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ABSTRACT (word count = 226/250) 

Aim To describe systemic nicotine exposure and subjective effects of electronic cigarettes (e-

cigarettes) in people who use both e-cigarettes and cigarettes (dual users), including within-

subject comparisons of e-cigarette and cigarette use. Design Two-arm, counterbalanced 

crossover study. Participants used their usual brand of e-cigarette or cigarette during a 

standardized session in a 2-week study. Setting Research ward, San Francisco, California, 

USA. Participants Thirty-six healthy (8 women, 28 men) participants. Measurements 

Plasma nicotine was analyzed by gas chromatography–tandem mass spectrometry; nicotine 

withdrawal, urge to smoke and vape, affective states, craving, satisfaction, and psychological 

reward were measured by standardized questionnaires. Findings Compared with cigarettes, 

average maximum plasma nicotine concentration (Cmax) was lower with e-cigarettes [6.1±5.5 

ng/ml (mean, SD) vs 20.2±11.1 ng/mL, p<0.001] and time of maximal concentration (Tmax) 

was longer [6.5±5.4 min vs 2.7±2.4 min, (p<0.001)]. Use of both products resulted in a 

reduction in the severity of withdrawal symptoms, negative affect, and urge to use either 

product. E-cigarettes were less rewarding and satisfying and reduced craving to a lesser 

degree than cigarettes. We were not able to detect any differences in withdrawal symptoms, 

affective states, and urge to smoke cigarettes between e-cigarette and cigarette use. 

Conclusion Systemic nicotine exposure was on average lower with single use of e-cigarettes 

compared with cigarettes and e-cigarettes was judged to be less satisfying and rewarding and 

reduced craving less than cigarettes.  
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INTRODUCTION  

The efficiency of nicotine delivery and its potential for facilitating self-administration 

of electronic cigarettes (e-cigarettes) can be assessed through nicotine pharmacokinetic studies 

[1]. Although a majority of adults who use e-cigarettes are also cigarette smokers, i.e. they are 

dual users, most published pharmacokinetic studies of e-cigarettes have been conducted with 

e-cigarette-naïve smokers and/or experienced e-cigarette users who use e-cigarettes 

exclusively or primarily [1, 2]. Assessments of nicotine intake and subjective effects from e-

cigarette use in dual users may inform questions of why dual users do not switch completely 

to e-cigarettes but instead use e-cigarettes as a supplemental source of nicotine to compensate 

for smoking reduction [3, 4] or to navigate smoking restrictions [5]. 

To the best of our knowledge, a study by Hajek and colleagues is the only published 

description of nicotine pharmacokinetics of commercially available e-cigarettes in dual users 

[6].  The study found that dual users were exposed to lower levels of nicotine from e-cigarette 

use compared to smoking cigarettes, and that more advanced e-cigarettes exposed users to 

higher levels of nicotine compared to cig-a-likes based on higher maximum plasma nicotine 

concentration (Cmax) and area under the plasma nicotine concentration-time curve (AUC) over 

a limited assessment time of 30 minutes. Subjective effects of nicotine or tobacco product 

administration were not presented, which limits our understanding of how these factors may 

interplay with nicotine pharmacokinetics to explain e-cigarette use behavior among dual users. 

In the present study, we describe a comprehensive assessment of 

pharmacokinetic/pharmacodynamic (PK/PD) effects of e-cigarette use among dual users, 

including: (a) a within-subject comparison of nicotine exposure and subjective effects of 

participants’ usual brands of e-cigarettes and cigarettes, and, (b) between-subject comparisons 

of nicotine exposure and subjective effects of different types of e-cigarettes.  
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METHODS 

 We conducted a 2-arm counterbalanced, crossover study over two consecutive weeks 

in healthy dual users of e-cigarettes and cigarettes. During each arm, participants used their 

usual brand of e-cigarettes or cigarettes over four days of outpatient ad libitum access followed 

by three days of product use in a hospital research ward. The hospital phase of each arm 

included a single-dose pharmacokinetic study on the first day of admission, the focus of this 

paper, followed by two days of ad libitum access to the assigned product to examine circadian 

nicotine intake, physiologic and subjective effects [7], and systemic toxicant exposure. 

 

Participants  

 Thirty-six participants (8 women) recruited via Craigslist.com, Facebook, flyers, and 

college campus newspapers completed the study. Criteria for inclusion were: age 21 or over; 

healthy via medical history and a limited physical examination; smoke at least 5 cigarettes per 

day (CPD) over the past 30 days and use the same e-cigarette device at least once daily on 15 

of the past 30 days; no intention to quit smoking or vaping over the next 3 months; and at the 

physical exam, have saliva cotinine and expired carbon monoxide (CO) of ≥50 ng/mL and ≥5 

ppm, respectively, negative pregnancy test (if a woman), and negative urine illicit drug test, 

except for cannabis. The study was approved by the Institutional Review Board at the 

University of California San Francisco, and registered in ClinicalTrials.gov (NCT02470754). 

Written, informed consent was obtained from each participant and all participants were 

financially compensated.  

 

Products 

 Participants used their usual brands of e-cigarettes and cigarettes, provided by the study. 

