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Abstract

Introduction: Electronic cigarettes (ECIGs) heat a nicotine-containing liquid to produce an inhalable aerosol. ECIG power (wattage) and
liquid nicotine concentration are two factors that predict nicotine emission rate (“flux”). These factors can vary greatly across devices and
users.

Aims and Methods: The purpose of this study was to examine ECIG device and liquid heterogeneity in “real world” settings and the associa-
tion with predicted nicotine flux, nicotine yield, and total particulate matter (TPM) emissions. Past 30-day ECIG users (n = 84; mean age = 23.8
years [SD = 9.6]) reported device and liquid characteristics. Device power was measured via multimeter, device display screens, or obtained via
labeling. Ligquid nicotine concentration was obtained via labeling or through chemical analysis. Predicted nicotine flux, nicotine yield, and TPM
associated with 10 4-second puffs were calculated for participants’ primary devices.

Results: Participants’ primary devices were box mods (42.9%), disposable vapes (20.2%), and pod mods (36.9%). Most participants (65.5%)
reported not knowing their primary device wattage. Rebuildable/box mods had the greatest power range (11.1-120.0 W); pod mod power
also varied considerably (4.1-21.7 W). Unlike device wattage, most participants (95.2%) reported knowing their liquid nicotine concentration,
which ranged from 3.0 to 86.9 mg/ml (M = 36.0, SD = 29.3). Predicted nicotine flux varied greatly across products (range =12.0-160.1 pg/s,
M = 85.6 pg/s, SD = 34.3). Box mods had the greatest variability in wattage and predicted nicotine flux, nicotine yield, and TPM yield.
Conclusions: ECIG device and liquid heterogeneity influence nicotine and other toxicant emissions. Better measurement of ECIG device and
liquid characteristics is needed to understand nicotine and toxicant emissions and to inform regulatory policy.

Implications: ECIG device and liquid heterogeneity cause great variability in nicotine flux and toxicants emitted. These data demonstrate the
need to examine device and liquid characteristics to develop empirically informed, health-promoting regulatory policies. Policies may include
setting product standards such that ECIG products cannot (1) have nicotine fluxes much greater than that of a cigarette to decrease the risk
of dependence, (2) have nicotine fluxes that are very low and thus would have minimal appeal to cigarette smokers and may serve as starter
products for youth or nontobacco users, and (3) emit large amounts of particulate matter and other toxicants.

Introduction and in 2020 13.1% of middle and high school students re-
ported current (past 30-day) ECIG use.” ECIG use among
youth decreased in 2021, with 11.3% of high school and

otine to create an inhalable aerosol.! While ECIG use among 2‘8%‘ of middle school students reporting ECIG use, but still
US adults remains relatively low, with 2.8% reporting cur- remalnéed th.e most C(?mmonly used tobacco product among
rent ECIG use in 2017 and 3.2% in 2018, use has increased youth.® During this time, ECIG products have evolved with

more rapidly among youth. In 2011, current ECIG use among the recent proliferation of “pod-mod” products” and dispos-

US middle and high school students was 1.5% and increased able ECIG Fievices.g
t0 11.7% in 2017.3 Since 2014. ECIGs have been the most The continued use of ECIGs by youth and adults as well as
’ the diversification of products on the market has presented

Electronic cigarettes (ECIGs) heat a liquid containing pro-
pylene glycol, vegetable glycerin, chemical flavorants, and nic-

common tobacco product used by youth in the United States*

Received: October 26, 2021. Revised: July 29, 2022. Accepted: August 10 2022.
© The Author(s) 2022. Published by Oxford University Press on behalf of the Society for Research on Nicotine and Tobacco. All rights reserved. For
permissions, please e-mail: journals.permissions@oup.com.


mailto:soulee18@ecu.edu?subject=

Nicotine and Tobacco Research, 2023, Vol. 25, No. 3

challenges for health professionals and regulators given that
the potential public health benefits or harms associated with
long-term ECIG use remain unknown. Specifically, ECIGs
may play a role in aiding some cigarette smokers in cigarette
smoking cessation, but they may also be appealing to youth or
nontobacco users. One factor that likely affects public health
impact is an ECIG device’s ability to emit nicotine. Several
reviews’!* conclude that there is limited evidence that ECIGs
are effective for smoking cessation and that there is “mod-
erate evidence” that ECIGs containing nicotine are more ef-
fective than those without nicotine. ECIG devices that can
deliver more nicotine in the same number of puffs to users
can have greater withdrawal suppression and positive sub-
jective effects.” Thus, the rate at which an ECIG device emits
nicotine may impact other outcomes, such as the likelihood
of youth initiation, the probability of continued ECIG use,
dependence, user puffing behaviors, and toxicant exposure.

