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Abstract

Objectives—To describe the effect of e-liquid flavors on nicotine intake and pharmacology of e-

cigarettes.

Methods—11 males and 3 females participated in a 3-day inpatient crossover study with 

strawberry, tobacco, and their usual flavor e-liquid. Nicotine levels were nominally 18 mg/ml in 

the strawberry (pH 8.29) and tobacco (pH 9.10) e-liquids and ranged between 3–18 mg/ml in the 

usual brands (mean pH 6.80). Each day consisted of a 15-puff session followed by 4 hours of 

abstinence, then 90 minutes of ad libitum use. Subjects used a KangerTech mini ProTank 3.

Results—After 15 puffs, the amount of nicotine inhaled and systemically retained were not 

significantly different between the strawberry and tobacco e-liquids but plasma AUC(0→180) was 

significantly higher with the strawberry e-liquid. While not significantly different, Cmax was 22% 

higher and various early time point AUCs to measure rate of rise of nicotine in blood ranged 

between 17–23% higher with the strawberry e-liquid compared to the tobacco e-liquid. During ad 
libitum use, systemic exposure to nicotine (AUC(0→90)) was the same for the tobacco and usual 
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brand e-liquids but were both significantly lower than after using the strawberry e-liquid. The 

usual flavors were more liked and satisfying than the strawberry and tobacco e-liquids.

Conclusion—Flavors influence nicotine exposure through flavor liking, may affect rate of 

nicotine absorption possibly through pH effects, and contribute to heart rate acceleration and 

subjective effects of e-cigarettes. E-cigarette users titrate their nicotine exposure but the extent of 

titration may vary across flavors.
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1.0. INTRODUCTION

Flavored e-liquids are commonly used in electronic cigarettes (e-cigarettes). Several 

flavorants are toxic and could be harmful to e-cigarette users. Diacetyl and its related 

compound, 2,3-pentanedione, both of which give a buttery flavor, cause bronchiolitis 

obliterans in humans exposed in occupational settings (Kreiss et al., 2002; van Rooy et al., 

2007), and have been used as constituents of flavorants in e-liquids (Allen et al., 2016; 

Farsalinos et al., 2015). Some e-liquids and specific flavorants such as cinnamaldehyde, 2-

methoxycinnamaldehyde, vanillin, and 2,5-dimethypyrazine (chocolate flavoring) have 

cytotoxic effects in in vitro studies (Bahl et al., 2012; Behar et al., 2014; Sherwood and 

Boitano, 2016). Flavors are also significant sources of toxic aldehydes produced during 

thermal decomposition of e-liquid constituents (Khlystov and Samburova, 2016).

From a regulatory perspective, use of flavors in e-liquids is controversial. Over 7000 

different flavors have been identified, including tobacco, sweet flavors, menthol, and 

combinations (Krishnan-Sarin et al., 2015; Zhu et al., 2014). Sweet flavors, in particular, 

appeal to youth and may contribute to e-cigarette uptake (Kong et al., 2015; Krishnan-Sarin 

et al., 2015). On the other hand, flavors may be an important consideration for the 

acceptability of e-cigarettes to smokers who are trying to quit smoking (Farsalinos et al., 

2013; Shiffman et al., 2015), a balance the U.S. Food and Drug Administration has 

acknowledged in its deeming rule of e-cigarettes as tobacco products (Food and Drug 

Administration, 2016).

Flavors might also influence nicotine pharmacokinetics from e-cigarettes, which has 

implications for their abuse liability. Flavors enhance the rewarding and reinforcing effect of 

nicotine-containing e-cigarettes (Audrain-McGovern et al., 2016), and one flavor decreased 

the maximum plasma nicotine concentration, Cmax, in a study of an industry e-cigarette 

prototype (Walele et al., 2016). To the best of our knowledge, no study has assessed 

differences in nicotine intake and pharmacology of flavored e-liquids when used in 

commercially available e-cigarettes.

