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Abstract
Introduction: This study examined user behavior, e-cigarette dependence, and device characteristics on nicotine intake among users of pod-
mod e-cigarettes.

Aims and Methods: In 2019-2020, people who use pod-mods in the San Francisco Bay Area completed questionnaires and provided a urine
sample for analysis of total nicotine equivalents (TNE). The relationship between TNE and e-cigarette use, e-cigarette brands, e-liquid nicotine
strength, e-cigarette dependence, and urine 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL), as a measure of combustible cigarette expo-
sure, were examined.

Results: Of 100 participants (64% male, 71% in the 18-34 age group, 45% white), 53 used JUUL primarily, 12 used Puff Bar primarily, and 35
used other brands, including Suorin; 48 participants reported current cigarette smoking. Participants most often reported use of e-liquid with
4.5%-6.0% nicotine (68%), fruit (35%), tobacco (28%), and menthol or mint flavors (26%), used e-cigarettes on 25.5 (SD = 6.3) days a month,
10.2 (SD = 14.2) times a day, and 40% used 1-2 pods/cartridges per week. In bivariate analysis, urinary TNE was higher with greater frequency
(days used) and intensity (number of pods used) of e-cigarette use, e-cigarette dependence, and combustible cigarette use. In multivariable anal-
ysis, days of e-cigarette use in the last 30 days, number of pods used per week, and NNAL levels were significantly associated with TNE. There
was no significant impact of e-liquid nicotine strength on TNE.

Conclusions: Nicotine intake among people who used pod-mod e-cigarettes increased with e-cigarette consumption and e-cigarette depend-
ence, but not with e-liquid nicotine strength. Our findings may inform whether FDA adopts a nicotine standard for e-cigarettes.

Implications: The study examined how device and user characteristics influence nicotine intake among pod-mod e-cigarette users. Nicotine
intake increased with frequency (days of e-cigarette use in past 30 days) intensity of use (number of pods used per day) and e-cigarette depend-
ence but not with the flavor or nicotine concentration of the e-liquids. Regulation of nicotine concentration of e-liquids is unlikely to influence
nicotine exposure among adult experienced pod-mod users.

Introduction Pod-mod e-cigarette liquids usually contain high nicotine
concentrations in salt form through formulations with various
weak organic acids.® The addition of acids results in a lower pH
at which a greater percentage of nicotine is protonated and has
lower volatility in the aerosol than free-base nicotine.” Because
of lower volatility and less interaction with upper airway irri-
tant receptors, despite the high nicotine concentration of the
e-liquids, inhalation of nicotine salt formulations is experienced
as less harsh than freebase nicotine.®® Given the ease of conceal-
ment of these small devices, lower power and thus small plumes
of aerosol produced, high nicotine salt concentrations, and
“sleek” design,'® the rise in popularity of pod-mod e-cigarettes
may have contributed to the rapid rise in e-cigarette use among
teens after 2018.° On the other hand, because of lower coil
heating temperatures, higher e-liquid nicotine concentrations
and lower exposure to aerosol, pod-mod e-cigarette use may
have a lower toxicological risk than high-powered e-cigarettes

Electronic cigarettes (e-cigarettes), battery-powered devices
used to deliver nicotine in the form of a non-combustion-
generated aerosol, have continued to evolve since their in-
troduction on the global market in 2007. Early e-cigarette
devices, namely, cig-a-likes, pen-shaped tanks, and variable
voltage/power mods, remain on the market, but in recent
years pod-mod e-cigarettes have become increasingly pop-
ular.’? At the time of the study, JUUL was the most popular
pod e-cigarette on the US market.> However, Puff Bar, a dis-
posable pod e-cigarette, has surpassed JUUL as the most pop-
ular e-cigarette among middle and high school students who
use e-cigarettes.* While the shapes of pod e-cigarettes vary,
most are small rectangular USB stick-shaped devices with re-
movable pods or cartridges or are entirely disposable.’ The
pods or cartridges contain a heating element and the e-liquid
solution.
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and might be a safer product for use among adult vapers as a
step towards harm reduction of tobacco use.