One challenge in understanding ECIG nicotine emissions
is that ECIGs are a heterogenous product class that includes
numerous different devices and liquids. Some researchers
have attempted to identify product subgroups to charac-
terize ECIGs with greater specificity, such as cigalikes, vape
pens, box mods, pod mods, or disposables. These categories
are limited, as they provide little information regarding the
amount of nicotine emitted from a user’s device because they
do not focus on characteristics that impact nicotine emissions.
Holding puffing behavior constant, devices that operate at
higher electrical power (ie, wattage) and use a liquid with a
higher nicotine concentration are associated with higher nic-
otine emissions relative to lower wattage devices or lower
nicotine concentration liquids.'® Higher wattage devices also
produce and expose users to higher amounts of particulate
matter (PM; ie, suspended liquid particles generated from
heating the ECIG liquid) and other chemicals.'¢

Because many “open system” ECIG devices allow users
to change device wattage and liquid nicotine concentration
easily, some researchers have proposed the use of nicotine
flux, or the amount of nicotine emitted from an ECIG per
second, as a measure for nicotine emissions.'”'$ Using nic-
otine flux as a standardized measurement of nicotine emis-
sions has many benefits for research, specifically: (1) it can
be calculated for any ECIG device with a known power
and liquid nicotine concentration' and (2) it can be used to
compare nicotine emission between ECIG device and liquid
combinations and other non-ECIG tobacco products, such as
cigarettes. Preliminary findings also demonstrate that nico-
tine flux is a strong predictor of nicotine delivery. In a recent
study?? participants were asked to use a single ECIG product
with various nicotine flux conditions by varying ECIG liquid
nicotine concentration and device power. After using the
ECIG device with various nicotine flux set ups, blood was
drawn from participants and plasma nicotine concentrations
were recorded. Data from this study demonstrate that nico-
tine flux is correlated strongly with plasma nicotine concen-
tration (R? = 0.96) with higher nicotine flux being associated
with greater plasma nicotine concentration. Therefore, be-
cause preliminary evidence suggests that greater nicotine flux
is associated with greater nicotine delivery,?' greater knowl-
edge of the nicotine flux associated with ECIG users’ device
and liquid combinations could be informative for identifying
which ECIG products are likely to deliver high amounts of
nicotine to users or those that are likely to deliver minimal
amounts of nicotine.
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Little is known about the extent to which ECIG devices
and liquid heterogeneity among products used in real-world
settings are associated with nicotine flux variability. One ap-
proach for examining nicotine flux is to use survey methods
to ask ECIG users to report their device and liquid charac-
teristics that are needed to calculate nicotine flux (ie, device
wattage and nicotine concentration). However, obtaining the
information needed to calculate nicotine flux may not be fea-
sible using survey methods: a recent study found that while
90% of surveyed ECIG users reported knowing their liquid
nicotine concentration, only 18.2% of users provided valid
results associated with their ECIG device wattage.?? Despite
these challenges, because of the known impact of ECIG de-
vice and liquid heterogeneity on nicotine and other toxicant
emissions, there is a need to document ECIG device and liquid
characteristics. Therefore, the purpose of this study was to
examine ECIG device and liquid characteristics and estimate
the nicotine flux, nicotine yield, and total particulate matter
(TPM) emissions in “real-world” settings.

Methods

Overview

This study was approved by the Virginia Commonwealth
University Institutional Review Board. In 2019 and 2020, cur-
rent ECIG users were recruited to participate in an in-person
study. Participants were recruited by posting advertisements on
the local Craigslist website, public locations within the com-
munity, a large (29 000 students) public university, a community
college, and seven tobacco or vape shops in the community.
Advertisements included a link to a lab website where inter-
ested individuals could access a screening survey. Individuals
were identified as eligible to participate in the study if they re-
ported being over the age of 18 years, currently using an ECIG
every day or some days, having used an ECIG at least 1 day in
the past 30 days, and owning their own ECIG device.