The objectives of this pilot study were to describe differences in nicotine intake, 

pharmacokinetics, and physiologic and subjective effects during prescribed vaping, and 

determine the intake of nicotine and extent of titration of nicotine blood levels during ad 
libitum access comparing different nicotine-containing flavored e-liquids.
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2.0. METHODS

We performed a 3-arm crossover study over three consecutive inpatient days in healthy e-

cigarette users to examine the effects of e-liquid flavors on e-cigarette use. This paper 

focuses on the effects of e-liquid flavors on nicotine intake and pharmacology during a 

standardized session of 15 puffs and during ad libitum access. Changes in puff topography 

and vaping behavior with e-liquid flavors will be reported separately.

2.1. Subjects

A convenience sample of 14 subjects (3 females, 11 males) completed the study. Participants 

were recruited via Craigslist.com, flyers, and college campus newspapers. They were 

screened for eligibility at a clinical research facility. Exclusive e-cigarette users or dual users 

of fewer than 5 tobacco cigarettes per day, who used second and/or third generation e-

cigarettes at least 25 days per month for the past 3 months or more, and had saliva cotinine 

levels ≥30 ng/mL were eligible. Exclusion criteria were unstable chronic medical conditions, 

current or past severe mental illness, pregnancy, current substance abuse other than 

marijuana, and sole users of first generation e-cigarettes (cig-a-likes). The study was 

approved by the Committee on Human Research at the University of California San 

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

were financially compensated.

2.2. Study e-liquid flavors and e-cigarette

For each of the three experimental arms, participants exclusively used one flavor of e-liquid: 

strawberry, tobacco or their usual brand of e-liquid. The strawberry and tobacco test e-

liquids were purchased from Bulkejuice.com. We chose a strawberry flavor because it was 

one of the most highly rated single fruit flavors on Bulkejuice.com at the time. The tobacco 

flavor was chosen to represent tobacco-flavored e-liquids. Both flavors were labeled 50/50 

VG/PG (vegetable glycerin/propylene glycol) and 18 mg/mL nicotine. We chose 18 mg/mL 

nicotine because users of smaller tanks commonly use e-liquids with high nicotine content 

(e.g. 18 or 24 mg/mL) (Goniewicz et al., 2013; Wagener et al., 2016).

KangerTech Mini ProTank 3 clearomizer (1.5 ohms) connected to a KangerTech 3.7 volt, 

1000 mAh battery was the study e-cigarette, purchased directly from Kangertech.com. A 

new clearomizer was used for each assigned flavor. The nominal power of the e-cigarettes 

was 9.1 watts.

2.3. General procedures

The study was conducted on the Clinical Research Center (CRC) at Zuckerberg San 

Francisco General Hospital. Each of the three study days ran from about 4 PM to 4 PM of 

the next day. Subjects and study personnel could not be blinded to the e-liquid administered 

because each e-liquid produced a strong distinct odor. On admission to the CRC, the 

participants’ own e-cigarette(s) and e-liquid(s) were immediately removed. From 4–10 PM 

(Acclimatization Session), subjects could vape ad libitum to become acclimatized to the 

assigned flavor for the next day’s procedures. This time was considered sufficient for 

acclimatization to the e-liquid because all participants were experienced users of similar 
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push-button tank e-cigarettes or third generation rebuildable atomizers. Participants were 

abstinent overnight until the morning standardized session of 15 puffs, which was followed 

by 4 hours of abstinence, and then a 90-minute ad libitum use session.

