions aimed at reducing ENDS use. More 

specifically, if research shows that delay discounting changes after acute abstinence, it 

would confirm the malleability of this behavioral index and perhaps its utility as a treatment 

target for reducing ENDS use.

Those limited number of studies exploring delay discounting among ENDS users have 

predominantly used the same reward available now or later (i.e., money), which is often 

referred to as single-commodity discounting (Białaszek et al., 2017; Chivers et al., 2016). 

Nevertheless, most real-world choices are more tangled and involve choosing between 

alternative commodities (e.g., vape now vs health later). Cross-commodity discounting tasks 

(Moody et al., 2017), in which individuals are asked to make choices between different 

amounts of commodities (e.g., money, tobacco, food) now and in the future provide a more 

complex, closer approximation to real-word decision making.(Bickel et al., 2011; Moody et 

al., 2017; Pritschmann et al., 2021). In addition, cross-commodity tasks have shown to be 

more sensitive to the effects of smoking abstinence. In this regard, Yoon et al (2009) showed 

changes in a cross-commodity delay discounting task between money and cigarettes, but 

not in a single-commodity task involving only money after 14 days of smoking abstinence. 

To our knowledge, only our prior study has explored cross-commodity delayed discounting 

among exclusive ENDS users (Pericot-Valverde et al., 2020) and no study has explored 

cross-commodity discounting under short-term deprivation among ENDS users. This is 
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another important limitation in prior literature given that cross-commodity discounting tasks 

may provide a more natural insight into how ENDS users make choices, and perhaps have 

greater clinical relevance as has been shown among cigarette smokers.

The current study is an extension of prior work exploring delay discounting among ENDS 

users and the first study of its kind to examine whether short-term nicotine deprivation 

increases delay discounting rates for hypothetical e-liquid and monetary rewards among 

young, experienced ENDS users.

Materials and Methods

Participants

Participants were young adult exclusive e-cigarette users recruited from the greater 

Burlington VT area via ads posted on social media platforms (i.e., Facebook and Reddit). 

Inclusion criteria included being between the ages of 18 and 24, using ≥1 mL of e-liquid 

per day with a nicotine concentration of ≥3mg/ml, and having used an e-cigarette ≥3 

months. Participants were excluded if they smoked conventional cigarettes, had a physical 

or psychiatric condition based on the Mini-International Psychiatric Interview, or used 

prescription medication other than birth control. Exclusive ENDS use was biochemically 

verified through a combination of recent nicotine exposure (≥3 in NicAlert) and lack of 

recent combusted use (carbon monoxide (CO)≤6 parts per million (ppm)) in (Smokelyzer, 

Covita, Santa Barbara, CA, USA). The protocol was approved by the institutional review 

board at the University of Vermont. All participants provided written informed consent prior 

to participating in the parent study.

Parent Trial Design

Participants were enrolled in a 3-session cross-over pilot study examining the effects 

of acute stress on the reinforcing value of e-cigarettes (Pericot-Valverde et al., 2021). 

Participants completed an introductory session to confirm eligibility, provided consent, 

completed baseline assessments, and were trained with the tasks and protocols. Participants 

who completed these steps and met eligibility criteria then participated in the first non-

deprivation delay discounting task. After this, they were scheduled for two 2.5 hour 

laboratory sessions at least 48 hours apart. Participants were asked to abstain from vaping at 

least 16 hours prior to the two laboratory sessions. During these two laboratory sessions, 

participants were exposed to a stress or a non-stress task on the two separate days 

(counterbalanced), and then engaged in an e-cigarette self-administration task in which 

participants could choose to vape or earn money. The second, short-term deprivation delay 

discounting session occurred at the beginning of the first 2.5 hour laboratory session.

Measures

All participants completed a questionnaire which included basic demographic information 

(e.g., gender, age) and vaping-related measures (e.g., months of regular use, mL/day).

The 10-item Penn State E-Cigarette Dependence Index (PSECD) was used to measure 

e-cigarette specific nicotine dependence (Foulds et al., 2015). The PSECDI scores range 
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from 0 to 20 with scores ≤3, 4–8, 9–12, and ≥13 indicating no dependence, low dependence, 

medium dependence, and high dependence, respectively. The 10-item Questionnaire of 

Vaping Craving (QVC) was utilized to measure craving for vaping nicotine, including the 

domains of desire, intention, and positive outcome (Dowd et al., 2019). QVC items are rated 

on a 7-point scale and scores range from 7 to 70. Exhaled CO levels were measured to 

determine recent exposure to combusted tobacco products using the Micro+™ Smokelyzer 

(Bedfont Scientific, Kent, England). Cotinine levels in urine were measured to determine 

e-cigarette abstinence using NicAlert test strips (Nymox Pharmaceutical Corporation).