Details of the products are provided in Supplementary Table 1.  
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Experimental procedure 

 Participants arrived at the Clinical Research Center of the Zuckerberg San Francisco 

General Hospital between 7:00 to 8:00 AM on Day 5 of each study arm after overnight 

abstinence starting at 10 PM. We measured expired CO to verify abstinence from smoking (≤ 

5 ppm).  

At 9:00 AM, participants used the assigned e-cigarette or cigarette in a standardized 

protocol, taking one puff every 30 seconds [8]; puff duration was not controlled by the study. 

Cig-a-like and pod users took a total of 15 puffs while fixed-power and variable-power tank 

users took a total of 10 puffs. Based on our previous studies [8, 9], we estimated that 15 puffs 

from cig-a-likes/pods and about 10 puffs from tank devices would deliver similar nicotine 

levels as that of typical cigarettes (~1 mg) [10]. Cigarettes were smoked to completion, 

allowing for a more naturalistic control for comparisons of nicotine intake and subjective 

effects from e-cigarette use with cigarettes. We weighed the e-cigarettes before and after vaping 

to determine the amount of e-liquid consumed and nicotine inhaled. To quantify systemic 

nicotine dose from e-cigarettes, we collected the nicotine exhaled after each puff using gas 

traps [8, 11]. We collected blood samples before and 2, 5, 15, 30, 45, 60, 90, 120, 180, and 240 

minutes after the last puff of each product through an intravenous (IV) line in the forearm.  

 

Measures 

At the screening visit, we administered questionnaires to assess demographics, smoking 

and e-cigarette history and tobacco dependence, including the Fagerström Test of Cigarette 

Dependence (FTCD) [12]. The E-cigarette Use Index, devised for this study, measures the 

frequency of e-cigarette use per day over the past 30 days as follows: 

E-cigarette Use Index = 
(𝐸−𝑐𝑖𝑔𝑎𝑟𝑒𝑡𝑡𝑒 𝑡𝑖𝑚𝑒𝑠 𝑝𝑒𝑟 𝑑𝑎𝑦)×(𝐸−𝑐𝑖𝑔𝑎𝑟𝑒𝑡𝑡𝑒 𝑢𝑠𝑖𝑛𝑔 𝑑𝑎𝑦𝑠 𝑝𝑒𝑟 𝑚𝑜𝑛𝑡ℎ)

30 𝑑𝑎𝑦𝑠
 where, 

“e-cigarette times per day” is the number of times e-cigarettes are used on days that they are 
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used, assuming each “time” consisted of around 15 puffs or lasted around 10 minutes [13] 

and “e-cigarette using days per month” is the number of days on which e-cigarettes were 

used.  

The e-cigarette to cigarette use ratio =  
𝐸−𝑐𝑖𝑔𝑎𝑟𝑒𝑡𝑡𝑒 𝑈𝑠𝑒 𝐼𝑛𝑑𝑒𝑥

𝐶𝑖𝑔𝑎𝑟𝑒𝑡𝑡𝑒𝑠 𝑃𝑒𝑟 𝐷𝑎𝑦
, assesses the relative frequency 

of use of products. 

During the inpatient study, we measured nicotine withdrawal with the Minnesota 

Nicotine Withdrawal Scale (MNWS) [14]; Questionnaire for Smoking Urges (QSU-Brief) and 

the QSU-Brief modified for e-cigarettes to measure urge to smoke or vape (we administered 

both forms of the QSU during each arm); the Positive and Negative Affect Schedule (PANAS) 

to measure affective state [15]; and the modified Cigarette Evaluation Scale (mCES) to 

measure satisfaction, reward, aversive effects, enjoyment of sensation at the back of the throat 

and chest, and craving reduction after use of either product [16]. QSU Factor 1 assesses the 

positive reinforcement aspects of smoking or vaping and QSU Factor 2 assesses the negative 

reinforcing aspects of smoking or vaping [17]. We administered the MNWS, QSU, and 

PANAS questionnaires before and 5 minutes, 2 hours, and 4 hours after the last puff of each 

product while the mCES was administered at 5 minutes after the last puff. 

 

Analytical chemistry 

We measured nicotine in the 0.02 N HCl gas trap solution and in e-liquids by LC-

MS/MS [8, 18]. The limit of quantitation (LOQ) was 0.5 ng/mL. We determined cotinine 

concentration in saliva by GC and nicotine concentration in plasma by a GC-MS/MS method 

[19] modified for tandem mass spectrometry for improved sensitivity. The LOQ for saliva 

cotinine and plasma nicotine were 10 ng/mL and 0.2 ng/mL, respectively.  
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Pharmacokinetic analysis 

We estimated pharmacokinetic (PK) parameters from plasma nicotine concentrations 

using Phoenix WinNonlin 6.3 (Pharsight Corporation, Mountain View, CA). We computed 

Cmax, time to maximum concentration (Tmax), and AUC from 0 to 5 min (AUC05), 0 to 15 

min (AUC015), 0 to 30 min (AUC030), 0 to 240 min (AUC0240), and 0 to infinity 

(AUC0∞) using a noncompartmental model and trapezoidal rule. To account for plasma 

nicotine concentrations prior to product administration, we corrected Cmax and AUCs for each 

day’s baseline values by subtracting the extrapolated blood nicotine level (based on log-linear 

decline) from the measured levels at each time point as described previously [8]. The PK-

estimated dose for the session was computed as the product of average population clearance 

of nicotine (~1200 mL/min) and AUC(0∞) [10]. As a measure of nicotine titration, which is 

the extent to which users match systemic nicotine exposure from cigarette smoking with e-

cigarettes, we computed the quotient of AUC(0∞) with e-cigarette to AUC(0∞) with 

cigarette, where values closer to 1 indicate more complete titration. 

