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Abstract

Background and Aims: Relative pharmacological effects of e-cigarettes and cigarettes over 24 

h of ad libitum use have not been described. In this study 24 h blood plasma nicotine 

concentrations and 48 h subjective effects with use of cigarettes and e-cigarettes were measured 

among dual users.

Design: Two-arm within-subject crossover design with preferred e-cigarette or cigarette ad 
libitum use over 48 h.

Setting: Hospital research ward in San Francisco, California, USA.

Participants: 36 healthy dual users of e-cigarettes and cigarettes (N=8, 25% females).

Measurements: 24 h blood plasma nicotine and cotinine concentrations and 48 h self-reported 

nicotine withdrawal symptoms and rewarding effects.

Findings: Analyses used ANOVA based mixed models with order of product (e-cigarette or 

cigarette) and product type (combustible cigarette or type of e-cigarette) as fixed effects, and 

subject as a repeated effect. Over a 24 h period, e-cigarettes produced lower nicotine exposure than 

cigarettes for the majority of users, though 25% received more nicotine from e-cigarettes – which 

was predicted by more frequent e-cigarette use or greater dependence. Compared to cigarette 

smoking, nicotine exposure for variable-power tank users was similar, while cig-a-like 

(t[30]=2.71, p=.011, d=.745) and fixed-power tank users (t[30]=3.37, p=.002, d=.993) were 

exposed to less nicotine. Cigarettes were rated higher than e-cigarettes on some desirable 
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subjective effects (e.g. psychological reward, t[322]=7.24 p<.001, d=.432)), but withdrawal 

symptom reduction was comparable. No differences were found between e-cigarette types but 

Bayes factors indicate these measures were insensitive.

Conclusions: Across a 24h-period in a hospital setting in the US, nicotine exposure for dual 

users of e-cigarettes and cigarettes was similar when using cigarettes or variable-power tank 

devices only but was lower for those using cig-a-like or fixed power devices only. Despite lower 

nicotine levels, all types of e-cigarette were effective in preventing withdrawal symptoms. E-

cigarettes were rated less rewarding than cigarettes.
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INTRODUCTION

Termed “dual use,” many individuals report concurrent use of electronic cigarettes (e-

cigarettes) and combustible cigarettes (cigarettes) (1, 2). Dual use could attenuate harm by 

reducing use of cigarettes with partial substitution of nicotine from e-cigarettes (3, 4), or 

increase harm by delaying quitting cigarettes (5) and increasing cumulative exposure to 

tobacco toxicants (6). Recent data suggest that for many, dual use is not a path towards 

cigarette quitting (2, 4). For example, though most report using e-cigarettes for smoking 

cessation (7, 9), 88% of dual users have continued dual-use (44.3%) or cigarette only use 

(43.5%) over one year in one study (2).

To gain insight into dual use, our study addressed the following questions: among dual users 

of e-cigarettes and cigarettes, comparing use of products used exclusively over a 24 h period, 

1) do e-cigarettes and cigarettes produce similar nicotine levels, 2) does e-cigarette type play 

a significant role in nicotine exposure, 3) over a 48 h period do e-cigarettes and cigarettes 

produce comparable subjective reward and attenuation of withdrawal symptoms, and 4) do 

e-cigarette sub-types produce comparable subjective reward and attenuation of tobacco 

withdrawal symptoms?

Some e-cigarettes are capable of delivering nicotine nearly as rapidly, and in comparable 

amounts, as cigarettes (10–12). However, e-cigarettes have demonstrated variability in 

nicotine delivery (11, 13, 14). Nicotine exposure studies typically incorporate single use 

sessions with fixed puffing bouts or short-term ad libitum procedures. Plasma nicotine 

concentrations are typically higher from ad libitum use compared to fixed puffing (12, 15–

17), perhaps because ad libitum procedures allow e-cigarette users to self-administer 

aerosols to achieve desired nicotine levels. However, ad libitum periods used in 

pharmacokinetic studies are typically brief (5-115 minutes) (13).

Characteristics of e-cigarettes influence their ability to delivery nicotine (18–20). But, e-

cigarette users can make compensatory changes (e.g. puff frequency, duration, or volume) to 

achieve desired levels of nicotine in the body (16, 20–22). It is unknown, however, how 

nicotine exposure differs with device type during ad libitum use throughout the day.
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Stimulus characteristics influence subjective effects of cigarettes (23) and e-cigarettes (24). 

Similar to denicotinized cigarettes (25), e-cigarettes without nicotine can reduce tobacco 

withdrawal symptoms, but less than nicotine containing e-cigarettes (26). However, e-

cigarettes containing nicotine are reported not to reduce withdrawal symptoms as much as 

cigarettes (26, 27) – perhaps because nicotine delivery is not the only factor in managing 

cigarette withdrawal symptoms. Differences between e-cigarette types can affect stimulus 

characteristics. For example, cig-a-likes provide visual and tactile experiences more similar 

to cigarettes, which can affect cigarette withdrawal symptom management (28). Sensation of 

puffs in the mouth and throat differ by e-cigarette type (29), with some delivering sensations 

more comparable to cigarettes (15). To understand the mechanisms underlying rewarding 

effects of e-cigarettes and ability to manage cigarette withdrawal symptoms, it is important 

to examine nicotine exposure (i.e. plasma nicotine concentration) and subjective effects (e.g. 

withdrawal symptom alleviation and rewarding effects).

E-cigarette nicotine exposure has been measured during shorter periods (< 2 h) in laboratory 

settings, and subjective effects during longer periods outside of the laboratory (30), but we 

are unaware of a laboratory study looking at both over 24 h. Compared to shorter ad libitum 
usage periods, 24 h use is likely more comparable to the natural environment. To address 

aforementioned research questions a two-arm within-subject crossover clinical study 

compared 24 h nicotine exposure and 48 h subjective effects of own brand e-cigarette or 

cigarette; and a secondary analysis assessed differences between-participants with different 

e-cigarette types.