Procedure

Eligible participants presented to the research lab for in-person
visits and were instructed to bring all ECIGs and liquids that
they owned. Because the purpose of this study was to pre-
dict product emissions from a variety of ECIG devices, efforts
were made to limit duplicate devices. Therefore, participants
were not invited to an in-person visit if they used a device that
had been brought in by five or more previous participants.
After providing consent, participants (n = 84) completed a
brief questionnaire examining ECIG and other tobacco use,
characteristics of their primary ECIG device (eg device type,
brand name, model, voltage, resistance, and wattage), liquid
characteristics (nicotine concentration, flavors, and other
ingredients), ECIG dependence as measured by the E-Cigarette
Dependence Scale,? health effects, and demographic charac-
teristics. Participants were allowed to examine their products
while completing the questionnaire.

Trained research staff captured images of all devices and
liquids that participants brought to the lab. Staff captured
device and liquid images from multiple angles with a solid
color background and placed a reference card next to devices
and liquids when capturing images to be used as a size/scale
reference. For devices, staff documented unique features,
such as brand names/logos to aid in identifying devices from
images. If devices included a display screen that included de-
vice specifications such as device wattage, voltage, resistance,
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or other settings, the staff asked participants to turn on the
device to activate the display, and staff captured images of
the illuminated display. For participants’ liquid bottles, pack-
aging, or other storage containers, staff used multiple angles
when capturing images to include text or images describing
brand, flavor name, nicotine concentration, propylene glycol/
vegetable glycerin ratio, ingredients, and other content dis-
played on the packaging.

After capturing device and liquid images, staff attempted
to measure device electrical characteristics including voltage
and resistance using a multimeter and recorded these values.
When both values were able to be measured using the mul-
timeter, device wattage was calculated using the formula
Power = Voltage?/Resistance. For devices that included a dis-
play screen with electrical characteristic information, these
data were also recorded. For devices that a multimeter could
not be used to access electrical components and that did not
include a display screen, research staff conducted an internet
search of manufacturer websites (eg, www.smoktech.com)
and third-party websites that display device specifications
(eg, www.elementvape.com). If device wattages could not be
determined using the multimeter, display screen, or internet
searches, some devices were disassembled so that internal
electrical characteristics could be measured and examined, in-
cluding if devices were used to power or temperature control
functions (as in?**%). This disassembly was most common for
disposable devices. For devices for which wattage could not
be determined, an estimate for wattage was used by assigning
the device a wattage equivalent to the mean wattage value
determined for other devices of the same device type (eg. box
mod, pod mod, and disposable). Wattages were compared to
product specifications from internet websites to validate that
the wattages were feasible for the included devices.

For liquids, nicotine concentrations displayed on bottles
were recorded. For liquids without packaging, research staff
conducted an internet search of the manufacturer or third-
party websites for nicotine concentration details. Several
prefilled disposable devices that matched participants’ devices
were purchased, disassembled, and analyzed for nicotine
concentration as previous research has shown devices with
prefilled liquid to have different liquid nicotine concentrations
than labels display.*** Because there was less variability
in ECIG liquid nicotine concentration, for liquids with un-
known nicotine concentration, nicotine concentration was
estimated by assigning them a nicotine concentration equiva-
lent to the mode nicotine concentration value of other known
liquids used in the same device type (eg. box mod liquids, pod
mod liquids, and disposable liquids).

Analyses

Descriptive statistics were used to examine user and device
characteristics including if participants reported knowing
their device wattage and liquid nicotine concentration. Using
device wattage and liquid nicotine concentration, nicotine
flux (ug/s) was estimated using a previously established and
validated formula,' which was also used to estimate total
nicotine yield in mg, and TPM emissions in mg assuming 10
“standard puffs” of 4 s per puff that are often used in clin-
ical laboratory settings to examine ECIG use.?! The simplified
steady-state model’ which can be applied to predict nico-
tine flux, nicotine yield, and TPM for any ECIG device type,
requires wattage, nicotine concentration, and propylene
glycol/vegetable glycerin ratio inputs. To calculate nicotine
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yield and TPM, nicotine flux and PM emitted per second were
multiplied by 40 (ie, total puff duration from 10 4-second
puffs). Descriptive statistics were examined for all primary
devices and also were examined when ECIGs were grouped
by device type. Device wattage, liquid nicotine concentra-
tion, nicotine flux, nicotine yield, and TPM emissions were
compared between device types using independent samples
analysis of variance with Scheffe post hoc #-tests using an
alpha level of 0.05. One participant’s box mod device, liquid,
nicotine flux, and nicotine and TPM vyield data were excluded
from analyses because of extreme values (ie, liquid nicotine
concentration label was verified by research staff to be more
than 8 times higher than other box mod device liquid nicotine
concentrations and predicted nicotine flux 3.75 times higher
than the next highest nicotine flux value).