Delay discounting was assessed using a hypothetical, computer-based task utilized in 

prior research studies and followed similar procedures (González-Roz et al., 2019; Pericot-

Valverde et al., 2020; Weidberg et al., 2015). Participants were presented with repeated 

choices between a smaller, immediate and a larger, delayed reward. Three delay discounting 

tasks were administered presenting choices between 1) money now vs. money later (money-

money); 2) e-liquid now vs. e-liquid later (e-liquid-e-liquid); and 3) e-liquid now vs. money 

later (e-liquid-money). Hypothetical monetary values and e-liquid equivalents ranged from 

$5 to $955 in value available immediately versus $1,000 in value after a fixed delay. When 

presenting the e-liquid option for the two tasks involving e-liquid, the monetary value was 

also explicitly presented (i.e., 25ml of e-liquid (worth $75). The value of e-liquid was 

determined on an individual basis by asking participants the cost of their preferred e-liquid. 

The reported cost for each ml was then used for the purchase task. Participants reported 

that one ml of e-liquid costs on average $3.0 (SD=3.2; range 0.6–7.1). The units of e-liquid 

chosen were ml rather than puff given the available literature showing that ml is a more valid 

unit of measure for ENDS users (Cassidy et al., 2020; Pericot-Valverde et al., 2020). The 

value of the immediate option was varied using a computer-based algorithm until the two 

choices were subjectively equivalent (i.e., indifference point). Delays were 1 day, 1 week, 

1 month, 6 months, 1 year, 5 years, and 25 years and presented in ascending order. These 

delays were the same for the three discounting tasks. Participants were informed that they 

would not receive real rewards but asked to make choices as they would in real life. No 

time limit was provided to conduct the delay discounting tasks. The three delay discounting 

tasks took approximately 15 minutes to complete for each participant and were presented in 

random order.

General Procedures

Participants completed two laboratory sessions separated by no more than one week. The 

first session was conducted after vaping normally and the second session after abstaining 

from vaping for at least 16 hours prior to the session.

During the first session (i.e., non-deprivation session), participants completed a 

questionnaire assessing their demographics and various features related to their ENDS use. 

In both sessions, participants completed the QVC questionnaire, the delay discounting tasks, 

and provided biological samples (expired CO and urine sample).

During the first session, eligibility as an exclusive ENDS user was confirmed with a 

combination of exposure to nicotine (NicAlert) and lack of exposure to combusted tobacco 

(CO≤6). During the second session (i.e., deprivation session), ENDS deprivation was 
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verified through a urine sample, and defined as a decrease of at least 1 point from 

baseline on the semiquantitative urine cotinine index(Leventhal et al., 2019). Participants 

in the deprivation session that did not meet the abstinence criteria were asked to come 

back another day to conduct the session. Participants were compensated up to $136 for 

completing all the sessions and tasks.

Data Analyses

Descriptive analyses were carried out to characterize the sample in terms of demographics 

and vaping-related characteristics. Paired sample t-tests were conducted to compare scores 

on the QVC questionnaire during the non-deprivation and deprivation sessions. Normality 

tests were conducted for the distribution of logk values for each discounting task to test for 

normality of the data.

Indifference points from the three delay discounting tasks were analyzed using two different 

approaches. First, Mazur’s hyperbolic equation, V = A/ 1 + kD  was used. The Equation 

(1) shows how the value (V) of a reward of some amount (A) decreases as a function of 

increasing delay (D) to receiving it. The free parameter k describes the rate of discounting, 

with larger values indicating greater discounting.

V = A/ 1 + kD Equation 1:

Second, we used a relatively new variation of area under the curve (AUC)(Gilroy & 

Hantula, 2018). In this variation, delay values are initially log-transformed, which reduces 

the disparate influence of areas from larger delays (Yoon et al., 2017).