Due to the relative recency of pod-mod e-cigarettes on
the market, data on nicotine delivery, addictiveness, and use
patterns are still scarce. A recent cross sectional analysis of
participants in a prospective observational study compared
users of pod e-cigarettes (n = 37) to those of third-generation
mod devices (box mods) (7 = 48) and found that despite
differences in product and e-liquid characteristics, there was
no significant difference in urinary cotinine, a measure of nic-
otine exposure, between the two groups.'' Other studies have
been conducted among pod users!>* but these studies did not
examine how device characteristics, e-cigarette dependence,
and e-cigarette consumption influenced nicotine intake with

Giberson et al.

biomarkers. In this study, we examined correlates of nicotine in-
take among pod-mod users, utilizing total nicotine equivalents,
the gold-standard biomarker of nicotine intake. This addition
to the literature will inform the FDA’s regulation of pod-mod
characteristics, such as nicotine concentration of the e-liquids.

Thus, we conducted a descriptive study to assess correlates
of nicotine exposure among adult pod-mod e-cigarette users.
Understanding correlates of nicotine intake among adults
who use pod-mods will help us understand the effectiveness
of these devices as sources of nicotine among this population,
especially in the context of the changing tobacco regulatory
landscape. We hypothesize that nicotine intake among adult
pod-mod users is influenced by device characteristics and
user behavior with the primary outcome being total nicotine
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Figure 1. Differences in average urinary total nicotine equivalents (TNE) across (A) number of days vaped in the last 30 days; (B) number of pods/
cartridges used per week; (C) e-cigarette dependence, as measured by the Penn State Electronic Cigarette Dependence Index (PSECDI); (D) NNAL=
verified smoking status (cigarette nonsmoker vs. cigarette smoker); (E) brand of pod-mod; and (F) e-liquid nicotine concentration. Bars indicate
significant differences in urinary TNE across categories of each variable (a < 0.05). The TNE measured was TNE7, the molar sum of nicotine and 6 of its

metabolites. SD = standard deviation.
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equivalents as a biomarker of nicotine intake. This study is
one of the first studies on pod-mod e-cigarettes to include
both biomarker data and e-cigarette dependence measures
and will fill important research gaps to inform e-cigarette
regulation.

Methods

We enrolled 100 pod-mod e-cigarette users in an observa-
tional study conducted in the San Francisco Bay Area be-
tween July 2019 and December 2020. Inclusion criteria were
participants aged 18 to 70 years old who reported using a
pod-mod e-cigarette at least 10 days out of the past 30 days.
While participants could be exclusive users of e-cigarettes, no
restrictions were placed on participants’ use of other tobacco
products or other substances, such as cannabis. Individuals
were only excluded from the study if they were concurrent
users of nicotine-containing medications. One participant
was included in the study who used their e-cigarette on 7
days out of the past 30 days. Results were examined with and
without this participant and the findings were the same.

Study Procedures

Participants were recruited via Craigslist, Facebook, and/or
flyers and asked to complete an online REDCap eligibility
survey. If eligible, participants either attended an in-person
study visit at Zuckerberg San Francisco General Hospital
(ZSFG) or completed the study via a mobile health visit at
their place of residence (during the COVID pandemic). No
instructions were given to participants regarding their to-
bacco product usage on the day of, or days leading up to the
study visit. During both study visit formats, participants un-
derwent the same procedures as described below.

Participants completed a battery of questionnaires to as-
sess their demographics, e-cigarette dependence (Penn State
Electronic Cigarette Dependence Index [PSECDI])," and
patterns of e-cigarette, other tobacco products, alcohol, and
substance use. Patterns of use questions were asked about
participants’ product use over the past 3 days. For each day,
participants answered questions on the type of product(s)
they used “today,” how much of the product was used (eg
number of cartridges), and times of use. For e-cigarette use
specifically, some questions included, “On days that you can
use your e-cigarette freely, how soon after you wake up do
you first use your e-cigarette?,” “Have you used an e-cigarette
so far today?,” “How many times did you use an e-cigarette
today?,” “At what time did you last use an e-cigarette today?”
and “Approximately how many puffs did you take?”