 

Statistical analysis 

The primary outcome on which we powered the study was the difference in daily 

nicotine exposure between e-cigarette vs cigarette use. We used within-subject variability 

data on plasma cotinine (mean, 200 ng/mL, CV 25%) in cigarette smokers whose cotinine 

had been measured on multiple occasions for estimation [20]. We estimate that with 36 

participants in a 2 × 2 cross-over design using ratios and a coefficient of variation of 25% in 

effect measure, we would have 86% power to determine significance of a ratio of 1.20 in the 

two conditions. 

We calculated systemic retention of nicotine from e-cigarettes as described previously 

[8]. One pod user retained ~0% of the amount of nicotine inhaled from the pod and another 



 
This article is protected by copyright. All rights reserved. 

pod user had minimal increase in blood nicotine levels after cigarette use. Given the small 

sample size of 3, we omitted pod users from the primary analyses. 

For the primary analyses, we tested within-subject differences in blood nicotine 

levels, pharmacokinetic parameters, and subjective effects between e-cigarettes and cigarettes 

using mixed model analysis of variance (ANOVA). We included the order of product 

assignment in all models as a between-subject factor, and for models with outcomes 

measured multiple times during an arm, such as blood nicotine levels, an additional time 

variable was included. To examine whether changes in MNWS, QSU, and PANAS were 

different with e-cigarettes compared to cigarettes, we included a product assignment × time 

interaction term. Since subjective effects are influenced by both nicotine and non-nicotine 

factors [21], we repeated the primary analysis with plasma nicotine Cmax included as a 

covariate in separate models. Further, we repeated the primary analyses and included sex and 

FTCD as covariates since these factors have been shown to influence responses to cigarettes 

[22, 23]. Additional analyses included comparisons of nicotine pharmacokinetics and 

subjective effects across the three main types of e-cigarettes by Kruskal-Wallis 

nonparametric analysis.  

We carried out all analyses using SAS v. 9.4 (SAS Institute, Inc., Cary, NC, USA). 

Statistical tests were considered significant at <0.05 and multiple comparisons were corrected 

using Tukey’s method where applicable. Since the analysis was not pre-registered on a publicly 

available platform, the results should be considered exploratory. 

 

RESULTS 

 The characteristics of participants enrolled in the study are presented in Table 1. On 

average, participants smoked 12.9 CPD, used e-cigarettes on 22.6 days of the past 30 days, and 
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on days when e-cigarettes were used, they used e-cigarettes 8.1 times. Half of all participants 

(50%) used tobacco flavored e-cigarette liquid.  

 

Nicotine pharmacokinetics: E-cigarettes vs combustible cigarettes 

Although all subsequent analyses excluded pod users for reasons described before, the 

findings of the analyses with pod users included and those with pod users excluded were 

consistent. Compared to cigarette smoking, e-cigarette use resulted in lower average blood 

nicotine levels at all post-administration time points among all participants (minus pod users) 

(p<0.001) (Figure 1A). We found similar results when we grouped participants according to 

the types of e-cigarettes used (Figure 2 A-C). (The plasma nicotine concentration-time curves 

of the pod users are presented in Figure 2 D-F.)  

Considering all participants, plasma nicotine Cmax, AUCs, and the PK-predicted 

nicotine dose were higher with cigarettes while Tmax and the nicotine elimination half-life were 

longer with e-cigarettes (Table 2). Tmax was measured as the time from the last puff to Cmax for 

both products.  

On average, plasma nicotine Cmax was 5.4 times higher with cigarettes compared to e-

cigarettes (SD 4.4; median 4.3; range 0.6-20.1 times) (Figure 1B). Only three participants had 

higher Cmax with e-cigarettes compared to cigarettes: (1) variable-power tank user, 15.4 ng/mL 

vs 13.6 ng/mL; (2) variable-power tank user, 17.5 ng/mL vs 13.7 ng/mL; and, (3) cig-a-like 

user, 25.5 ng/mL vs 15.0 ng/mL. As a measure of the extent of nicotine titration, the average 

quotient of AUC(0∞) with e-cigarette and AUC(0∞) with cigarette of all participants was 0.49 

(SD 0.53, range 0.10-2.92).  
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Nicotine pharmacokinetics: E-cigarette types 

 Comparisons of e-cigarette and cigarette use and dependence across types of e-

cigarettes are shown in Table 3 (Section A) while comparisons of the pharmacokinetic profiles 

of the types of e-cigarettes are presented in Section B and Figure 1C. The average plasma 

nicotine concentrations across types of e-cigarettes were different (p=0.043), driven by 

differences between variable-power tank users and fixed-power tank users (Figure 1C). 