AUClog = D2log − D1log) Vi+V2 /2 Equation 2:

Equation (2) describes how the AUClog value was obtained, where D1log and D2log are the 

delays associated with successive indifference points, and Vi and V2 are the indifference 

point values associated with these delays in a log scale.

Delay discounting data was assessed for systematicity using the criteria proposed by 

Johnson and Bickel (2008). As done in earlier delay discounting studies (DeHart et al., 

2020; Friedel et al., 2014), we chose not to remove participant data from the analyses due 

to the within-subject design of this study. That is, if one participant had data that met the 

exclusion criteria for one of the delay discounting tasks, all of his/her data would have to be 

excluded as well, resulting in a considerable amount of loss of systematic data.

Mixed effect models using restricted maximum likelihood (REML), including time and type 

of measurement as fixed effects, were conducted to compare the AUClog and logk values 

for three different delay discounting tasks (money-money, e-liquid-e-liquid, and e-liquid-

money) across all participants at the non-deprivation and the deprivation sessions. Eta-

squared was used to estimate the magnitude effects, with 0.01, 0.06, and 0.14 corresponding 

to small, medium, and large effect sizes. Then, Tukey’s honest significant difference (HSD) 

pairwise comparisons were conducted to identify possible differences between sessions and 
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tasks in AUClog and logk values. Significance for all statistical analyses was defined as p < 

.05 and the statistical package used was SAS version 9.1 (SAS Institute, Cary, NC, USA).

Results

Participants

The sample baseline characteristics are depicted in Table 1 (N=30). The majority of 

participants were White, non-Hispanic (100%), heterosexual (90.6%), college-educated 

males with an annual household income above $100,000. Participants were on average 19.1 

years old, vaping regularly for a year (2.3 ml/day), and were moderately nicotine dependent 

(M=9.3). Most participants (70%) were never smokers and 30% were former smokers.

Subjective Measures

Nicotine craving scores were significantly higher during the deprivation (M= 39.7, SD= 

12.8) vs. non-deprivation session (M=29.8, SD = 12.7) as measured by the QVC (t(28) 

=−3.40, p=.002, ηp
2= 0.29).

Delay Discounting

Supplemental Material depicts histograms of logk data for the three tasks (money-money, 

- liquid-e-liquid, e-liquid-money). Values were normally distributed, and none failed the 

Shapiro-Wilk normality tests.

Mixed effects models testing the effect of short-term nicotine deprivation on delay 

discounting (logk) showed a significant effect of task type ( F(2, 145) = 29.57, p <.001 

ηp
2 = 0.12) and task-by-session interaction (F(2, 145) = 8.88, p<.001 ηp

2 = 0.04), but no effect 

of session alone (F(1, 145) = 1.00, p = .318 ηp
2 = 0.00), indicating that mean logk values 

were different across the three different delay discounting tasks and that the logk values 

changed differently between non-deprivation and deprivation session across the three tasks 

(see Figure 1). Post hoc analyses showed that logk values were significantly larger in the 

deprivation session (Mlogk = −2.85 (SE = 0.23)) compared to the non-deprivation session 

(Mlogk = −3.63 (SE = 0.23)) for the e-liquid-money task (p ≤.001). No differences were 

found between sessions for the money-money task (non-deprivation session Mlogk = −2.67 

(SE = 0.18); deprivation session Mlogk = −2.93 (SE = 0.17), p = .18) or e-liquid-e-liquid task 

(non-deprivation Mlogk = −2.09 (SE = 0.24); deprivation session Mlogk = −2.28 (SE = 0.20), 

p = .35). Figure 1a shows the mean logk values for the non-deprivation and the deprivation 

session, with larger values along the y-axis indicating greater delay discounting.

Mixed effects models testing the effects of nicotine deprivation on AUClog values also 

showed a significant effect of type of task (F(2, 145) = 26.15, p<.001 ηp
2 = 0.13)) and 

task-by-session interaction (F(2, 145) = 4.60, p = .015 ηp
2 = 0.02), but not for session (F(1, 

145) = 1.20, p = .274 ηp
2 = 0.0), showing again that mean AUClog values were different 

across the three different delay discounting tasks and between sessions across the three 

delay discounting tasks. Post hoc analyses provided evidence that AUClog values for the 

e-liquid -money (p = .0026) were smaller at the deprivation session (MAUClog = 0.64 (SE 
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= 0.03)) compared to the non-deprivation session (MAUClog = 0.77 (SE = 0.03)). Again, no 

differences were found in AUClog values (p = .31) between sessions for the money-money 

task (non-deprivation session MAUClog = 0.63 (SE = 0.04); deprivation session MAUClog = 0.67 

(SE = 0.03)) and e-liquid -e-liquid (non-deprivation session MAUClog = 0.49 (SE = 0.04); 

deprivation session MAUClog = 0.50 (SE = 0.05), p= 0.87). Figure 1b shows the mean AUClog 

values for the non-deprivation and deprivation session, with smaller values along the y-axis 

evidencing greater delay discounting.