METHODS

Participants

Thirty-six dual users (25% [N=8] females), who used an e-cigarette at least 15 days of the 

past 30, and smoked at least 5 cigarettes/day for the past 30 days, were recruited via 

newspapers and the Internet. To enhance the likelihood that participants were smoking/

vaping for pharmacologic effects of nicotine, clinically significant nicotine intake was 

confirmed by salivary cotinine levels of ≥ 50 ng/mL. Exclusion criteria included: use of e-

cigarette liquids < 6 mg/mL nicotine concentration, < 21 years of age, intent to quit e-

cigarettes or cigarettes over the next 3 months, pregnancy, use of nicotine metabolism-

altering medications, chronic medical diseases and active substance dependence or recent 

use of drugs of abuse other than marijuana. The study was approved by the Institutional 

Review Board at the University of California San Francisco. Written, informed consent was 

obtained from participants and they were financially compensated.

General Procedures

Screening occurred at an outpatient research clinic where consent was obtained, 

questionnaires completed, and saliva collected for cotinine measurement. Participants were 

not asked to modify their smoking or e-cigarette use behavior prior to screening. After 

screening, all eligible participants completed two one-week blocks – one cigarette and one e-

cigarette block – in a counterbalanced order. The first four days of each block consisted of at 

home use of e-cigarettes or cigarettes (data to be presented in another manuscript), which 
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also served as a wash out period between in-hospital sessions. On the fifth day, fixed-

administration of the products was assessed on a hospital ward (31), and the sixth and 

seventh days (hereafter referred to as the ‘first’ and ‘second’ days) consisted of ad libitum 
use of e-cigarettes or cigarettes while subjective effects were assessed over the entire 48 h 

period, and blood specimens collected over the second 24 h period. Only results from the 

two in-hospital ad libitum study days of each block are presented in this report.

On ad libitum days, participants were provided with their own brand cigarette or e-cigarette 

with slightly more than their normal supply to account for use of only one product at a time. 

No participants ran out of e-cigarette liquids or cigarettes during the course of the day. While 

on the hospital ward participants were in their own private room, allowed access to 

television, reading materials of their choice, Internet, and to go on supervised walks with 

study staff.

At 8:00 A.M. on the first day, following 8 h of abstinence, participants were free to use their 

e-cigarette (at preferred power levels for variable-power devices) or cigarettes ad libitum 
until midnight. Subjective effects questionnaires were administered prior to product use at 

8:00 A.M., following initial product usage at 8:15 A.M., and noon, 4:00 P.M., and 8:00 P.M. 

Second day procedures were identical to the first day with the addition of blood samples 

taken via intravenous catheter every four hours from 8:00 A.M.-midnight, and at 8:00 A.M. 

the following day.

Device categorization—Devices were categorized into four groups consistent with 

previous research (32, 33), 1) ‘cig-a-likes’: small cylindrical devices resembling combustible 

cigarettes with non-refillable liquid cartridges, 2) ‘fixed-power tanks’: devices with refillable 

tanks and no user-adjustable power parameters, 3) ‘variable-power tanks’: similar to fixed-

power devices but with the ability to change power parameters (e.g. voltage or wattage), and 

4) ‘pods’: devices utilizing disposable pods with nicotine salt liquids.

Assessments

Nicotine and Cotinine Measures—Plasma nicotine and cotinine concentrations, 

salivary cotinine concentrations at screening, and nicotine concentrations in participants’ EC 

liquids, were determined by gas chromatography – tandem mass spectrometry/mass 

spectrometry (34). The limit of quantitation (LOQ) for salivary cotinine was 10 ng/mL, and 

all others was 0.2 ng/mL.

Questionnaires—At screening, participants completed a basic demographic questionnaire 

including their age, sex, and race, and a nicotine use history questionnaire on past 30-day 

cigarette and e-cigarette use, e-cigarette type used most, typical nicotine concentration (in 

mg/mL), and mL of e-cigarette liquid per week.

Fagerstrom Test for Cigarette Dependence (FTCD; 35)—This six-item self-report 

scale assesses cigarette dependence, with higher scores indicating greater dependence. The 

total score is the outcome variable for this measure. This scale was administered at the 

screening visit.
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Penn State [Electronic] Cigarette Dependence Index (PSCDI; 36)—This ten-item 

self-report scale assesses e-cigarette dependence, with higher scores indicating greater 

dependence. The total score is the outcome variable for this measure. This scale was 

administered at the screening visit.

Questionnaire of Smoking Urges (QSU; 37)—This 10-item self-report scale uses a 

seven-point Likert to assess two-factors associated with reward or relief from withdrawal 

symptoms associated with e-cigarette or cigarettes: Factor 1 ‘desire and intention to smoke,’ 

and Factor 2 ‘relief from negative affect by smoking.’ Outcome variables included scores for 

each of the two factors. Both an e-cigarette and cigarette version of this scale were given 

whenever subjective effects scales were administered.

Modified Cigarette Evaluation Questionnaire (mCEQ; 38)—This 12-item self-

report scale uses a seven-point Likert response format to assess five factors. Three factors 

are associated with reward (‘smoking satisfaction,’ ‘psychological reward,’ ‘enjoyment of 

respiratory tract sensations’), one factor is associated with withdrawal symptoms (‘craving 

reduction’), and the fifth factor is related to undesirable effects of nicotine (‘aversion’). 