Titration among users of cig-a-likes [0.43 (0.36), mean (SD)], fixed-power tanks [0.39 (0.31)], 

and variable-power tanks [0.85 (1.03)] were similar (p=0.36). 

 

Subjective effects: E-cigarettes vs combustible cigarettes 

MNWS total score, PANAS negative, and QSU scores changed significantly after e-

cigarette or cigarette administration (Figure 2) but we did not confirm a significant product 

assignment × time interaction term for these measures. Urge to vape [QSU Factor 1 (p<0.001) 

and Factor 2 (p=0.002)] were higher during the e-cigarette arm compared to the cigarette arm 

but there was no evidence of significant differences when plasma nicotine Cmax was included 

in the models. Inclusion of sex and tobacco dependence measures as covariates in the models 

did not change the outcome. 

The average (and SD) of the five mCES subscales immediately after e-cigarette and 

cigarette use (in this order) were as follows: (1) enjoyment of sensation, 4.1 (1.5) vs 4.6 (1.6), 

p=0.05; (2) craving reduction, 4.2 (1.7) vs 5.6 (1.7), p<0.001; (3) satisfaction, 14.3 (4.3) vs 

16.6 (3.3), p=0.001; (4) psychological reward, 19.7 (7.6) vs 23.2 (6.7), p=0.006; and (5) 

aversion, 5.1 (3.3) vs 5.5 (2.9), p=0.44. On inclusion of plasma nicotine Cmax in the models, we 

did not find evidence of significant differences between e-cigarettes and cigarettes.  
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Subjective effects: E-cigarettes types 

During the e-cigarette arm, urge to smoke (QSU Factor 1, p=0.035 and Factor 2, 

p=0.009) and urge to vape (QSU Factor 2, p=0.004) were different across the types of e-

cigarettes used in the study, driven by a larger decreases in these measures among variable-

power tank users compared to cig-a-like and fixed-power tank users immediately after e-

cigarette use. PANAS positive scores were different during the e-cigarette (p=0.003) and 

cigarette arms (p<0.001) across the types of e-cigarette used but this difference was driven by 

higher average PANAS positive scores at baseline for fixed-power tank users compared to cig-

a-like and variable-power tank users.  

 

Correlates of nicotine exposure and titration 

The E-cigarette Use Index and number of times e-cigarettes are used during the day 

were moderately correlated with plasma nicotine Cmax during the e-cigarette arm [rho=0.33 

(p=0.05) and rho=0.36 (p=0.03), respectively] but not during the cigarette arm [rho=-0.03 

(p=0.86) and rho=-0.02 (p=0.89), respectively]. We could not confirm significant correlations 

between the degree of nicotine titration and the E-cigarette Use Index (rho=0.30, p=0.07) and 

number of times e-cigarettes are used during the day (rho=0.31, p=0.07). Correlations across 

e-cigarette types between degree of titration and E-cigarette Use Index were as follows: cig-a-

like, rho=0.17, p=0.60; fixed-power, rho=0.24, p=0.38; and variable-power, rho=-0.03, p=0.96. 

Similarly, correlations between degree of titration and number of times e-cigarettes are used 

during the day were as follows: cig-a-like, rho=0.07, p=0.83; fixed-power, rho=0.25, p=0.37; 

and variable-power, rho=0.03, p=0.96. 

 

 

 



 
This article is protected by copyright. All rights reserved. 

DISCUSSION 

 While one study has described nicotine pharmacokinetics from e-cigarette use in dual 

users [6], our study is the first combined assessment of nicotine pharmacokinetics and 

subjective effects of commercially available e-cigarettes in dual users. Using their usual 

products in a standardized session, we show that e-cigarette use resulted in lower systemic 

nicotine exposure than cigarette smoking. Tmax and the elimination half-life of nicotine were 

significantly longer with e-cigarette use, likely due to greater oral deposition and/or swallowing 

of the e-cigarette aerosol compared to cigarette smoke. Relative to baseline, use of both 

products resulted in a reduction of the severity of withdrawal symptoms, negative affect, and 

urge to use either product. However, despite lower nicotine intake with e-cigarettes, changes 

in withdrawal symptoms, affective states, and urge to smoke cigarettes were not conclusively 

shown to be different or not between e-cigarette and cigarette use, suggesting that nicotine is 

not the sole driver of these effects. Consistent with previous studies [24, 25], we found that e-

cigarettes were less rewarding and satisfying and reduced craving to a lesser degree than 

cigarettes. Interpreting these self-reported subjective effects data in the context of detailed 

nicotine intake and pharmacokinetic data from dual users is novel to our study and offers 

explanations for incomplete switching to e-cigarettes among smokers.  