2.4. Standardized session experimental procedures

On each morning, participants were awakened at 7:00 AM. An intravenous (IV) line for 

blood sampling was placed in the forearm at 8:00 AM followed by a light breakfast. At 

about 8:30 AM, subjective questionnaires were administered, and three heart rate 

measurements were made within 10 minutes by pulse oximeter (average was used as the 

baseline heart rate for each day); baseline blood was sampled and urine collected at about 

9:10 AM. At 9:28 AM, participants took 15 puffs, one puff every 30 seconds, from the e-

cigarette. Puff duration was not controlled by the study. The amount of nicotine exhaled was 

collected as previously described (Havel et al., 2016; St. Helen et al., 2016a). E-cigarettes 

were weighed before and after vaping to determine amount of e-liquid consumed. Blood was 

sampled at 2, 5, 15, 30, 45, 60, 90, 120, and 180 minutes and heart rate was measured at 5, 

10, 15, 20, and 30 minutes after the final puff. Subjective questionnaires were administered 

between the 5-minute and 15-minute blood samples.

2.5. Ad libitum session experimental procedures

After about 4 hours of abstinence, subjective questionnaires were administered and a blood 

sample was taken. E-cigarettes were filled with the same e-liquid used during the 

standardized session and weighed before and after the session. Starting at 2:00 PM, 

participants vaped the study e-cigarette as desired for 90 minutes. During that time, subjects 

watched television, browsed the Internet through their personal computers or smartphones 

and/or read books. Participants were not allowed to sleep or doze off. Blood samples were 

taken every 15 minutes and subjective questionnaires were administered again at the end of 

the 90-minute session.

2.6. Questionnaires

We measured nicotine withdrawal, craving, and positive and negative affective states before 

and after e-cigarette use with the Minnesota Nicotine Withdrawal Scale (total score) 

(MNWS) (Hughes and Hatsukami, 1986); the Questionnaire for Smoking Urges (QSU-

Brief) modified for e-cigarettes using the total score, factor 1 subscale (a desire and intention 

to smoke with smoking perceived as rewarding), and factor 2 subscale (an anticipation of 

relief from negative affect with an urgent desire to smoke) (Cox et al., 2001); and the 

positive and negative affect subscales of the Positive and Negative Affect Schedule (PANAS) 

(Becoña et al., 1998), respectively. We used the five subscales of the modified Cigarette 

Evaluation Questionnaire (mCEQ) (Rose et al., 1999), further modified for e-cigarettes, to 

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

throat and chest, and craving reduction. The mCEQ item “Did the e-cigarette taste good?” 

measured after each ad libitum session, was used as a proxy for ‘liking’ of the e-liquids.
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2.7. Analytical chemistry

Nicotine was measured in the pooled 0.02 N HCl trap solution from the three gas dispersion 

tubes and mouthpiece and in e-liquids by LC-MS/MS using previously described methods 

(St. Helen et al., 2016a; Trehy et al., 2011). The LOQ was 0.5 ng/mL. Nicotine 

concentration in plasma was determined by GC-MS/MS (Jacob et al., 1991) modified for 

tandem mass spectrometry for improved sensitivity. The limit of quantitation (LOQ) was 0.2 

ng/mL. The pH of all e-liquids was measured using an Accumet AB15 pH meter (Fisher 

Scientific, Waltham, MA). For pH measurements, 0.5 g of each e-liquid was mixed with 4.5 

mL of deionized water to form a 1:10 dilution of nicotine.

2.8. Pharmacokinetic analysis

Pharmacokinetic parameters were estimated from plasma nicotine concentrations using 

Phoenix WinNonlin 6.3 (Pharsight Corporation, Mountain View, CA). Time to maximum 

plasma nicotine concentration (Tmax), Cmax, and area under the plasma nicotine 

concentration-time curve (AUC) from 0 to 5, 15, 30, and 180 min, and AUC from 0 to 

infinity (AUC0→∞) were estimated using a noncompartmental model and trapezoidal rule. 

Since all subjects had quantifiable plasma nicotine levels at baseline on all study days 

(1.3±2.0 ng/mL, mean ± SD), we corrected all measures for each morning’s baseline values 

as described previously (St. Helen et al., 2016a). The PK-estimated dose for the standardized 

session was computed as the product of average population clearance of nicotine (~1200 

mL/min) and AUC(0→∞) (Hukkanen et al., 2005). We computed Tmax and baseline-

corrected (afternoon baseline) Cmax and AUC from 0 to 90 minutes (AUC0→90) for the ad 
libitum session (St. Helen et al., 2016b).