At the non-deprivation session greater discounting was observed in the e-liquid-e-liquid task, 

than in the money-money task, and the least discounting was found in the e-liquid-money 

task. In contrast, the order from larger to smaller discounting in the deprivation session was 

e-liquid-e-liquid, e-liquid-money, and money-money (Figure 2).

Discussion

The present study is the first to conduct an initial examination of the effects of nicotine 

deprivation on delay discounting rates for two commodities (money and e-liquid) among 

young-adult, exclusive ENDS users. Three major conclusions were drawn from the results. 

First, young ENDS users exhibited significantly greater discounting in the e-liquid-money 

task following nicotine deprivation. Second, nicotine deprivation did not impact delay 

discounting rates for monetary rewards and e-liquid in the same commodity task. Third, 

short-term nicotine deprivation produced an elevation in craving levels.

Discounting significantly increased in the e-liquid vs. money task following nicotine 

deprivation (i.e., cross-commodity task), which resulted in greater preference for 

immediately available e-liquid versus waiting for a larger magnitude of money. This finding 

is consistent with prior research showing increased discounting in a cigarette now vs. 

money later task among smokers after 24 hours of nicotine deprivation (Mitchell, 2004). 

Our finding suggests that after a period of nicotine deprivation young-adult, experienced 

ENDS users become even more impulsive for the drug of choice (i.e., nicotine) relative 

to monetary rewards. There are several possible explanations for this result. For instance, 

our participants were in a state of nicotine deprivation, that is, they may have discounted 

e-liquid more steeply than money during the deprivation session because even a small 

amount of the drug of choice (in this study e-liquid) could reduce or eliminate their cravings 

to vape (Odum et al., 2020). Our finding is also partly in agreement with the Estle et 

al.’s (2007) Inconsistency of Desire Hypothesis. This hypothesis suggests that the degree to 

which non-monetary rewards are wanted fluctuates over time, whereas money, a generalized 

(fungible) conditioned reward, does not change its value because it can be exchanged for a 

wide variety of goods in the future. In our study, nicotine deprivation may have enhanced 

the salience of e-liquid, but it did not impact the need for a monetary reward. Future 

studies should explore other potential mechanisms associated with an increased discounting 

for e-liquid over money. For example, this approach could be used to investigate other 

factors (or combinations of these), such as stress and alcohol, on delay discounting rates. 

More importantly, future studies should explore alternative rewards that may be able to 

compete with the immediate availability of e-liquid during deprivation, which could have 

important implications for treatment development. This information is particularly relevant 
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for contingency management, which has shown to be an efficacious approach for promoting 

abstinence among tobacco users (Dallery et al., 2007; Higgins et al., 2022). In this sense, 

delay discounting studies can be helpful to determine the specific rewards able to shift 

reinforcement away from ENDS use towards other healthy behaviors that both compete 

with and can’t occur at the same time as vaping. Additional delay discounting studies could 

explore novel ways to deliver rewards, perhaps using remote delivery methods, the specific 

types of rewards that may be more appealing and able to compete with ENDS use, and the 

timing for delivering these rewards.

We also found that nicotine deprivation did not alter delay discounting rates for monetary 

rewards and e-liquid among young ENDS users in the same commodity tasks. The finding 

that the rates of delay discounting for money did not change is consistent with results 

reported by some earlier studies conducted among smokers (Ashare & Kable, 2015; 

Czuczman et al., 2021; Miglin et al., 2017; Mitchell, 2004; Roewer et al., 2015) which 

showed no evidence of an effect of nicotine deprivation on discounting for monetary 

rewards, but contradicts other published studies (Ashare & Hawk, 2012; Field et al., 

2006; Heckman et al., 2017; Searcy, 2011; Yi & Landes, 2012) that showed an increase 

in discounting of money following nicotine deprivation. Our result contributes to the 

contradictory literature on the effects of nicotine deprivation on delay discounting for 

monetary rewards. Although this result is puzzling, we have various potential explanations. 