 A strength of our study is that we enrolled users of commonly used designs of e-

cigarettes, spanning a range of e-liquid nicotine content and electrical power. Across these 

devices, systemic exposure to nicotine was lower from e-cigarette use compared to cigarette 

smoking in most participants even though recent studies have shown that experienced e-

cigarette users can achieve blood nicotine levels typically seen in smokers [8, 26-28]. Only 

four of 36 participants (11.1%) had plasma nicotine Cmax of at least 11 ng/mL, a typical nicotine 

boost from cigarettes [29], with e-cigarette use (15.4, 17.5, 18.9, and 25.5 ng/mL) compared to 

26 participants (72.2%) with cigarette smoking (ranging from 11.0 to 46.1 ng/mL) (Figure 1B). 



 
This article is protected by copyright. All rights reserved. 

Average systemic nicotine retention from e-cigarettes was high (>90%), as we have shown 

previously [8, 9] and the average retained dose of nicotine exceeded 1 mg. Thus, the relatively 

low blood nicotine levels following e-cigarette use are not explained by poor nicotine delivery 

from the e-cigarettes or low systemic retention.  

Tobacco product user characteristics that might influence nicotine dose include sex, 

level of tobacco dependence, and puffing behavior. We found no evidence of significant effects 

of sex and tobacco dependence on nicotine intake. However, given the small number of women 

enrolled (8 of 36), our study was not adequately powered to determine a sex effect. Aerosol 

swallowing would result in lower blood nicotine levels due to slower rates of nicotine 

absorption in the stomach and first pass metabolism. Although we controlled the total number 

of puffs taken, we asked participants to puff on each product as they usually do, thus allowing 

participants the opportunity to alter their vaping behavior to titrate their desired nicotine dose 

[30]. Overall, nicotine titration with e-cigarettes relative to cigarettes was poor. Dual users may 

be using e-cigarettes in a manner that does not maximize their systemic exposure to nicotine. 

Users of variable-power tanks may be an exception, as they displayed a greater extent of 

nicotine titration. Users of variable-power tanks were exposed to significantly higher levels of 

nicotine than fixed-power tank users, and likely higher than cig-a-like users, but the small 

sample sizes across e-cigarette-types did not allow sufficient statistical power to detect 

significant differences.   

 Continued use of e-cigarettes as a supplementary rather than primary source of nicotine 

suggests that the abuse liability of e-cigarettes is lower than that of cigarettes [2, 4, 31]. 

Satisfaction, reward, and craving and urge reduction contribute to the reinforcing effect and 

abuse liability of tobacco products. Our data support the idea that the underlying reasons for 

differences in subjective effects of e-cigarettes and cigarettes include nicotine-related and non-

nicotine-related factors. Thus, vaping behaviors that influence systemic exposure to nicotine, 
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as well as non-nicotine factors, such as those associated with olfactory, taste and tactile 

sensations, may be important determinants of the extent of switching from cigarettes to e-

cigarettes. Other determinants of the extent of switching from cigarettes to e-cigarettes 

(smoking cessation) include factors at the individual to societal levels, such as genetic and 

metabolic differences, socioeconomic status, presence of various stressors, and smokefree 

policies, including home smoking bans [32-34].  

 There is considerable public health concern due to reports of the surging popularity of 

JUUL among teens and questions about its addictiveness. We present the first independent 

pharmacokinetic profiles of JUUL, but generalizability is limited in that only three participants 

were JUUL users, and one user retained very little nicotine from JUUL. The reasons for poor 

systemic nicotine retention in that participant are not known but most likely was because the 

participant did not inhale the aerosol into their lungs. Given the high nicotine content of JUUL 

and the expected high nicotine levels per puff, JUUL users may be especially averse to an 

intense puffing regime, as done in this study [35].  

 The fixed puffing protocol may limit the generalizability and/or the ecological validity 

of our findings. For example, e-cigarette users tend to vape intermittently in small clusters of 

puffs during the day and so a session of a fixed number of puffs may not reflect actual use 

patterns. However, immediately after periods of nicotine abstention, we have shown that vapers 

often self-administer nicotine using clusters of greater than 10 puffs which are then followed 

by smaller clusters of puffs [36, 37], suggesting that the fixed puffing protocol of 10 to 15 puffs 

has real-world relevance. In addition, consistent with our findings from the fixed puffing 

protocol, we report in a separate manuscript that participants showed lower nicotine intake and 

reported lower psychological reward but similar withdrawal suppression with e-cigarettes 

compared to cigarettes during a day of ad libitum access [7]. These findings further support the 

idea that differences between e-cigarettes and cigarettes in nicotine intake and subjective 
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effects from a fixed puffing protocol may be indicative of differences in nicotine intake and 

subjective effects from a longer period of ad libitum access. Further, participants could have 

smoked each cigarette more intensely than in their naturalistic setting in anticipation of not 

being able to smoke over the next four hours. Cigarettes allow for greater flexibility in puff 

duration, and therefore, nicotine intake, than e-cigarettes; long puffs on e-cigarettes can result 

in “dry puffs” and accompanying unpleasant sensations in the throat due to aldehyde 

generation, and are avoided by experienced e-cigarette users [38]. Furthermore, although 

cognitive expectancies influence craving of tobacco products, including e-cigarettes [39], it 

was not practical to blind participants to the study conditions. In assessing correlates of nicotine 

intake and extent of titration, the number of times e-cigarettes are used in the naturalistic setting 

are assumed to be either a session of 15 puffs or vaping for at least 10 minutes [13]. However, 

there is wide variability in e-cigarette use patterns and this assumption may not be generalizable 

to many e-cigarette users, including users of high nicotine content e-liquids who may take a 

few puffs at a time [35]. Finally, our study was primarily powered to detect differences in 

nicotine pharmacokinetic and subjective effects between e-cigarette use and smoking, and was 

not powered to detect effects of some of the null findings found, including differences across 

e-cigarette-types.  