2.9. Statistical analysis

We calculated the systemic retentions of nicotine, VG, and PG during the standardized 

session as: retention (%) = 100 × [(amount inhaled – amount exhaled)/amount inhaled]. The 

amount of nicotine, VG, and PG inhaled (mg) were estimated as the amount of e-liquid 

consumed (mg) × the concentration of nicotine, VG, and PG in the e-liquid, respectively. 

Descriptive statistics (mean and standard error of the mean) were computed for all variables 

by e-liquid.

Importantly, since the nicotine content of the usual brand e-liquids varied between each 

other (range 3–18 mg/mL) and were different from the two test flavors, our primary analyses 

focused on the test flavor-related differences. Analysis of data using usual flavors was a 

secondary analysis except for those tests where we examined titration of nicotine dose and 

differences in subjective effects. We utilized repeated measures analysis of variance 

(ANOVA) with flavor as the treatment factor (strawberry vs tobacco) and included a time 

factor (day of study) and flavor × time interaction term. Time (period) and flavor × time 

interaction terms were not significant in all models. Dependent variables of interest included 

amount of nicotine inhaled and systemically retained, nicotine pharmacokinetic parameters, 

heart rate change, and subjective effects, all in separate models. Cmax, AUCs, and Cmax and 

AUCs normalized for retained nicotine dose were log-transformed since they were 

approximately log-normally distributed. Subjective measures obtained before and after 

vaping were analyzed as the change in score and those obtained only after vaping were 
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analyzed as the absolute value. Given that 11 of 14 subjects were males, we did not perform 

separate analyses for men and women. Including sex as a covariate did not change the effect 

of ‘flavors’ on the dependent variables (p-values were almost identical).

In a post hoc analysis of the effect of e-liquid pH on nicotine intake and pharmacology, we 

computed correlations between the pH of the usual e-liquids and nicotine intake and PK 

variables obtained during the standardized session. Further, nonparametric t-test was used to 

compare nicotine intake and PK for the acidic and basic usual e-liquids.

To assess titration of nicotine intake, differences in plasma nicotine AUC were examined 

across e-liquid flavors and cross-correlations between AUCs for strawberry and usual and 

tobacco and usual e-liquids were determined. We compared the ratio of AUC to nicotine 

concentration of the e-liquid across flavor conditions to estimate the degree to which 

subjects compensated for differences in nicotine content of the e-liquid.

Statistical tests were considered significant at α<0.05 and multiple comparisons were 

corrected using Tukey’s method where applicable.

3.0. RESULTS

Of 14 participants (3 females, 11 males), 9 were white, 3 were mixed-race, and 2 were 

Asian. The average age was 32.3 years (SD, 13.8; median, 25; range, 19–59 years). The 

average screening-visit expired CO and saliva cotinine were 2.7 ± 1.4 ppm (mean ± SD) and 

240.3 ± 152.9 ng/mL, respectively. Twelve participants self-identified as not currently 

smoking tobacco cigarettes; of these, 4 self-identified as never-smokers. The participants 

had been using e-cigarettes for an average of 2.3 years (SD, 1.4 years; range 1–6 years). The 

average Penn State Electronic Cigarette Dependence Index was 9.2 (SD 3.9; range 3–15) 

(medium dependence) (Foulds et al., 2015).

3.1. E-liquid characteristics

Table 1 gives the names and characteristics of the e-liquids used in the study. The measured 

nicotine concentrations (and pH) of the strawberry and tobacco e-liquids were 19.9 mg/mL 

(pH 8.29) and 19.3 mg/mL (pH 9.10), respectively. The average measured nicotine 

concentration of the usual e-liquids flavors was 7.4 ± 3.4 mg/mL (mean ± SD) and the 

average pH was 6.80 ± 1.58.