Results

Participant Characteristics

Participants’ self-reported characteristics and primary de-
vice and liquid characteristics are displayed in Table 1. In
summary, participants were mostly white (84.5%) non-
Hispanic (94%) and approximately half were men (51.2%)
and women (47.6%). Participants were on average 23.8 (SD
= 9.6 range = 18-59) years old and 83.3% had completed
high school and had attended some college. Most (77.4%)
reported using ECIGs on a regular basis (every day or some
days) for one year or more, and nearly three-quarters (70.2%)
reported ECIG used “fairly frequently throughout the day”
or “almost always throughout the day.” The most common
primary ECIG device types as reported by participants were
pod mods (40.5%), box mods/mechanical mods (40.5%; re-
ferred to as “box mods” hereinafter), and prefilled disposable/
cig-alike (13.1%), however, some devices were recategorized
by the research team. The most common discrepancy between
categories assigned by the research team and participants’ self-
reported categories was participants identifying prefilled/dis-
posable devices as “pod mods” (likely because of the addition
of the “disposable vape” category added after data collection
had begun as these products became more popular over time).
Mean E-Cigarette Dependence Scale?® score was 1.7 (SD =
0.8), slightly lower compared to E-Cigarette Dependence
Scale scores reported elsewhere among daily ECIG users.”
Half of the participants (50.0%) reported smoking less than
100 cigarettes in their lifetime and less than a quarter (21.4%)
reported currently smoking cigarettes every day or some days.
Current (past 30-day) use of other tobacco products was low,
with the most used other tobacco product being cigarillos or
little cigars (19.0%).

ECIG Device and Liquid Characteristics

Participants’ primary devices fell into three device types
(after the research team recategorized devices): Disposable
vapes (20.2%), pod mods (36.9%), and box mods (42.9%).
For disposable vapes, device wattage was based on multim-
eter measurement (7 = 11), with the remaining devices (7 = 6)
being assigned the average multimeter value. For pod mods,
wattage was determined by multimeter (7 = 13), internet search
(n = 2), and an average of multimeter and internet values (n
= 16). For box mods, wattage was determined by multimeter
(n = 2), display screen (n = 26), internet search (n = 1), and
an average of multimeter, display screen, and internet values
(n=6). As displayed in Table 1, for devices where wattage could


http://www.smoktech.com
http://www.elementvape.com

Nicotine and Tobacco Research, 2023, Vol. 25, No. 3

Table 1. Sample Demographics and ECIG/Tobacco Use Characteristics

(N = 84)
Characteristic N %
Age (M, SD) 23.8 (9.6)
Sex
Female 41 47.6
Male 43 51.2
Ethnicity
Hispanic/Latino(a) S 6.0
Race
American Indian/Alaskan Native 1 1.2
Asian 0 0.0
Native Hawaiian/Pacific Islander 1 1.2
Black/African American S 6.0
White/European American 71 85.5
More than one race 5 6.0
Education
Less than high school education 5 6.0
High school diploma or GED 16 19.0
Some college credit, but less than 12 14.3
1 year
1 or more y of college, no degree 37 44.1
Associate’s degree 7 8.3
Bachelor’s degree 7 8.3
Regular ECIG use history!
0-3 months 6 7.2
4-6 months 7 8.4
7-12 months 6.0
Between 1-2 year 20 24.1
More than 2 years 45 542
ECIG frequency
At least once per day 4 4.8
Every once in a while throughout 21 25.0
the day
Fairly frequently throughout 35 41.7
the day
Almost always throughout most 24 28.6
of the day
Regular ECIG device (self-report)
Prefilled disposable/Cig-alike 11 13.1
Vape pen/eGo style device 2 2.4
Box mod/mechanical mod 34 40.5
Pod mod such as JUUL 34 40.5
Other 3 3.6
Know ECIG liquid nicotine concentration (self-report)
Yes 80 95.2
Know ECIG device wattage (self-report)
Yes 29 34.5
ECIG liquid flavor preference (select all that apply)
Menthol or mint 44 52.4
Tobacco 4 4.8
Fruit 62 73.8
Desserts (such as ice cream, cake, 18 21.4
and cookies)
Candy 29 34.5
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Table 1. Continued
Characteristic N %
Other (including clove, spice, 17 20.2
nut, alcoholic drink, and coffee/
tea)
I usually use multiple flavors 6 7.1
ECIG use after waking
After 60 min 17 20.2
31-60 min 16 19.1
6-30 min 28 33.3
Within § min 23 27.4
E-Cigarette Dependence Scale (M, 1.7 (0.8)
D)
Lifetime use of 100+ cigarettes
Yes 41 49.4
Current use of other tobacco products
Cigarettes 20 21.4
Cigar 7 8.3
Cigarillo or little cigar 16 19.1
Smokeless 7 8.3
Waterpipe 9 10.7

Regular ECIG use was defined as using and ECIG “every day” or “some
days.” E-Cigarette Dependence Scale scores were based on responses a
4-item scale.?