 

CONCLUSIONS 

 Nicotine intake and systemic exposure are on average lower with single use of e-

cigarettes compared to cigarettes. Nicotine exposure was highest with variable voltage tank 

compared to other devices. Use of e-cigarettes resulted in a reduction of the severity of nicotine 

withdrawal symptoms, changes in affective states, and reduced urge to smoke comparable to 

cigarette smoking but e-cigarettes are judged to be less satisfying and rewarding and reduced 
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craving less than cigarettes. These findings help explain why many dual users use e-cigarettes 

as a supplemental source of nicotine rather than switch completely to e-cigarettes. 
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TABLE 1 Demographic information and electronic cigarette and combustible cigarette history  

Variable N (%) / Mean (SD) Median (IQR) 

Age (mean, SD) 35.4 (11.7) 32.5 (25 – 41.5) 

Gender   

   Female (n, %) 8 (22.2)  

   Male (n, %) 28 (77.8)  

Race   

   Asian (n, %) 2 (5.6)  

   Black (n, %) 3 (8.3)  

   Latino (n, %) 4 (11.1)  

   White (n, %) 22 (61.1)  

   Mixed (n, %) 5 (13.9)  

Cigarettes per day (mean, SD) 12.9 (6.4) 10.0 (8 – 16.3) 

Days of e-cigarette use in past 30 (mean, SD) 22.6 (7.3) 21.0 (18 – 30) 

E-cigarette times per day (mean, SD) 8.1 (7.2) 5.0 (3 – 10) 

E-cigarette use index 6.5 (6.5) 4.5 (1.9 – 10) 

E-cigarette to cigarette use ratio 0.57 (0.56) 0.50 (0.16 – 0.67) 

FTCD (mean, SD) 4.4 (2.0) 4.0 (3.0 – 5.25) 

Time to first cigarette (TFC)   

   ≤ 5 min (n, %) 6 (16.7)  

   5-30 (n, %) 21 (58.3)  

   30-60 min (n, %) 8 (22.2)  

   > 60 min (n, %) 1 (2.8)  

Time to first vape   

   ≤ 5 min (n, %) 1 (2.8)  

   5-30 (n, %) 12 (33.3)  

   30-60 min (n, %) 4 (11.1)  

   > 60 min (n, %) 19 (52.8)  

Salivary cotinine, ng/mL (mean, SD) 189 (92.8) 190 (119 – 248) 

E-cigarette type   

   Cig-a-like (n, %) 12 (33.3)  

   Fixed-power e-cigarette (n, %) 15 (41.7)  

   Variable-power e-cigarette (n, %) 6 (16.7)  

   Pod (n, %) 3 (8.3)  

Flavor category   

   Dessert/candy 8 (22.2)  

   Fruit 5 (13.9)  

   Menthol 5 (13.9)  

   Tobacco 18 (50.0)  

Notes: SD is standard deviation; IQR is interquartile range; FTCD is Fagerström Test of Cigarette Dependence; 

E-cigarette times per day is the number of times e-cigarettes are used on days that they are used, assuming each 

“time” consisted of around 15 puffs or lasted around 10 minutes [ref [13]]; E-cigarette use index  = [E-cigarette 

times per day × E-cigarette using days per month] ÷ 30 days; E-cigarette to cigarette use ratio = E-cigarette Use 

Index ÷ Cigarettes Per Day. 
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TABLE 2 Comparison of average nicotine pharmacokinetic profile of electronic cigarettes 

compared to combustible cigarettes for all participants (A) and by the main types of e-cigarettes 

included in the study (B-D). 