Participants provided a urine sample, photos were taken
of their devices, and a sample of their pod or e-liquid were
subsequently purchased for pending lab analysis. Participants
were compensated $50 in either cash or gift cards upon com-
pletion of the study visit.

The study was approved by the Human Research Protection
Program at the University of California San Francisco.
Written, informed consent was obtained from each partici-
pant and all participants were financially compensated.

Analytical Chemistry

Urinary concentrations of nicotine and the nicotine
metabolites, cotinine and 3-hydroxycotinine (and their
glucuronides), as well as nicotine-N-oxide, cotinine-N-
oxide, nornicotine, and norcotinine were measured by
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liquid chromatography-tandem mass spectrometry.'® The
sum of these seven analytes (termed TNE7) accounts for
more than 90% of nicotine excretion, is not significantly af-
fected by genetic/metabolic variability among participants,
and is considered the gold standard measure of nicotine in-
take.!” Urine TNE7 was computed as the sum of the molar
concentrations of the analytes and was corrected for creat-
inine concentration.'® We will use “TNE” instead of TNE7
throughout the text.

Statistical Methods

Participant demographic information and self-reported to-
bacco and e-cigarette use are presented as counts and/or
proportions; continuous variables are presented as mean
and standard deviation. Analysis of variance was used to test
differences in mean TNE (log-transformed due to log-normal
distribution) across predictor variables. We used a urinary
creatinine-adjusted NNAL cutoff point of 10 pg/mg creati-
nine to biochemically discriminate between cigarette smokers
and nonsmokers with or without secondhand smoke expo-
sure."” NNAL, which has a terminal half-life of 10-18 days,?
indicates cigarette smoking within the past 6 to 12 weeks
even if users are infrequent/nondaily smokers.

Three multivariable models were used to further assess
the relationship between urine TNE and various predictor
variables. NNAL and/or self-report smoking were used to
indicate combustible cigarette use among e-cigarette users
(ie dual use). The first model included all participants. The
second model examined e-cigarette only users by excluding
biochemically verified participants who smoked cigarettes (7
= 61 participants were included). The third model examined
e-cigarette-only users by excluding biochemically-verified
smokers and self-reported smokers (z = 44 participants were
included). Covariates were chosen a priori and included dem-
ographic variables, measures of frequency and intensity of
e-cigarette use, e-cigarette dependence, and e-cigarette char-
acteristics, such as e-liquid nicotine concentration. We in-
cluded these variables because both user characteristics and
device characteristics have been shown to predict nicotine in-
take among e-cigarette users.?!

Results

The demographic characteristics of the participants are
presented in Table 1. Of the 100 participants enrolled, 64%
were male, 71% were between 18 and 34 years old, 45%
were white, and 94% had some college education or more.

Pod-mod E-cigarette Use

Pod-mod e-cigarettes and use patterns are presented in
Table 2. Most participants (53%) used JUUL while 12% used
Puff Bar and 35% used other pod-mod e-cigarette brands, in-
cluding Smok, Blu, and Suorin. Most participants used their
e-cigarettes on 21-30 days out of the past 30 days (72%),
40% used their e-cigarettes at least 10 times on days they
vaped, where one “time” is defined as 15 puffs or a session
which lasts around 10 min, as has been used in the Penn
State E-cigarette Dependence Index.” Regarding intensity of
consumption, 77% of participants used one or more pods/
cartridges per week. Most participants (77%) used high nic-
otine concentration e-liquids (4.5% to 6.0% nicotine con-
centration by weight). The most often used flavors were fruit
(35%), tobacco (28%), and menthol/mint (26 %).
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Table 1. Demographic information of pod-mod e-cigarette users from the
San Francisco Bay Area enrolled in a cross-sectional study in 2019-2020