3.2. Subjective ratings of taste

Average mCEQ “taste good” ratings obtained after the ad libitum session for the strawberry, 

tobacco, and usual e-liquids were 3.4 ± 0.4, 3.1 ± 0.5, and 5.9 ± 0.3, respectively (mean ± 

SEM) (maximum possible score of this item is 7). The usual flavor was rated significantly 

higher than the strawberry and tobacco e-liquids (p-values < 0.001) while the strawberry and 

tobacco e-liquids were not significantly different.

3.3. Standardized session

Data presented in this section include comparisons between strawberry and tobacco e-liquids 

only. The amount of nicotine inhaled from 15 puffs of the strawberry e-liquid (1.7 ± 0.2 mg) 
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and tobacco e-liquid (1.6 ± 0.2 mg) were not significantly different (Table 2). Average 

systemic nicotine retention did not differ significantly between the test e-liquids.

Despite not being significantly different, Cmax for the strawberry e-liquid (12.2 ng/mL) was 

22% higher, on average, compared to the tobacco e-liquid (9.5 ng/mL). AUC0→5, 

AUC0→15, and AUC0→30 were, on average, 23%, 20%, and 17% higher, respectively, with 

the strawberry e-liquid compared to the tobacco e-liquid but were not significantly different. 

AUC0→180 was significantly higher with the strawberry e-liquid compared to the tobacco e-

liquid, 11% higher on average (p = 0.03). AUC0→∞ was not significantly different between 

the test flavors (Table 2). PK parameters normalized by retained nicotine dose were not 

significantly different but were consistently higher with the strawberry compared to tobacco: 

Cmax per retained nicotine dose was 12% higher, on average, and AUC0→5, AUC0→15, and 

AUC0→30 per retained nicotine dose were between 11–13% higher, on average. Plasma 

nicotine concentration was not significantly different between strawberry and tobacco at any 

of the time points measured (Figure 1A).

The average maximum increase in heart rate following 15 puffs was 4.6 beats per minute 

(bpm) higher for the strawberry e-liquid (17.2 bpm) compared to the tobacco e-liquid (12.3 

bpm) (p = 0.02). Area under the heart rate × time curve was not significantly different 

between the two test flavors (Table 2).

Changes in subjective measures were not significantly different between strawberry and 

tobacco test e-liquids (Table 4) except ratings of sensations in the throat and chest (mCEQ-

sensation), which were significantly higher with the tobacco e-liquid compared to the 

strawberry e-liquid (p=0.05).

3.4. Usual e-liquids during standardized session and pH

Significant correlations with pH of the usual e-liquids are as follows: nicotine concentration 

of the e-liquid, 0.74 (0.002) (r, p-value); amount of nicotine inhaled, 0.84 (0.001); amount of 

nicotine retained, 0.84 (0.001); Tmax, 0.57 (0.03); Cmax, 0.66 (0.01); AUC0→15, 0.71 (0.04); 

AUC0→180, 0.78 (0.001); and, AUC0→∞, 0.77 (0.001). Cmax and all AUCs normalized for 

retained nicotine dose were not significantly different between the seven acidic usual e-

liquids and the seven basic usual e-liquids but were consistently numerically higher with the 

acidic usual e-liquids (Table 5). Max heart rate change was 3 bpm higher with the acidic 

usual e-liquids but was not significantly different.

3.5. Ad libitum session

Participants consumed 43% more of the strawberry e-liquid and the amount of nicotine 

inhaled was 45% higher with the strawberry e-liquid (5.4 mg) compared to the tobacco e-

liquid (4.1 mg) (Table 3). Plasma nicotine was significantly higher with the strawberry e-

liquid compared to the tobacco e-liquid at 15, 30, and 45 minutes after starting the ad 
libitum session (Figure 1B).