    Parameter E-cigarette 
Combustible 

cigarette 
F
†
 p value 

A. All participants (n = 33)     

    Cmax (ng/ml) 6.1 (5.5) 20.2 (11.1) 40.95 < 0.001 

    Tmax (min) 6.5 (5.4) 2.7 (2.4) 14.64 < 0.001 

    Half-life (min) 137.6 (39.3) 121.2 (33.9) 5.89 0.021 

    AUC05 (ng/ml•min) 22.2 (21.5) 72.3 (38.4) 43.16 < 0.001 

    AUC015 (ng/ml•min) 72.0 (64.1) 207.8 (103.5) 41.48 < 0.001 

    AUC0240 (ng/ml•min) 550 (438) 1368 (665) 41.81 < 0.001 

    AUC0∞ (ng/ml•min) 779 (624) 1849 (981) 40.43 < 0.001 

    PK-estimated nicotine dose (mg) 0.9 (0.7) 2.2 (1.2) 40.43 < 0.001 

B. Users of cig-a-likes (n = 12)     

    Cmax (ng/ml) 5.6 (6.4) 19.5 (11.5) 13.08 0.004 

    Tmax (min) 9.3 (6.1) 2.3 (0.9) 16.84 0.002 

    Half-life (min) 125.1 (31.8) 115.9 (31.2) 0.83 0.381 

    AUC05 (ng/ml•min) 20.4 (25.6) 73.9 (42.7) 13.57 0.004 

    AUC015 (ng/ml•min) 67.2 (73.9) 222.4 (123.9) 13.57 0.004 

    AUC0240 (ng/ml•min) 520 (390) 1473 (861) 14.63 0.003 

    AUC0∞ (ng/ml•min) 718 (547) 1915 (1116) 13.71 0.004 

    PK-estimated nicotine dose (mg) 0.9 (0.7) 2.3 (1.3) 13.71 0.004 

C. Users of fixed-power e-cigarettes (n = 15)     

    Cmax (ng/ml) 4.9 (4.2) 19.4 (11.4) 24.83 < 0.001 

    Tmax (min) 5.6 (5.1) 3.3 (3.4) 2.28 0.153 

    Half-life (min) 138.0 (43.0) 116.5 (26.8) 5.94 0.029 

    AUC05 (ng/ml•min) 17.5 (15.5) 69.1 (40.6) 25.12 < 0.001 

    AUC015 (ng/ml•min) 55.2 (43.4) 196.7 (103.7) 26.98 < 0.001 

    AUC0240 (ng/ml•min) 388 (271) 1173 (443) 38.74 < 0.001 

    AUC0∞ (ng/ml•min) 542 (379) 1521 (578) 40.23 < 0.001 

    PK-estimated nicotine dose (mg) 0.7 (0.5) 1.8 (0.7) 40.23 < 0.001 

D. Users of variable-power e-cigarettes (n = 6)     

    Cmax (ng/ml) 10.0 (5.8) 23.7 (12.4) 5.71 0.060 

    Tmax (min) 3.5 (1.6) 2.0 (0.0) 5.00 0.076 

    Half-life (min) 161.5 (37.5) 143.7 (49.5) 0.56 0.500 

    AUC05 (ng/ml•min) 37.6 (21.7) 77.1 (27.4) 6.91 0.047 

    AUC015 (ng/ml•min) 123.4 (70.4) 205.6 (62.2) 4.15 0.097 

    AUC0240 (ng/ml•min) 1015 (591) 1646 (647) 3.18 0.135 

    AUC0∞ (ng/ml•min) 1495 (802) 2535 (1258) 3.33 0.127 

    PK-estimated nicotine dose (mg) 1.8 (1.0) 3.0 (1.5) 3.33 0.127 

Notes: 
†
 Degrees of freedom for analyses with: a) all participant = 1, 32;  b) cig-a-like users = 1, 11; fixed-power 

tanks = 1, 14; and, variable-power tanks = 1, 5. Cmax is maximum plasma nicotine concentration; Tmax is time to 

maximum plasma nicotine concentration; AUC05 is area under the plasma nicotine concentration-time curve (AUC) 

from 0 to 5 minutes; AUC015 is AUC from 0 to 15 minutes; AUC0240 is AUC from 0 to 240 minutes; AUC0∞ is 

AUC from 0 to infinity; PK (pharmacokinetic)-estimated dose is the product of average population clearance of 

nicotine (~1200 mL/min) and AUC(0∞) [ref [10]].
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TABLE 3 Electronic and combustible cigarette history and nicotine pharmacokinetics by types of e-cigarettes used 

Variable  Cig-a-like Fixed-power  Variable-power  Χ
2
 p-value 

n (%) 12 (33.3) 15 (41.7) 6 (16.7) 3.81 0.148 

A. Screening (mean, SD)      

Screening saliva cotinine (ng/mL)  204 (103) 193 (105) 172 (58) 0.19 0.909 

Cigarettes per day  13.5 (6.4) 12.3 (4.5) 15.6 (10.9) 0.16 0.925 

FTCD  4.0 (1.9) 4.6 (1.6) 5.2 (2.9) 1.22 0.544 

Days of e-cigarette use in past 30   18.2 (8.6) 24.7 (5.9) 24.5 (6.1) 5.20 0.074 

E-cigarette Times Per Day 6.7 (8.2) 7.0 (5.0) 13.3 (9.6) 4.57 0.102 

E-cigarette Use Index 5.1 (8.4) 6.0 (4.8) 10.0 (6.1) 5.77 0.056 

E-cigarette to combustible cigarette use ratio 0.4 (0.6) 0.5 (0.5) 0.8 (0.5) 5.74 0.057 

B. Standardized session (mean, SD)      

Baseline plasma nicotine, e-cigarette arm (ng/mL) 2.4 (4.1) 1.6 (1.9) 2.6 (2.4) 2.25 0.325 

Baseline plasma nicotine, cigarette arm (ng/mL) 2.3 (2.0) 1.6 (1.5) 3.7 (2.1) 5.27 0.072 