Demographic variable Number of participants

(N =100)

Sex

Male 64

Female 36
Age

18-34 71

35-49 22

50-64 7
Race

Asian 21

Black 8

Latino 10

White 45

Mixed/other 16
Education

Some high school/high school 6

Some college/two-year degree 49

Four-year degree 41

Advanced degree 4
Household income

Less than 25k 33

25 000-49 999 23

50 000-74 999

75 000 or more 21

Tobacco Cigarette Smoking

Of all participants, 48% reported using tobacco cigarettes
in the past 30 days, including 18% who smoked daily, 16%
who smoked at least weekly, and 14% who smoked at least
monthly. Furthermore, 39% reported being former smokers,
and 13% were self-reported never-smokers. To the question
of whether they had smoked a cigarette on the day of the
study visit “today,” 78% of participants self-reported “No”
while 18% reported smoking at least one tobacco cigarette
(4% did not respond to the question). Among the 18 who
had smoked “today,” 17 had smoked 1-10 cigarettes and one
had smoked 11-20 cigarettes. Using the urinary NNAL cutoff
point of 10 pg/mg creatinine to discriminate between smokers
and nonsmokers, 61% of the participants were classified as
nonsmokers, and 39% were classified as smokers.

Nicotine intake

Supplementary Table S1 presents bivariate analyses of TNE,
as a measure of nicotine intake, across demographic and
product use characteristics. Significant differences in TNE
levels were observed across a number of pods/cartridges used
per week, days vaped in the last 30 days, a number of times
e-cigarettes are used per day, and NNAL-verified smoking
status (see Figure 1). TNE did not vary across sex, age, and
race in the univariate analysis. Also, no differences were
observed in TNE levels across self-reported smoking status,
e-cigarette brand (JUUL vs. non-JUUL brands), and e-liquid
flavor. TNE differed significantly across e-liquid nicotine con-
centration in the univariate analysis, but no clear pattern
was found. Within the category of nonsmokers (validated by
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NNAL), there was no significant difference in mean TNE for
those who self-identified as “Never Smokers” when compared
to those identifying as “Former Smokers.”

Multivariable analysis was performed including all
participants (Table 3), with the covariates age, race, e-liquid
nicotine strength, pods/cartridges used per week, days of
e-cigarette use in the last 30 days and urine NNAL as a
measure of combustible cigarette use. The most significant
predictors of TNE were days of e-cigarette use in the last 30
days (p < .001), pods/cartridges used per week (p < .001),
and urinary NNAL (p < .001). TNE was also positively re-
lated to age. Race and e-liquid nicotine strength were not sig-
nificant predictors of TNE. When only e-cigarette users were
considered (models 2 and 3), the most significant predictors
of TNE were days of e-cigarette use in the last 30 days (p <
.001) and pods/cartridges used per week (p <.001). As before,
age but not race and e-liquid nicotine strength was significant
predictor of TNE.

E-cigarette Dependence Measures

A higher level of e-cigarette dependence, as indicated by a
shorter time after awakening to first e-cigarette use and higher
Penn State Electronic Cigarette Dependence Index score, was
significantly associated with TNE (Supplementary Table S1).
There was a significant inverse relationship between time to
first e-cigarette use and the Penn State E-Cigarette Dependence
Index score (p <.001).

Discussion

We present novel data on predictors of nicotine intake in
pod-mod users, including e-liquid nicotine concentration and
flavor, and how the level of e-cigarette use and dependence are
associated with nicotine exposure. As one of the few studies
with biomarkers of nicotine exposure in pod-mod users, this
study fills in some important knowledge gaps about the use of
these popular e-cigarette devices.