ECIG = electronic cigarette; GED = General Educational Development.

be calculated without using averages (#z = 55), the mean was
39.9 W (SD = 36.1). When including estimated values based
on devices in the same device type category, the mean device
wattage for all devices (7 = 83) was 33.7 W (SD = 33.6). The
range was 4.1-120.0 W across all device types. However, dis-
posable vapes had nearly identical wattages across all products
(range = 8.3-8.7), box mod devices had the greatest range
(11.1-120.0 W), and the range for pod mods was 4.1-21.7
W. There was a main effect of device type on wattage [F(2) =
118.4,p < .001]. Post hoc contrasts revealed that device power
for disposable vapes (M = 8.4 W, SD = 0.2) and pod mods (M
= 9.3 W, SD = 3.4) were significantly lower than mean device
power for box mod devices (M = 67.5 W, SD = 26.1; p <.001).

Also displayed in Table 1, the nicotine concentration was
determined for 78 liquids (M = 36.5 mg/ml, SD = 29.8). For
disposable vapes, values were based on chemical analysis (n
= 11) and internet search (7 = 6). For pod mods, nicotine
concentration values were based on chemical analysis (7 =
5), product labels (n = 16), internet search (n = 7), and three
were assigned mode values (50 mg/ml). For box mods, most
nicotine concentrations were based on product labels (n =
33) and two were assigned mode values (6 mg/ml). For all
devices, including those for which data were estimated from
other liquids in the same device category, the mean liquid nic-
otine concentration was 36.0 mg/ml (SD = 29.3). There was
a main effect of device type on liquid nicotine concentration
[F(2) = 203.8, p < .001]. From highest to lowest liquid nico-
tine concentration, disposable vapes had a mean nicotine con-
centration of 73.4 mg/ml (SD = 14.5), followed by pod mods
(M = 48.6 mg/ml, SD = 13.6) and box mods (M = 6.7 mg/ml,
SD = 8.8). Post hoc contrasts indicated mean liquid nicotine
concentrations used in each device type were significantly dif-
ferent (ps < .001).
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Around one-third (34.5%) of all participants reported
knowing their device wattage. However, this knowledge was
associated with the device type. Specifically, 75% of box mod
users reported knowing their device wattage, whereas only
4.2% of participants who did not use a box mod reported
knowing it (x*(1) = 45.7, p < .001). This observation did not
hold for liquid nicotine concentration: Nearly all participants
(95.2%) reported knowing their liquid nicotine concentra-
tion, and there was no association based on device type, likely
because most ECIG products display nicotine concentrations
on product packaging. Figure 1 displays distributions of de-
vice wattage and liquid nicotine concentration by device type.

Predicted Nicotine Flux, Total Nicotine Emissions,
and TPM Emissions

There were 51 participants whose device wattage and liquid
nicotine concentration were able to be determined using de-
vice displays or product labeling, direct measurement, or in-
ternet searches. For these devices and liquids, mean predicted
nicotine flux ranged from 12.0 to 160.1 ug/s (M = 83.5
ug/s, SD = 41.3). As displayed in Table 2, when including all
devices and liquids with estimated wattage and nicotine con-
centration values, the mean predicted nicotine flux was 85.6
pg/s (SD = 34.3), similar to the nicotine flux of combustible
cigarettes calculated from previous studies (87.1 pg/s?*-%).
The distribution of nicotine flux by device type is displayed in
Figure 2. Disposable vapes had the highest mean nicotine flux
(M =124.1 pg/s, SD = 25.9), followed by pod mods (M = 84.0
pg/s, SD = 25.3), and lastly box mods (M = 68.5 pg/s, SD =
30.1). There was a main effect of device type on predicted nic-
otine flux [F(2) = 23.5, p < .0] with post hoc Scheffé contrasts
indicating disposable vapes had significantly greater predicted
nicotine flux relative to pod mods and box mods (ps < .001).