In examining titration of nicotine intake, we found significant differences in AUC0→90 

across flavors (F = 3.82, p = 0.039). The ratio of plasma nicotine AUC0→90 between the 3 

flavors were as follows (mean and 95% CI): strawberry vs tobacco, 1.66 (1.10–2.52), p = 
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0.02; strawberry vs usual, 1.55 (1.02–2.34), p = 0.04; and, tobacco vs usual, 0.93 (0.61–

1.41), p = 0.72. Figure 2 shows within-subject plasma AUC0→90 and average AUC0→90 

across e-liquids. Within-subject correlations between plasma AUCs were as follows: 

strawberry vs tobacco, 0.80 (p = 0.001); strawberry vs usual, 0.71 (p = 0.004); and, tobacco 

vs usual, 0.69 (p = 0.007).

Changes in subjective measures were not significantly different between strawberry and 

tobacco test e-liquids (Table 4). When the usual e-liquid was included in the analysis, 

subjects reported lower average satisfaction with the strawberry (p = 0.002) and tobacco (p < 

0.001) e-liquids compared to the usual brand e-liquids. Aversion was significantly higher 

with the strawberry e-liquid compared to the usual e-liquids (p = 0.049). Ratings of 

enjoyment of sensations in chest and throat were lower for both the strawberry (p = 0.022) 

and tobacco (p = 0.019) e-liquids compared to the usual brand e-liquids.

4.0. DISCUSSION

To the best of our knowledge, this is the first study to examine the impact of flavors on 

nicotine pharmacology of commercially available e-cigarettes and e-liquids. We first 

compared nicotine intake, pharmacokinetics, and physiologic and subjective effects using a 

standardized session of 15 puffs. The amount of nicotine inhaled and systemically retained 

were not significantly different between the strawberry and tobacco e-liquids but plasma 

AUC(0→180) was significantly higher with the strawberry e-liquid. While not significantly 

different, Cmax was 22% higher and various early time point AUCs to measure rate of rise of 

nicotine in blood ranged between 17–23% higher with the strawberry e-liquid compared to 

the tobacco e-liquid, suggestive of differences between e-liquids in the rate of nicotine 

absorption. The maximum change in heart rate over the first 30 minutes after vaping was, on 

average, 4.6 bpm higher with the strawberry compared to tobacco e-liquid, a likely effect of 

higher systemic nicotine exposure and/or more rapid nicotine absorption with the strawberry 

e-liquid. Despite higher initial nicotine exposure from use of the strawberry e-liquid, 

participants reported greater enjoyment of the sensations in their throat and chest from use 

of the tobacco flavor.

The extent of use of the two test e-liquids during ad libitum access paralleled the 

participants’ subjective ratings of taste; strawberry was rated slightly better than the tobacco 

flavor. Systemic exposure to nicotine (AUC(0→90)) was on average the same and highly 

correlated within subjects for the tobacco and usual brand e-liquids, suggesting that e-

cigarette users titrate their nicotine intake to a desired level. We also found that AUC(0→90) 

was significantly higher with the strawberry compared to the tobacco or usual e-liquids, 

indicating that the extent of titration may differ across e-liquid flavors.

We have previously reported that flavors (the strawberry and tobacco e-liquids) do not affect 

e-liquid aerosolization/vaporization using vaping machines (Havel et al., 2016) and would 

likely not affect the amount of nicotine inhaled by users. However, vaping behavior such as 

puff volume, which is difficult to control in a clinical study, could have contributed to 

differences in nicotine intake during the 15 puffs. When normalized by the amount of 

nicotine systemically retained, differences in plasma nicotine AUC(0→180) were no longer 
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significant (strawberry to tobacco ratio of 1.02), suggesting that flavors may not affect 

overall systemic exposure to nicotine. However, Cmax and early timepoint AUCs (AUC0→5, 

AUC0→15, and AUC0→30) normalized for retained nicotine dose were between 11–13% 

higher with the strawberry e-liquid. These differences were not statistically significant but 

may be indicative of modest flavor effects on the rate of nicotine absorption in the airways.