The strongest predictors of nicotine intake among adult
pod-mod users were consumption related variables (days of
e-cigarette use in the last 30 days, number of pods/cartridges
used per week), tobacco cigarette smoking or smoke expo-
sure and e-cigarette dependence measures. When exclusive
e-cigarette users were analyzed separately, only consumption
related variables were significant predictors of nicotine intake.
Nicotine intake did not differ by brand (JUUL vs. non-JUUL
e-cigarette brands), sex, race, and device characteristic, such
as e-liquid nicotine concentration and flavors. The amount of
nicotine consumed in this group is largely driven by frequency
and intensity of e-cigarette use, which are related to the users’
physical dependence on nicotine and/or e-cigarettes as indi-
cated by the PSECDI.

Pod-mod e-cigarettes can contain a wide range of nicotine
concentrations and flavors, including some of the highest nico-
tine concentrations among all e-cigarette products on the U.S.
market. There is a concern that high nicotine concentrations
may expose users to higher amounts of nicotine than those
with lower nicotine concentration, and as such may be more
addictive or harmful. However, our findings show that users’
nicotine intake is not related to the e-liquid nicotine con-
centration, similar to the findings of a recent comparison
between pod users and third-generation mod e-cigarettes.!!
This is likely because e-cigarette users engage in compensa-
tory puffing, such as more intense puffing when using devices
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Table 2. E-cigarette use and device characteristics of pod-mod e-cigarette users from the San Francisco Bay Area (2019-2020). Frequencies are given for
all participants and by the primary pod-mod e-cigarette brand used (JUUL, Puff Bar, or other brands)

E-cigarette use/device characteristic All participants

Primary brand use

(N=100) JUUL Puff Bar Other
(n=53) (n=12) (n=35)
Number of days of e-cigarette use in last 30 days, 7 (%)
7-10* 6 2(3.8) 2(17) 2(5.7)
11-20 22 14 (26) (33) 4(11)
21-30 72 37 (70) 6 (50) 29 (83)
Number of times e-cigarette used per day, 7 (%)
1-4 33 18 (34) 5 (42) 10 (29)
5-9 27 21 (40) 1(8.3) 5 (14)
>10 40 14 (26) 6 (50) 20 (57)
Number of pods/cartridges used per week, 7 (%)
<1 20 8 (15) 3(25) 9 (26)
1-2 40 17 (32) 5(42) 18 (51)
3-4 19 14 (26) 2(17) 3 (8.6)
>5 18 14 (26) 1(8.3) 3 (8.6)
N/A 3 0(0) 1(8.3) 2(5.7)
E-liquid nicotine strength, 7 (%)
0.3%-0.6% 1 0(0) 0(0) 1(2.9)
1.2%-2.5% 9 1(1.9) 0 (0) 8 (23)
2.7%-3.0% 10 10 (19) 0(0) 0(0)
4.5%-6.0% 77 42 (79) 12 (100) 23 (66)
Unknown 3 0(0) 0(0) 3 (8.6)
Most frequently used flavor, 7 (%)
Tobacco 29 27 (51) 0(0) 2(5.7)
Menthol/mint 26 20 (38) 0(0) 6 (17)
Fruit 35 6(11) 9 (75) 20 (57)
Dessert/candy 0 (0) 0 (0) 2(5.7)
Other 0 (0) 3(29) 5(14)

*One participant used the e-cigarette on 7 of the last 30 days while 5 used their e-cigarette on 10 of the last 30 days.

with lower nicotine concentration, as has been shown else-
where.?>?* While concerns about the addictiveness of high nic-
otine content pod-mod devices like JUUL remain, especially
concerns about teen use,** the increased frequency of use of
devices with lower nicotine concentrations leads to increased
exposure to e-cigarette-related toxicants® and likely increased
health risk. Although several countries, including those in the
European Union, have restricted e-cigarette nicotine concen-
tration to 20 mg/mL, our findings suggest that restrictions on
e-cigarette nicotine content alone may have limited impact on
the health consequences of e-cigarette use among experienced
adult e-cigarette users.