Outcome variables include scores for each of the five factors. This scale was administered 

whenever subjective effects scales were administered.

Positive and Negative Affect Scale (PANAS; 39)—This 10-item self-report scale uses 

a five-point Likert scale to assess positive and negative feelings and emotions. This scale 

was included based on evidence that nicotine boost is associated with positive mood (40). 

Outcome variables included scores on the positive or negative factors. This scale was 

administered at all but the 8:15 A.M. time points.

Minnesota Nicotine Withdrawal Scale (MNWS; 41)—This 15-item self-report scale 

uses a five-point Likert scale to assess nicotine withdrawal symptoms. Total scores are the 

outcome variable on this measure. This scale was administered at all but the 8:15 A.M. time 

points.

Statistical Analysis

A priori sample size calculations determined a power of 86% with alpha = .05 would be 

achieved for differences between e-cigarettes and cigarettes assuming a 1.2 ratio of 

differences and 25% coefficient of variation based on previous research examining plasma 

cotinine in smokers (42). Sample size calculations were not conducted for the secondary 

analyses of differences between e-cigarette types. Area-under-the-curve values for plasma 

nicotine and cotinine concentrations over time (AUC) were calculated using the trapezoidal 

rule. Differences between cigarettes and e-cigarettes were tested using ANOVA based mixed 

models with compound symmetry covariance structure, order of product (e-cigarette or 

cigarette) and product type were input as fixed effects, and subject as a repeated effect. The 

compound symmetry covariance structure was selected to reflect the counterbalanced and 

symmetrical design of the two arms of the study.
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Nicotine titration between e-cigarettes and cigarettes was calculated by e − cigarette
cigarette  area 

under the 24 h plasma nicotine concentration-time curve values, such that < 1 indicates less 

exposure, one indicates equal exposure, and > 1 equals greater exposure from e-cigarettes 

compared to cigarettes. A variable representing ‘average daily use of e-cigarettes compared 

to cigarettes’ over the past 30 days was calculated as: 
e − cigarette times per day × e − cigarette using days per montℎ

cigarettes per day  (31). For individuals using 

refillable type e-cigarettes, ‘nicotine used per week’ was calculated as self-reported mL’s of 

e-cigarette liquid used per day multiplied by seven and the percentage of nicotine 

concentration typically used. Pearson’s correlations were used to compare relationships 

between nicotine titration and other e-cigarette or cigarette use variables. To examine 

whether level of nicotine exposure from cigarettes was associated with nicotine exposure 

from e-cigarettes — plasma nicotine AUC from e-cigarettes was subtracted from within-

subject plasma nicotine AUC from cigarettes to test for a correlation with e-cigarette plasma 

nicotine AUC. Because only three (8.3%) participants used a pod type e-cigarette, these 

participants were excluded from device sub-type analyses due to lack of statistical power for 

this group.

Subjective effects from cigarettes and e-cigarettes was tested using ANOVA based mixed 

models with compound symmetry covariance structure and order of product and product 

type as fixed effects, and time as a random effect. Secondary analysis of subjective effects 

and plasma nicotine and cotinine levels between e-cigarette types was conducted using 

ANOVA based mixed models with variance components covariance structure and order of 

product, time, e-cigarette or cigarette, and e-cigarette type as a fixed effect, and subject as a 

repeated effect (nicotine and cotinine models) or intercept as a random effects (subjective 

effects models). When main effects were indicated, t-tests for differences in least-squares 

means from the mixed model were conducted and multiple-comparisons adjusted using 

Hochberg’s step-up procedure (43). Effect sizes for fixed effects in mixed models are 

reported as Cohen’s f2 calculated using a previously described method (44) and effect sizes 

for post-hoc t-tests are reported as Cohen’s d. When product type comparison was not 

significant, a Bayes factor was calculated (45). Scatter plots for correlations and residual 

plots for mixed models were examined for homogeneity of variance and normality. Analyses 

were conducted using SAS v. 9.4 (SAS Institute, Inc., Cary, NC, USA) and α<0.05. This 

analysis plan was not pre-registered and the results should be considered exploratory.

RESULTS

Descriptive statistics of demographic and e-cigarette and cigarette use variables are 

presented in Table 1.

Comparison of plasma nicotine levels with use of e-cigarettes and cigarettes

Temporal patterns of e-cigarette and cigarette plasma concentrations were similar for 

nicotine and cotinine (Figure 1). Product type had an effect on plasma nicotine AUC 

(F[1,35]=8.67, p=.006, f2=.213) and plasma cotinine AUC (F[1,35]=8.19, p=.007, f2=.200) 

with cigarettes being associated with higher levels compared to e-cigarettes. Product order 
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did not have an effect on nicotine AUC (F[1,34]=0.78, p=.385, f2< .001) or cotinine AUC 

(F[1,34]=0.53, p=.470, f2< .001).

Individual differences in plasma nicotine AUC for e-cigarettes and cigarettes are shown in 

Figure 2A and nicotine titration values in Figure 2B. Extent of nicotine titration was 

positively correlated with three screening variables (Table 2): 1) average number of times e-

cigarettes were used per day in the past 30 days (r[36]=.49, p=.003), 2) PSCDI total score 

(r[36]=.50, p=.002), and 3) average daily use of e-cigarettes compared to cigarettes 

(r[36]=.56, p<.001) (Figure 3). A correlation was found between ‘cigarette minus e-cigarette 

plasma nicotine AUC’ and ‘cigarette plasma nicotine AUC’ (r[36]=51, p=.002) 

(Supplementary Figure 2).