The tobacco e-liquid (pH, 9.10) was more basic than the strawberry (pH, 8.29) e-liquid, 

which could have contributed to slower rate of nicotine absorption compared to the 

strawberry e-liquid. In general, high nicotine-containing e-liquids have higher pH due to the 

alkalinity of nicotine but flavor additives, which may be slightly acidic, can influence the 

resulting e-liquid pH (Lisko et al., 2015). At higher pH, more of the nicotine in the tobacco 

e-liquid is expected to be in the free-base form (unionized) compared to the strawberry e-

liquid (Lisko et al., 2015). Due to higher volatility of free nicotine (Pankow et al., 1997), 

more free nicotine from the tobacco e-liquid would leave the e-liquid solution in the vapor 

phase, possibly resulting in greater deposition of nicotine in the upper airways. This would 

lead to slower absorption and lower Cmax compared to nicotine absorbed through the lungs. 

The greater deposition of vapor phase nicotine in the upper airways would however, lead to 

increased sensory effects in the upper airways. Indeed, average rating of sensation in the 

throat was higher for the tobacco e-liquid than the strawberry e-liquid (Table 4). This is 

consistent with reports of greater upper airway sensory effects from smoking cigarettes with 

basic additives such as ammonia added (Henningfield et al., 2004). We also found slower 

rates of absorption (AUCs normalized for retained nicotine dose) and Cmax normalized for 

retained nicotine dose when we compared the basic usual e-liquids to the acidic usual e-

liquids (Table 5). Surprisingly, even though nicotine intake from the basic usual e-liquids 

was double that of the acidic usual e-liquids, max increase in heart rate was, on average, 3 

bpm lower with the basic usual e-liquids. This raises questions about the role e-liquid pH 

plays on e-cigarette physiologic effects.

Tobacco smokers switching to e-cigarettes can maintain the same nicotine exposure with e-

cigarettes as they did with tobacco cigarettes (Goniewicz et al., 2016). Compensatory 

puffing (e.g. greater consumption) when switching from high nicotine content to low 

nicotine content e-liquids has been demonstrated before but self-titration was found to be 

incomplete, i.e. blood nicotine levels were significantly different between conditions 

(Dawkins et al., 2016). We found that the participants were able to replicate their overall 

nicotine exposure from the usual e-liquid and tobacco e-liquid with moderately high 

precision. Since the usual e-liquids had lower average nicotine content than the tobacco e-

liquid, the participants consumed almost 3 times more usual e-liquid compared to the 

tobacco e-liquid to obtain similar nicotine exposure. Although average nicotine exposure 

between the usual and tobacco e-liquids were similar, the usual brand e-liquid was rated as 

more satisfying than the tobacco e-liquid, indicating that flavors play an important role in e-

cigarette appeal. One study showed that while nicotine produces the throat-hit, it was the 

sweet flavors and not nicotine content that increased e-cigarette appeal (Goldenson et al., 

2016). We did not see similar precise titration of nicotine exposure when we compared the 

strawberry flavor to the usual brand and tobacco e-liquids, respectively. The perceived better 

taste of the strawberry flavor likely made it more appealing than the tobacco flavor, and 

hence greater consumption and nicotine exposure (Goldenson et al., 2016).
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Our research has some limitations. First, 466 brands of e-cigarettes and 7764 unique flavors 

have been identified (Zhu et al., 2014). In our study, we used one brand of e-cigarettes and 

two test e-liquids along with 14 usual brands of e-liquids. Thus, our study may not be 

generalizable to all e-cigarettes or flavors. We used a popular brand of e-cigarette 

(KangerTech) and used two flavors that represent a broad array of flavors (fruit/berry vs. 

tobacco) (Krishnan-Sarin et al., 2015). Second, we did not use an unflavored e-liquid 

control, as done previously (Walele et al., 2016). Third, participants and study personnel 

were not blinded to the e-liquids.