Age was a significant predictor of TNE in the multivariate
models. While age may not necessarily be a predictor of nic-
otine intake on its own, age may be a predictor of years of
e-cigarette use and thus e-cigarette dependence and e-cigarette
consumption and nicotine intake. This likely explains why
TNE increased with age.

Our data support the relationship between two commonly
used dependence measures of nicotine self-administration. As
e-cigarette dependence, measured by the PSECDI, increased,
TNE levels increase significantly. Likewise, we found a sig-
nificant relationship between the time to first reported use

of their e-cigarette after waking and the PSECDI score with
TNE levels. Participants who used their devices first thing in
the morning had higher TNE levels compared to those who
had their first use later in the day.

Limitations of our study include a small convenience sample
of predominantly white males from one region of the United
States. The size limits our ability to assess subgroup differences
and to make broad generalizations about pod e-cigarettes.
Further, our study findings may not be generalizable to other
parts of the US since smoking and vaping behaviors and dem-
ographics of vapers may differ in the San Francisco Bay Area
compared to vapers in other parts of the country. However,
our finding that e-liquid nicotine concentration did not predict
nicotine intake is similar to that of a recent study of pod and
third-generation mod users from New York.!!

Conclusion

In a convenience sample of 100 pod e-cigarette users in
the San Francisco Bay Area, we found the most significant
predictors of nicotine intake to be consumption related
variables, tobacco cigarette use, and level of e-cigarette de-
pendence. E-liquid nicotine strength and e-liquid flavors were
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Table 3. Predictors of nicotine intake among pod-mod e-cigarette users,
as measured by urinary total nicotine equivalents (TNE)

Variable df F P

Model 1: All participants

Age 1 6.36 .014
Race 4 1.56 .19
E-liquid nicotine strength 1 0.67 42
Pods per week 3 6.81 <.001
EC use in last 30 days 1 21.1 <.001
NNAL (pg/mg creatinine) 1 11.8 <.001
Model 2: E-cigarette only users (NNAL-verified

nonsmokers)

Age 1 5.63 02
Race 4 1.38 25
E-liquid nicotine strength 1 0.59 44
Pods per week 3 6.02 <.001
EC use in last 30 days 1 18.7 <.001

Model 3: E-cigarette only users (self-report and NNAL-
verified)

Age 1 13.64 <.001
Race 4 1.34 28
E-liquid nicotine strength 1 3.74 .06
Pods per week 3 9.74 <.001
EC use in last 30 days 1 10.34 <.001

The TNE measured was TNE7, the molar sum of nicotine and 6 of its
metabolites. In Model 1, all participants were included, and independent
variables included demographics, e-cigarette use behavior and device
characteristics, and urinary NNAL. In Model 2, biochemically verified
cigarette smokers were excluded (7 = 39), and the model included
demographics and e-cigarette use and device characteristics. In Model 3,
self-reported smokers and biochemically verified cigarette smokers (n = 56)
were excluded and the model included demographics and e-cigarette use
and device characteristics.

not found to be significantly associated with TNE levels.
Finally, we found that TNE levels were associated with the
level of e-cigarette dependence measured by the PSECDI.

Our findings may have regulatory implications. As
discussed before, our findings indicate that e-liquid nico-
tine content is not associated with greater nicotine expo-
sure. An advantage of higher nicotine levels in e-liquids is
that the smaller volumes of aerosol generated at lower coil
temperatures can deliver desired levels of nicotine with expo-
sure to fewer thermal degradation produced toxicants. Thus,
for adults who use e-cigarettes, high nicotine liquid vaping
may be safer than lower nicotine liquid vaping. This benefit
needs to be balanced against the potential that high nicotine
liquids might be more likely to produce e-cigarette or nicotine
dependence in youth.

Supplementary Material

A Contributorship Form detailing each author’s specific in-
volvement with this content, as well as any supplementary
data, are available online at https://academic.oup.com/ntr.
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