E-cigarette type and 24 h plasma nicotine concentrations

Among e-cigarette types and cigarettes, there was a main effect for plasma nicotine AUC 

(F[3,30]=6.18, p=.002, f2=.36) and no effect of product order (F[1,31]=.43, p=.515, 

f2< .001). Variable-power tank e-cigarettes produced higher nicotine AUC (m=412.81 

SE=65.94) compared to cig-a-like (m=208.78 SE=47.28) (t[30]=2.53, p=.017, d =1.212) and 

fixed-power tank devices (m=190.04 SE=42.02) (t[30]=2.87, p=.008, d=1.372) (Figure 4). 

Compared to cigarettes (m=348.63 SE=28.81), cig-a-like and fixed-power tanks were 

associated with lower nicotine AUC (p’s <.02). Patterns of nicotine exposure between 

cigarettes and e-cigarettes among pod type (JUUL) users were visually similar 

(Supplementary Figure 1).

Comparison of subjective effects with use of e-cigarettes and cigarettes

Results of subjective effects analysis between e-cigarettes and cigarettes are displayed in 

Table 3. Cigarettes were rated higher than e-cigarettes on all five mCEQ subscales. E-

cigarettes were rated higher than cigarettes on both factors of the e-cigarette version of the 

QSU. There was no effect between cigarette and e-cigarette on the MNWS or PANAS (all 

Bayes factors < 0.12)

Comparison of subjective effects between e-cigarette sub-types

Results of subjective effects analyses between e-cigarettes types are displayed in Table 4. 

We did not detect a significant effect of e-cigarette type on any of the subjective effects 

examined here, but all Bayes factors were within the pre-established range (1/3 to 3) that 

indicates the data are “insensitive” (45).

DISCUSSION

To the best of our knowledge, this is the first study of 24 h nicotine exposure and 48 h 

subjective effects comparing ad libitum cigarette and e-cigarette use among dual users. With 

preferred e-cigarette device, liquid flavor, nicotine concentration, and device settings, 24 h 

nicotine exposure with use of e-cigarettes and cigarettes was consistent with previous 

research on cigarettes (46), with a rapid rise early in the day and maximum levels towards 

the end of the day (e.g. midnight) (Figure 1).
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Although most participants had greater nicotine exposure from cigarettes, 25% attained 

higher exposure from e-cigarettes (Figure 2). Greater nicotine exposure from cigarettes 

compared to e-cigarettes is consistent with findings from fixed-puffing (11, 47) or shorter ad 
libitum use periods (47, 48). History of relatively greater e-cigarettes use compared to 

cigarettes, frequency of e-cigarette use per day, and level of dependence on e-cigarettes were 

associated with more complete nicotine titration from e-cigarettes. Also, those who obtained 

more nicotine from cigarettes had a greater disparity between combustible cigarette and e-

cigarette nicotine exposure, suggesting e-cigarettes provide insufficient nicotine to satisfy 

heavier smokers.

Variable-power tank devices produced nicotine exposure comparable to cigarettes and 

greater than fixed-power tank and cig-a-like devices (Figure 4). The three pod (Juul) users 

had similar temporal patterns of nicotine exposure between their cigarette and e-cigarette 

(Supplementary Figure 1), although these data were not evaluated with inferential statistics. 

Our results are consistent with previous findings that smaller and less powerful e-cigarettes 

(i.e. cig-a-likes) typically deliver less nicotine than other e-cigarettes over five minutes (48) 

or 1 h of ad libitum use (15), although two cig-a-like users (17% of cig-a-like users) were 

exposed to more nicotine from e-cigarettes than from cigarettes.

Greater nicotine exposure from variable-power devices relative to fixed-power devices is 

consistent with research using similarly categorized devices and a 2 h ad libitum usage 

period (12), perhaps because individuals who use adjustable e-cigarettes set them to higher 

wattages than non-adjustable devices. Indeed, of participants whose device power could be 

ascertained, variable-power devices were set to higher wattages (N=5 [83.3%], m=39.4 

watts, SD=29.3) than fixed-power devices (N=10 [63.3%], m=10.0 watts, SD=6.4).

With all else equal, greater e-cigarette power level should lead to greater nicotine exposure. 

However, greater power is typically associated with use of lower nicotine concentration 

liquids, suggesting users balance device settings to regulate overall nicotine delivery (9). 

Results of our study suggest these changes are not fully compensatory and nicotine exposure 

is still greater from the higher powered variable-power devices. Because variable power 

devices are associated with greater nicotine exposure, and e-cigarette only users are more 

likely to use variable-power e-cigarettes (49), greater nicotine exposure is likely important 

for smoking cessation. This idea is supported by the fact that cig-a-like users are more likely 

to return to cigarettes compared to variable-power device users (50, 51).

Consistent with greater nicotine exposure, cigarettes were associated with greater rewarding 

effects (i.e. mCEQ respiratory tract sensations and psychological reward subscales) and 

some undesirable effects (i.e. ‘dizziness’ and ‘nausea’ items comprising the ‘aversion’ 

subscale of the mCEQ) relative to e-cigarettes. Similarly, other research has shown 

rewarding subjective effects are greater from cigarettes relative to e-cigarettes following ad 
libitum use (27), and in qualitative interviews (52). Although nicotine exposure was greater 

from cigarettes - there was no difference in overall withdrawal symptoms measured by the 

MNWS. Cigarettes did, however, reduce the specific withdrawal symptom ‘craving 

reduction’ (measured by the mCEQ) more than e-cigarettes. These findings are consistent 

with past studies showing e-cigarettes are capable of alleviating cigarette withdrawal 
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symptoms following ad libitum use (53, 54). Overall, our data show that e-cigarettes 

produce less desirable effects than cigarettes but comparably manage overall withdrawal 

symptoms. Less rewarding effects from e-cigarettes relative to cigarettes may be why many 

dual users fail to completely switch to e-cigarettes.