5.0. CONCLUSIONS

Flavors may influence the rate of absorption of nicotine possibly through pH effects, may 

affect heart rate, and contribute to satisfaction and reward of e-cigarettes. E-cigarette users 

titrate their overall nicotine exposure but the extent of titration varies across flavors.
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Figure 1. 
Average plasma nicotine concentration profiles for strawberry and tobacco test e-liquid 

flavors and usual brand e-liquids (mean ± SEM) after 15 puffs of the standardized session 

(A); average plasma nicotine concentration profiles for test e-liquid flavors and usual brand 

e-liquids during 90 minutes of ad libitum access to e-cigarettes (B). No differences were 

observed between strawberry and tobacco test flavors in plot A; open markers in plot B 

indicate significant differences between strawberry and tobacco test flavors.
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Figure 2. 
Within-subject area under the plasma nicotine concentration-time curve from 0 to 90 

minutes (AUC0→90) and mean plasma AUC0→90 for the strawberry and tobacco test e-

liquid flavors and usual brand e-liquids (mean ± SEM) during the 90-minute ad libitum 
session.
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Table 5

Comparison of nicotine intake and pharmacokinetics of the usual e-liquids during the standardized session 

when grouped into acidic (pH<7) and basic (pH>7) e-liquids. P-values in bold indicate significant differences 

between the usual acidic and usual basic e-liquids.

Variable Usual Acidic (N = 7) Usual basic (N = 7) p value

Amount of e-liquid Used (mg) 149.2 (26.4) 180.3 (35.3) 0.44

Nicotine concentration in e-liquid (mg/mL) 4.2 (0.8) 10.5 (2.2) 0.04

Amount of nicotine inhaled (mg) 0.6 (0.2) 1.3 (0.1) 0.02

Amount of nicotine exhaled (mg) 0.011 (0.007) 0.012 (0.008) 0.90

Amount of nicotine retained (mg) 0.6 (0.2) 1.3 (0.1) 0.02

Half-life (min) 156 (17.9) 147 (21.4) 0.52

Tmax (min) 2.4 (0.4) 3.7 (0.6) 0.12

Cmax (ng/mL) 4.4 (1.2) 8.0 (1.3) 0.13

AUC(0→5) (ng/mL•min) 16.4 (4.7) 30 (4.8) 0.06

AUC(0→15) (ng/mL•min) 49 (15) 96 (15) 0.06

AUC(0→30) (ng/mL•min) 86 (26) 174 (27) 0.07

AUC(0→180) (ng/mL•min) 264 (74) 554 (93) 0.10

AUC(0→∞) (ng/mL•min) 460 (140) 865 (121) 0.10

PK-predicted nicotine dose (mg) 0.6 (0.2) 1.0 (0.1) 0.10

Cmax per NIC retained (ng/mL/mg) 8.2 (0.9) 6.3 (0.8) 0.16

AUC(0→5) per NIC retained (ng/mL•min/mg) 31 (3.2) 24 (3.0) 0.25

AUC(0→15) per NIC retained (ng/mL•min/mg) 90 (8.4) 76 (8.2) 0.16

AUC(0→30) per NIC retained (ng/mL•min/mg) 158 (16) 137 (13) 0.37

AUC(0→180) per NIC retained (ng/mL•min/mg) 507 (63) 431 (42) 0.44

AUC(0→∞) per NIC retained (ng/mL•min/mg) 891 (128) 678 (40) 0.16

AUC(0→180) per NIC e-liquid (ng/mL•min/mg/mL) 57 (7.6) 62 (10.4) 0.80

AUC(0→∞) per NIC e-liquid (ng/mL•min/mg/mL) 100 (16) 102 (19) 1.00

Max change in heart rate (beats per min) 11.0 (3.8) 7.9 (3.1) 0.65

Heart rate AUC (beats per min•min) 183 (85) 154 (69) 0.85
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