First, it is possible that short-term nicotine deprivation only produces an increased delay 

discounting for the drug of choice, in this study ENDS, relative to monetary rewards and 

does not enhance the decision-making for other rewards. This explanation would suggest 

that discounting rates for different types of rewards are mostly independent (Jimura et al., 

2011) or at least influenced by different factors. In addition, the overall sample was made up 

of affluent, young adults living in a household with an average income above the median US 

household income ($67,521 in 2020). Given the evidence that socioeconomic (SES) status 

influences delay discounting, with individual with higher SES evidencing lower discounting 

rates for monetary rewards (Ishii et al., 2017), it is understandable that our sample of 

young adults did not provide evidence of an increase on monetary rewards while deprived 

of nicotine. Finally, methodological differences across studies may have an important role 

in the divergent findings, including different types of delay discounting tasks (i.e., real vs 

hypothetical tasks) and participants’ characteristics. Future studies should replicate and build 

upon prior study procedures to test whether earlier findings are reproducible.

Unexpectedly, we did not find a significant change in the delay discounting rates of e-liquid 

as a function of short-term nicotine deprivation. No changes in delay discounting rates for 

nicotine products were reported in a prior study involving cigarette smokers in short-term 

nicotine deprivation (24h)(Yi & Landes, 2012). One possible explanation for our finding 

may be related to a commodity effect (Yi & Landes, 2012). It is possible that e-liquid, 

(i.e., the substance of choice) is highly preferred immediately over larger, delayed amount 

of e-liquid, and thus, even a state of nicotine deprivation does not impact this preference. 

The strong preference for e-liquid is also supported by our finding in the cross-commodity 

tasks that showed that immediate valuation of e-liquid relative to money, which is enhanced 

during short-term nicotine deprivation. Alternatively, as suggested by Yi et al(Yi & Landes, 

2012), it is also possible that the option of delayed e-liquid is extremely disliked as most 
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tobacco users, including e-cigarette users. Therefore, the availability of delayed e-liquid may 

seem valueless to these individuals. Finally, it is also possible that the 16-h deprivation 

was not sufficient to produce changes in the same commodity delay discounting task 

(e-liquid now vs. e-liquid later), despite producing increases in the cross-commodity task 

(e.g., e-liquid now vs. money later). Future studies could explore whether a longer period of 

nicotine deprivation is associated with increased delay discounting for e-liquid.

Finally, we found that our sample of young, experienced ENDS users reported an increase 

in craving levels after a 16-hr period of nicotine deprivation. We used the only questionnaire 

that has been specifically validated for ENDS users (i.e., QVC)(Dowd et al., 2019). 

Extensive prior literature has demonstrated that tobacco users experience increments in 

craving after a period of nicotine deprivation (Bedi et al., 2011; Drobes & Tiffany, 1997). 

In contrast, there are only a few studies that have explored craving from vaping only 

among ENDS users (Felicione et al., 2021; Hughes et al., 2020; Pericot-Valverde et al., 

2021). Craving is a clinical phenomenon that plays an important role in the maintenance 

of drug use (Kassel et al., 2007; Niaura et al., 1988), including tobacco use. More 

importantly, craving has been identified as a precipitant of relapse among traditional 

cigarette smokers (Wray et al., 2013). Therefore, the availability of studies delineating 

craving for ENDS is important for treatment development. If future research determines that 

ENDS produces modest levels of craving, this would suggest that ENDS have less abuse 

liability than combustible tobacco cigarettes. Additionally, if future research demonstrates 

that deprivation-induced craving does not necessarily precipitate ENDS use, it would 

represent a step toward determining the effectiveness of ENDS as a cessation aid for 

combustible tobacco users. Therefore, future studies should explore craving for ENDS under 

other conditions, such as comparing the magnitude of craving between ENDS users and 

smokers or determining the effect of abstinence-induced craving on motivation to vape.