Comparing e-cigarette device types, there were no differences in the subjective effects 

examined here, though Bayes factors indicate these measures were insensitive. This 

indicates that if there are differences in subjective effects between e-cigarette types, the 

effects were not large enough to be reliably measured in this study, perhaps because 

participants in this study self-selected their devices to achieve optimal subjective effects 

(29).

In conclusion, in dual users cigarette smoking alone generally produces greater daily 

nicotine exposure than e-cigarette use alone, although patterns of nicotine levels are similar 

over a 24 h period of ad libitum use. However, 25% of participants were exposed to more 

nicotine when using e-cigarettes. Participants who are exposed to more nicotine from 

cigarettes were less likely to attain comparable levels from e-cigarettes. E-cigarette type, 

liquid nicotine concentration, and cigarette use variables were not predictive of nicotine 

titration; most predictive were greater e-cigarette dependence and greater relative use of e-

cigarettes during the 30 days prior to study participation. Those using cig-a-like devices and 

fixed-power tank devices were exposed to less nicotine than from cigarettes. From a 

smoking cessation perspective, devices producing nicotine exposure comparable to 

cigarettes — such as variable-power tank e-cigarettes — may be more effective than other 

device types. Although, e-cigarettes associated with less nicotine exposure than cigarettes 

may still be effective at preventing withdrawal symptoms.

Limitations

Dual users were recruited to study the independent effects of cigarettes and e-cigarettes in 

experienced users but were limited to one product at a time during the study, which may 

have affected natural usage patterns. Similarly, participants were restricted to only their 

preferred type and brand of each throughout the study, while they may use multiple types or 

brands of e-cigarettes and cigarettes in daily life. Although participants were allowed to use 

their preferred products ad libitum throughout two days, we were not able to simulate every 

aspect of normal life within the hospital ward. Type of e-cigarette was not experimentally 

controlled and participants self-selected e-cigarette types based on individual preferences.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 24-hour Plasma Cotinine and Nicotine Levels
Points represent mean values with standard error bars. Higher plasma nicotine area-under-

the-curve (F[1,35]=8.67, p=.006, f2=0.21) was produced by cigarettes (m=334.11, 

SE=28.27) compared to e-cigarettes (m=231.86, SE=28.27). Higher plasma cotinine area-

under-the-curve (F[1,35]=8.19, p=.007, f2=0.20) was produced by cigarettes (m=6104.27, 

SE=521.32) compared to e-cigarettes (m=4505.45, SE=521.32).
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Figure 2. Individual Plasma Nicotine AUC Levels and Nicotine Titration Ratios
AUC = area under the curve; CC = combustible cigarette; EC = Electronic cigarette. 

Individual plasma nicotine AUC values with solid lines representing individual values and 

the dashed line representing average values (A). Nicotine titration ratios were calculated by 
E − cigarette Plasma Nicotine AUC

Cigarette Plasma Nicotine AUC  and represent the extent individuals titrated nicotine intake 

between e-cigarettes and cigarettes. The dashed line represents the point where equal 

nicotine levels were achieved from e-cigarette and cigarette (B).
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Figure 3. Plasma Nicotine Concentrations by Device Type
Points represent mean values for each device. Type of product had a main effect on plasma 

nicotine AUC (F[30]=6.18, p=.002, f2=.36). Cigarettes produced higher plasma nicotine 

area-under-the-curve (AUC) compared to cig-a-like (t[30]=2.71, p=.011, d= .745) and fixed-

power tank (t[30]=3.37, p=.002, d= .993) type e-cigarettes. Variable-power tank devices 

produced higher plasma nicotine AUC compared to cig-a-like (t[30]=2.53, p=.017, d= 

1.212) and fixed-power tank (t[30]=2.87, p=.008, d= 1.372) types e-cigarettes.
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Figure 4. “Did smoking immediately relieve your craving for a cigarette?”
mCEQ Score = score for the item “did smoking immediately relieve your craving for a 

cigarette” on the modified cigarette evaluation questionnaire. Points represent raw values 

with standard error bars. Cigarettes were rated higher than e-cigarettes regardless of 

timepoint (t[322]=6.87, p<.001).
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Table 1.

Demographic and E-cigarette and Cigarette Use Variables

N = 36

Demographic Variables

  Age, mean (SD) 35.4 (11.7)

  Female, N (%) 8 (22.2)

  Race, N (%)

    Asian 2 (5.6)

    Black 3 (8.3)

    Latino 4 (11.1)

    Mixed 5 (13.9)

    White 22 (61.1)

E-cigarette and cigarette Use Variables

  Device type, N (%)

    Cig-a-like 12 (33.3)

    Fixed-power tank 15 (41.7)

    Variable-power tank 6 (16.7)

    Pod 3 (8.3)

  Fagerstrom Test for Cigarette Dependence, mean (SD) 4.4 (2.0)

  Penn State [Electronic] Cigarette Dependence Index, mean (SD) 5.9 (3.9)

  Measured Liquid Nicotine Concentration, ug/mg, mean, SD 17.0 (12.9)

    Cig-a-like 20.2 (13.4)

    Fixed-power tank 12.2 (7.4)

    Variable-power tank 9.4 (3.9)

    Pod 43.4 (4.8)

  Screening Salivary Cotinine, ng/ml, geometric mean (CI) 165 (142-193)

  Cigarettes per day, mean (SD) 12.9 (6.4)

  Number of days e-cigarettes used, mean (SD) 22.6 (7.3)

  E-cigarette use, times per day, mean (SD) 8.1 (7.2)

  Amount of e-cigarette liquid used per day (N=22), mL, mean, SD 3.6 (2.7)

‘Cigarettes per day,’ ‘number of days e-cigarettes used,’ and ‘e-cigarette times per day’ are based on self-reported use in the 30 days preceding the 
screening session. For ‘e-cigarette times per day’ participants were instructed to ‘assume that one “time” consists of around 15 puffs or lasts around 
10 minutes.’ Amount of e-cigarette liquid used per day calculated for the 22 individuals reporting mL used per day.