E-liquid nicotine concentration (ug/mg) 20.2 (13.4) 12.2 (7.4) 9.4 (3.9) 8.43 0.015 

E-liquid consumed (mg) 56.3 (24.5) 88.8 (57.3) 165.8 (85.6) 7.17 0.028 

Amount of nicotine inhaled (mg) 1.2 (1.1) 1.0 (0.7) 1.6 (0.9) 2.49 0.288 

Amount of nicotine retained (mg) 1.1 (0.9) 0.9 (0.7) 1.5 (0.9) 2.51 0.285 

Systemic nicotine retention (%) 97.9 (4.9) 93.9 (15.8) 94.2 (13.7) 0.10 0.952 

PK-estimated nicotine dose (mg) 0.9 (0.7) 0.7 (0.5) 1.8 (1.0) 6.01 0.050 

Cmax (ng/ml) 5.6 (6.4) 4.9 (4.2) 10.0 (5.8) 4.81 0.090 

Tmax (min) 9.2 (6.1) 5.6 (5.1) 3.5 (1.6) 3.96 0.138 

Half-life (min) 125.1 (31.8) 138.0 (43.0) 161.5 (37.5) 5.33 0.069 

AUC05 (ng/ml•min) 20.4 (25.6) 17.5 (15.5) 37.6 (21.7) 4.61 0.100 

AUC015 (ng/ml•min) 67.2 (73.9) 55.2 (43.4) 123.4 (70.4) 5.11 0.078 

AUC0240 (ng/ml•min) 520 (390) 388 (271) 1015 (591) 5.89 0.053 

AUC0∞ (ng/ml•min) 718 (547) 542 (379) 1495 (802) 6.01 0.050 

AUC05 per retained dose (ng/ml•min per mg) 19.4 (10.5) 31.2 (35.5) 28.6 (17.8) 2.36 0.307 

AUC015 per retained dose (ng/ml•min per mg) 65.3 (29.0) 111.2 (161.2) 95.4 (64.6) 0.23 0.890 

AUC0240 per retained dose (ng/ml•min per mg) 528 (206) 808 (1175) 797 (578) 2.14 0.343 

AUC0∞ per retained dose (ng/ml•min per mg) 738 (383) 1119 (1563) 1173 (747) 1.99 0.370 

Nicotine titration 0.43 (0.36) 0.39 (0.31) 0.85 (1.03) 2.03 0.363 
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Notes: The degree of freedom for all tests is 2. FTCD is Fagerström Test of Cigarette Dependence; E-cigarette times per day is the number of times e-cigarettes are used on 

days that they are used, assuming each “time” consisted of around 15 puffs or lasted around 10 minutes [ref [13]]; E-cigarette use index  = [E-cigarette times per day × E-

cigarette using days per month] ÷ 30 days; E-cigarette to cigarette use ratio = E-cigarette Use Index ÷ Cigarettes Per Day; Cmax is maximum plasma nicotine concentration; 

Tmax is time to maximum plasma nicotine concentration; AUC05 is area under the plasma nicotine concentration-time curve (AUC) from 0 to 5 minutes; AUC015 is AUC 

from 0 to 15 minutes; AUC0240 is AUC from 0 to 240 minutes; AUC0∞ is AUC from 0 to infinity; PK (pharmacokinetic)-estimated dose is the product of average 
population clearance of nicotine (~1200 mL/min) and AUC(0∞) [ref [10]].
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FIGURE 1 Average plasma nicotine concentration profile for electronic cigarettes and 

combustible cigarettes of all participants (A); within subject maximum plasma nicotine 

concentration (Cmax) when using electronic and combustible cigarettes (B); and, average 

plasma nicotine concentration profile for the main types of electronic cigarettes included in 

the study (C). Plot A, blood nicotine levels were significantly different between e-cigarettes 

and cigarettes at all time points. Plot B, solid black lines = cig-a-likes; solid grey line = fixed-

power tanks and broken black line = variable-power tanks. Plot C, blood nicotine levels were 

significantly different between variable-power tanks and fixed-power tanks. 
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FIGURE 2 Average plasma nicotine concentration profile for electronic cigarettes and combustible cigarettes for users of cig-a-likes (A), 

fixed-power tanks (B), and variable-power tanks (C). The plasma nicotine concentration profiles of the three pod users are given in plots D-

F. Plots A-C: Blood nicotine levels were significantly different between e-cigarettes and cigarettes.
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FIGURE 3 Changes in nicotine withdrawal (Minnesota Nicotine Withdrawal Scale, MNWS 

total score) (A), negative affect (Positive and Negative Affect Schedule, PANAS Negative 

subscale score) (B), urge to vape (Questionnaire for Smoking Urges-Brief, QSU Factor 1 and 

Factor 2 for vaping) (C, D), and urge to smoke cigarettes (QSU Factor 1 and Factor 2 for 

smoking) (E, F) before and after electronic and combustible cigarette use. The product 

assignment × time interaction term was not statistically significant for any of the measures. 

Open markers indicate significant difference from baseline and * indicates significant 

difference between e-cigarettes and combustible cigarettes. 
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