The following limitations should be taken into consideration. First, the sample size 

was relatively small, mostly men, White, and only ENDS users, which may reduce 

the generalization of the results to other ENDS users, such as older users, women, 

underrepresented minorities or dual users. Second, although the delay discounting tasks 

were presented in random order, the sessions were completed in a fixed order. While there 

is a potential for practice effects, the intrinsic characteristics of the delay discounting task 

make the likelihood to either consciously or unconsciously alter or modify the responses 

very unlikely (Odum, 2011). Third, participants were in a brief state of nicotine deprivation 

from ENDS (16hr). Future studies should explore whether delay discounting rates among 

ENDS users after longer periods of nicotine deprivation (e.g., 24hr). Fourth, in this study we 

used a delay discounting task involving hypothetical choices. It should be noted, however, 

that prior studies have reported similar results in estimating delay discounting for both real 

and hypothetical discounting tasks.(Johnson & Bickel, 2002; Lagorio & Madden, 2005; 

Madden et al., 2003) Whether similar findings can be found using delay discounting tasks 

involving real rewards (i.e., e-liquid and money) and, more importantly, whether these 

choices can be modified using behavioral interventions, such as episodic future thinking, are 

unknown. Fifth, the sample of young adults was relatively wealthy with annual household 

income (˃$100,000). The economic situation of our participants may have influenced the 

decisions where the participant had to choose monetary rewards. Finally, we would like to 
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acknowledge that this study took place within the context of a parent study. Therefore, there 

is a possibility that the findings may have been affected by the parent study’s procedures.

In conclusion, the present study demonstrated that young, exclusive ENDS users 

demonstrate an increase in delay discounting for immediate e-liquid over delayed money 

when deprived. However, such users did not show change for monetary rewards or e-liquid 

when compared with the same commodity. The present study builds upon prior research on 

delay discounting while providing a step forward by conducting the first study exploring the 

impact of ENDS deprivation on delay discounting.
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Figure 1. 
Depicts mean logk and AUClog values for the three delay discounting tasks at the non-

deprivation (ND) and deprivation (D) sessions: money now-money later (M-M), mL now-

mL later (ml-ml), and mL now-money later (mL-M). Error bars represent standard error 

of the mean. The asterisk (*) represent p<0.05. Larger logk and lower AUClog values 

indicating greater discounting
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Figure 2. 
shows the delay discounting curves in the non-deprivation (upper panel) and at the 

deprivation session (lower panel) for the three delay discounting tasks. The symbols indicate 

the mean indifference points for a given delay for: money now-money later (M-M) (circle), 

mL now-mL later (ml-ml) (triangle), and mL now-money later (mL-M) (square). These 

curves represent the best fitting hyperbolic function based on k values derived from Equation 

1, with steeper curves denoting greater delay discounting.
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Table 1.

Participant characteristics (N=30)

Characteristic M ± SD/%

Age (years) 19.1 ± 1.1

Gender (male) 76.7

Race/ethnicity (White, non-Hispanic) 100

Sexual orientation

 Heterosexual 90.0

 Bisexual 10.0

Educational attainment

 ≤ High school graduate 13.3

 ≥ Some college 86.7

Annual household income

 ≤$99,999 33.3

 $100,000–$149,999 23.3

 ≥$150,000 43.3

Age at first ENDS use 16.2 ± 1.9

Age at regular ENDS use 18.1 ± 1.2

Months of regular ENDS use 11.5 ± 7.4

Days using ENDS in the past 30 days 27.9 ± 3.0

Puffs per day 72.3 ± 57.6

Daily use of e-liquid (mL) 2.3 ± 2.2

PSECDI 9.5 ± 3.8

CO (ppm) 2.2 ± 1.2

NicAlert score 5.4 ± 1.0

Smoking history

 Former smoker 30%

 Never smoker 70%

Note: mL: milliliters. PSECDI: Penn State Electronic Cigarette Dependence Index; PSECDI scoring 0–3= not dependent; 4–8= low dependence; 
9–12= medium dependence; 13+= high dependence; CO = carbon monoxide; ppm = parts per million; NicAlert levels and corresponding levels 
of urine cotinine 0=0–10ng/mL, 1=10–330 ng/mL, 2=30–100 ng/mL, 4=200–500 ng/mL, 5=500–1000 ng/mL, 6=˃1,000 ng/mL; Former smoker = 
reported having smoked >100 cigarettes lifetime. Never smoker = reported having smoked <100 cigarettes lifetime.
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