Addiction. Author manuscript; available in PMC 2021 June 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Harvanko et al. Page 18

Ta
b

le
 2

.

R
el

at
io

ns
hi

ps
 w

ith
 N

ic
ot

in
e 

T
itr

at
io

n

St
at

is
ti

c 
(p

)

E
-c

ig
ar

et
te

 a
nd

 c
ig

ar
et

te
 u

se
 v

ar
ia

bl
es

 
Pe

nn
 S

ta
te

 [
E

le
ct

ro
ni

c]
 C

ig
ar

et
te

 D
ep

en
de

nc
e 

In
de

x,
 r

0.
50

 (
.0

02
)

 
Fa

ge
rs

tr
om

 T
es

t f
or

 C
ig

ar
et

te
 D

ep
en

de
nc

e,
 r

−
0.

30
 (

.0
71

)

 
N

ic
ot

in
e 

us
ed

 p
er

 w
ee

k,
 m

ill
ili

te
rs

 (
N

 =
22

),
 r

0.
12

 (
.6

00
)

 
L

iq
ui

d 
ni

co
tin

e 
co

nc
en

tr
at

io
n,

 r
−

0.
10

 (
.5

51
)

 
D

ev
ic

e 
Ty

pe
, F

0.
84

† (.
44

0)

 
C

ig
ar

et
te

s 
pe

r 
da

y,
 r

0.
06

 (
.7

13
)

 
D

ur
at

io
n 

of
 e

-c
ig

ar
et

te
 u

se
, r

0.
07

 (
.6

93
)

 
e-

ci
ga

re
tte

 ti
m

es
 p

er
 d

ay
, r

0.
49

(.
00

3)

 
A

ve
ra

ge
 d

ai
ly

 u
se

 o
f 

e-
ci

ga
re

tte
s 

co
m

pa
re

d 
to

 c
ig

ar
et

te
s,

 r
0.

56
(<

.0
01

)

V
al

ue
s 

re
pr

es
en

t P
ea

rs
on

 c
or

re
la

tio
n 

co
ef

fi
ci

en
ts

 e
xc

ep
t †

 =
 A

N
O

V
A

 F
 s

ta
tis

tic
. N

ic
ot

in
e 

us
ed

 p
er

 w
ee

k 
w

as
 c

al
cu

la
te

d 
by

 m
ul

tip
ly

in
g 

th
e 

pe
rc

en
ta

ge
 o

f 
ni

co
tin

e 
ty

pi
ca

lly
 u

se
d 

in
 e

-c
ig

ar
et

te
 li

qu
id

s 
(2

2 
in

di
vi

du
al

s 
re

po
rt

ed
 m

ill
ili

te
rs

 o
f 

liq
ui

d 
us

ed
 p

er
 w

ee
k)

 a
nd

 m
ill

ili
te

rs
 o

f 
liq

ui
d 

ty
pi

ca
lly

 u
se

d 
pe

r 
da

y 
m

ul
tip

lie
d 

by
 7

. “
e-

ci
ga

re
tte

 ti
m

es
 p

er
 d

ay
” 

is
 b

as
ed

 o
n 

se
lf

-r
ep

or
t o

f 
a 

‘t
im

e’
 m

ea
ni

ng
 1

5 
pu

ff
s 

or
 te

n 

m
in

ut
es

 o
f 

e-
ci

ga
re

tte
 u

se
 o

n 
da

ys
 w

he
n 

an
 e

-c
ig

ar
et

te
 w

as
 u

se
d.

 “
e-

ci
ga

re
tte

/c
ig

ar
et

te
” 

fr
eq

ue
nc

y 
ca

lc
ul

at
ed

 b
y:

 

E
−

cig
ar

et
te

tim
es

pe
rd

ay
*

E
−

cig
ar

et
te

us
in

g
da

ys
pe

rm
on

tℎ
30

Ci
ga

re
tte

sp
er

da
y

.

Addiction. Author manuscript; available in PMC 2021 June 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Harvanko et al. Page 19

Ta
b

le
 3

.

Su
bj

ec
tiv

e 
E

ff
ec

ts
 b

et
w

ee
n 

C
ig

ar
et

te
s 

an
d 

E
-c

ig
ar

et
te

s

F
ix

ed
 E

ff
ec

ts
P

os
t-

ho
c 

Te
st

s

D
ep

en
de

nt
 V

ar
ia

bl
e

P
ro

du
ct

 O
rd

er
 F

 (
p,

 f
2 )

P
ro

du
ct

 T
yp

e 
F

 (
p,

 f
2 ,

 B
f*

)
C

ig
ar

et
te

 m
 (

SE
)

E
-c

ig
ar

et
te

 m
 (

SE
)

t (
p,

 d
)

Q
ue

st
io

nn
ai

re
 o

f 
Sm

ok
in

g 
U

rg
es

 
E

-c
ig

ar
et

te
 -

 D
es

ir
e 

an
d 

in
te

nt
io

n 
to

 s
m

ok
e

0.
81

 (
.3

69
, <

.0
01

)
25

.5
8 

(<
.0

01
, .

07
4)

16
.8

2 
(1

.0
9)

18
.9

7 
(1

.0
9)

5.
06

 (
<.

00
1,

 .3
29

)

 
E

-c
ig

ar
et

te
 -

 R
el

ie
f 

fr
om

 n
eg

at
iv

e 
af

fe
ct

 b
y 

sm
ok

in
g

0.
43

 (
.5

13
, <

.0
01

)
5.

49
 (

.0
20

, .
01

2)
10

.7
5 

(.
73

)
11

.3
0 

(.
73

)
2.

34
 (

<.
00

1,
 .1

26
)

 
C

ig
ar

et
te

 -
 D

es
ir

e 
an

d 
in

te
nt

io
n 

to
 s

m
ok

e
15

.7
1 

(<
.0

01
, .

04
3)

0.
01

 (
.9

34
, <

.0
01

, 0
.0

9)
18

.4
4 

(1
.0

5)
18

.4
8 

(1
.0

5)
--

 
C

ig
ar

et
te

 -
 R

el
ie

f 
fr

om
 n

eg
at

iv
e 

af
fe

ct
 b

y 
sm

ok
in

g
2.

07
 (

.1
51

, .
00

3)
1.

01
 (

.3
16

, <
.0

01
, 0

.1
0)

11
.0

7 
(.

72
)

11
.3

4 
(.

72
)

--

M
od

if
ie

d 
C

ig
ar

et
te

 E
va

lu
at

io
n 

Q
ue

st
io

nn
ai

re

 
Sm

ok
in

g 
sa

tis
fa

ct
io

n
2.

19
 (

.1
40

, .
00

1)
11

.4
9 

(<
.0

01
, .

03
1)

14
.7

4 
(.

50
)

14
.0

8 
(.

50
)

3.
39

 (
<.

00
1,

 .2
20

)

 
Ps

yc
ho

lo
gi

ca
l r

ew
ar

d
7.

30
 (

.0
07

, .
02

2)
52

.4
5 

(<
.0

01
, .

16
0)

18
.8

6 
(.

88
)

16
.5

8 
(.

88
)

7.
24

 (
<.

00
1,

 .4
32

)

 
E

nj
oy

m
en

t o
f 

re
sp

ir
at

or
y 

tr
ac

t s
en

sa
tio

ns
3.

16
 (

.0
77

, .
00

2)
11

.3
7 

(<
.0

01
, .

01
7)

4.
19

 (
.2

4)
3.

97
 (

.2
4)

3.
37

 (
<.

00
1,

 .1
53

)

 
C

ra
vi

ng
 r

ed
uc

tio
n

0.
02

 (
.8

94
, <

.0
01

)
47

.1
7 

(<
.0

01
, .

09
3)

5.
03

 (
.2

0)
4.

44
 (

.2
0)

6.
87

 (
<.

00
1,

 .4
92

)

 
A

ve
rs

io
n

0.
94

 (
.3

33
, <

.0
01

)
9.

55
 (

.0
02

, .
02

6)
3.

75
 (

.2
9)

3.
41

 3
.7

5 
(.

29
)

3.
09

 (
.0

02
, .

19
6)

P
os

it
iv

e 
an

d 
N

eg
at

iv
e 

A
ff

ec
t 

Sc
al

e

 
Po

si
tiv

e
3.

98
 (

.0
47

, .
01

1)
3.

63
 (

.0
58

, .
00

9,
 0

.1
2)

24
.3

0 
(1

.7
2)

23
.7

5 
(1

.7
2)

--

 
N

eg
at

iv
e

0.
65

 (
.4

19
, <

.0
01

)
0.

08
 (

.7
80

, <
.0

01
, 0

.1
0)

13
.1

1 
(.

29
)

13
.2

2 
(.

29
)

--

M
in

ne
so

ta
 N

ic
ot

in
e 

W
it

hd
ra

w
al

 S
ca

le

 
To

ta
l s

co
re

2.
61

 (
.1

07
, .

00
6)

0.
67

 (
.4

12
, .

00
1,

 0
.1

0)
7.

92
 (

.8
8)

7.
72

 (
.8

8)
--

E
st

im
at

es
 f

or
 c

ig
ar

et
te

 a
nd

 e
-c

ig
ar

et
te

 a
re

 le
as

t s
qu

ar
es

 m
ea

ns
 d

er
iv

ed
 f

ro
m

 th
e 

m
ix

ed
 m

od
el

 f
or

 e
ac

h 
su

bj
ec

tiv
e 

ef
fe

ct
 s

co
re

. d
 =

 C
oh

en
’s

 d
. B

f =
 B

ay
es

 f
ac

to
r.

* B
ay

es
 f

ac
to

rs
 e

st
im

at
ed

 o
nl

y 
w

he
n 

pr
od

uc
t t

yp
e 

w
as

 n
ot

 s
ig

ni
fi

ca
nt

. V
al

ue
s 

in
 b

ol
d 

in
di

ca
te

 th
ey

 a
re

 a
ss

oc
ia

te
d 

w
ith

 a
 s

ig
ni

fi
ca

nt
 e

ff
ec

t (
i.e

. p
≤.

05
).

Addiction. Author manuscript; available in PMC 2021 June 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Harvanko et al. Page 20

Ta
b

le
 4

.

Su
bj

ec
tiv

e 
E

ff
ec

ts
 b

et
w

ee
n 

E
-c

ig
ar

et
te

 T
yp

es

F
ix

ed
 E

ff
ec

ts

Q
ue

st
io

nn
ai

re
E

-c
ig

ar
et

te
 T

yp
e 

F
 (

p,
 f

2 ,
 B

f*
)

C
A

L
 m

 (
SE

)
F

P
 m

 (
SE

)
V

P
 m

 (
SE

)

Q
ue

st
io

nn
ai

re
 o

f 
Sm

ok
in

g 
U

rg
es

 
E

-c
ig

ar
et

te
 -

 D
es

ir
e 

an
d 

in
te

nt
io

n 
to

 s
m

ok
e

1.
13

 (
.3

24
, <

.0
01

, 0
.4

6)
15

.2
3 

(1
.7

1)
18

.7
6 

(1
.6

2)
18

.3
4 

(2
.5

7)

 
E

-c
ig

ar
et

te
 -

 R
el

ie
f 

fr
om

 n
eg

at
iv

e 
af

fe
ct

 b
y 

sm
ok

in
g

1.
71

 (
.1

81
, <

.0
01

, 0
.8

5)
9.

09
 (

1.
26

)
12

.1
8 

(1
.1

2)
11

.3
1 

(1
.7

8)

 
C

ig
ar

et
te

 -
 D

es
ir

e 
an

d 
in

te
nt

io
n 

to
 s

m
ok

e
0.

01
 (

.9
86

, <
.0

01
, 0

.1
9)

17
.9

8 
(1

.8
0)

18
.3

0 
(1

.6
1)

17
.8

7 
(2

.5
4)

 
C

ig
ar

et
te

 -
 R

el
ie

f 
fr

om
 n

eg
at

iv
e 

af
fe

ct
 b

y 
sm

ok
in

g
0.

90
 (

.4
06

, <
.0

01
, 0

.8
5)

9.
87

 (
1.

23
)

12
.0

8 
(1

.1
0)

10
.9

9 
(1

.7
4)

M
od

if
ie

d 
C

ig
ar

et
te

 E
va

lu
at

io
n 

Q
ue

st
io

nn
ai

re

 
Sm

ok
in

g 
sa

tis
fa

ct
io

n
0.

88
 (

.4
17

, <
.0

01
, 0

.4
7)

13
.2

9 
(.

88
)

14
.7

1 
(.

79
)

14
.8

5 
(1

.2
5)

 
Ps

yc
ho

lo
gi

ca
l r

ew
ar

d
1.

01
 (

.3
65

, <
.0

01
, 0

.5
7)

15
.6

7 
(1

.5
8)

18
.5

2 
(1

.4
1)

16
.1

3 
(2

.2
3)

 
E

nj
oy

m
en

t o
f 

re
sp

ir
at

or
y 

tr
ac

t s
en

sa
tio

ns
0.

07
 (

.4
92

, <
.0

01
, 0

.5
3)

3.
57

 (
.4

1)
4.

05
 (

.3
6)

4.
35

 (
.5

7)

 
C

ra
vi

ng
 r

ed
uc

tio
n

1.
87

 (
.1

55
, <

.0
01

, 0
.8

7)
4.

17
 (

.3
6)

5.
10

 (
.3

2)
4.

81
 (

.5
1)

 
A

ve
rs

io
n

0.
26

 (
.7

73
, <

.0
01

, 0
.3

5)
3.

11
 (

.5
1)

3.
58

 (
.4

5)
3.

22
 (

.7
2)

P
os

it
iv

e 
an

d 
N

eg
at

iv
e 

A
ff

ec
t 

Sc
al

e

 
Po

si
tiv

e
1.

83
 (

.1
62

, <
.0

01
, 1

.6
0)

21
.1

1 
(2

.9
2)

28
.4

2 
(2

.6
1)

23
.2

8 
(4

.1
3)

 
N

eg
at

iv
e

0.
82

 (
.4

41
, <

.0
01

, 0
.7

2)
13

.2
9 

(.
38

)
13

.2
6 

(.
45

)
12

.5
1 

(.
54

)

M
in

ne
so

ta
 N

ic
ot

in
e 

W
it

hd
ra

w
al

 S
ca

le

 
To

ta
l s

co
re

0.
31

 (
.7

31
, <

.0
01

, 0
.3

7)
6.

87
 (

1.
59

)
8.

44
 (

1.
42

)
7.

03
 (

2.
24

)

E
st

im
at

es
 f

or
 e

-c
ig

ar
et

te
 ty

pe
s 

ar
e 

le
as

t s
qu

ar
es

 m
ea

ns
 d

er
iv

ed
 f

ro
m

 th
e 

m
ix

ed
 m

od
el

 f
or

 e
ac

h 
su

bj
ec

tiv
e 

ef
fe

ct
 s

co
re

. C
A

L
=

 C
ig

-a
-l

ik
e,

 F
P=

 F
ix

ed
-p

ow
er

 ta
nk

, V
P=

 V
ar

ia
bl

e-
po

w
er

 ta
nk

. f
2  

=
 C

oh
en

’s
 f

2 .
 

B
f =

 B
ay

es
 F

ac
to

r.

Addiction. Author manuscript; available in PMC 2021 June 01.


	Abstract
	INTRODUCTION
	METHODS
	Participants
	General Procedures
	Device categorization

	Assessments
	Nicotine and Cotinine Measures
	Questionnaires
	Fagerstrom Test for Cigarette Dependence (FTCD; 35)
	Penn State [Electronic] Cigarette Dependence Index (PSCDI; 36)
	Questionnaire of Smoking Urges (QSU; 37)
	Modified Cigarette Evaluation Questionnaire (mCEQ; 38)
	Positive and Negative Affect Scale (PANAS; 39)
	Minnesota Nicotine Withdrawal Scale (MNWS; 41)

	Statistical Analysis

	RESULTS
	Comparison of plasma nicotine levels with use of e-cigarettes and cigarettes
	E-cigarette type and 24 h plasma nicotine concentrations
	Comparison of subjective effects with use of e-cigarettes and cigarettes
	Comparison of subjective effects between e-cigarette sub-types

	DISCUSSION
	Limitations

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Table 1.
	Table 2.
	Table 3.
	Table 4.