The predicted nicotine yield associated with 10 4-second
puffs from the 51 participants for whom device wattage
and liquid nicotine concentration could be determined was
3.34 mg (SD = 1.65) and ranged from 0.48 to 6.40 mg. This
range included values below and above the nicotine yield as-
sociated with a single cigarette of 1.6-1.9 mg reported else-
where.’¢ Including all devices and liquids with estimated
wattage and nicotine concentration values, the mean predicted
nicotine yield from all devices was 3.42 mg (SD = 1.37; see
Table 2). Because nicotine yield is directly correlated with nic-
otine flux when puffing behaviors are held constant, predicted
nicotine yield associated with 10 4-second puffs followed the
same pattern observed for flux. Specifically, there was a main
effect of device type on predicted nicotine yield [F(2) = 24.1,
p <.001]. Disposable vapes had the highest predicted nicotine
yield (M = 4.98 mg, SD = 1.01), followed by pod mods (M =
3.36 mg, SD = 1.01), and lastly box mods (M = 2.73 mg, SD
=1.21) and post hoc contrasts indicated disposable vapes had
significantly higher predicted nicotine yields relative to pod
mods and box mods (p < .001). All disposable ECIG devices
had predicted nicotine yields from 10 4-second puffs that
exceeded the yield of a single cigarette.?*

For the devices that both wattage and liquid nicotine con-
centration were determined, predicted TPM vyield ranged from
39.3 to 1154.7 mg (M = 368.3 mg, SD = 343.8). Including
all devices with determined and estimated wattage and nic-
otine concentration data, the mean predicted TPM yield was
324.1 mg (SD = 322.5; see Figure 2). TPM yield ranges were
smallest for disposable vapes (79.7-83.4 mg), followed by
pod mods (39.3-209.1 mg), and the greatest for box mods
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(107.2-1154.7 mg). There was a main effect of device type
on predicted TPM vyield [F(2) = 118.3, p < .001]. Post hoc
contrasts revealed that predicted TPM yields from disposable
vapes (M = 81.2 mg, SD = 1.8) and pod mods (M = 89.8 mg,
SD = 33.0) did not differ significantly, and that both were sig-
nificantly less than predicted TPM yields from box mods (M
= 649.6 mg, SD = 250.7; ps < .001).

Discussion

This study found that ECIG device wattage and liquid nic-
otine concentration from devices and liquids used by ECIG
users in “real-world” settings varied considerably and were
associated with ECIG device type. Patterns emerged across
different device types: as displayed in Figure 1, box mod users
had great variability in their device wattages, but limited vari-
ability in ECIG liquid nicotine concentration. Conversely, pod
mod and disposable vape users had less variability in device
wattage, but much greater variability in ECIG liquid nicotine
concentration. Predicted nicotine flux and total nicotine yield
using a mathematical model’” also varied greatly, with some
products having predicted nicotine fluxes much less than that
of a combustible cigarette, which ranges from 51.4 to 131.7
ng/s ug/s,28-3 while others had predicted nicotine fluxes much
greater than that of a combustible cigarette. Higher model-
calculated TPM was associated with higher wattage, however,
TPM was not associated with a specific nicotine flux. Rather,
high nicotine flux and TPM emissions were predicted from
high wattage box mod devices, while disposable vapes also
had high model-predicted nicotine fluxes and total nicotine
emissions, but also the lowest TPM emissions.

Because nicotine flux can be compared across products,
understanding the nicotine flux of ECIG devices may aid
researchers and policymakers in understanding how ECIG
use is associated with key public health outcomes. Specifically,
because nicotine flux can be compared across any product
that yields nicotine (eg, ECIGs, cigarettes, smokeless tobacco,
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Figure 1. Distribution of ECIG device wattage and nicotine concentration
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Table 2. ECIG Device and Liquid Characteristics and Predicted Nicotine Flux, Nicotine Yield, and TPM Yield
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Devices and liquids with complete data®

Devices and liquids with estimates included®

Range Mean (SD) Median Range Mean (SD) Median
All devices (7 = 83)
Device wattage 4.1-120.0 39.9 (36.1) 20.0 4.1-120.0 33.7 (33.6) 10.5
Liquid nicotine concentration (mg/ml) 3.0-86.9 36.5(29.8) 49.5 3.0-86.9 36.0 (29.3) 50.0
Nicotine flux (pg/sec) 12.0-160.1 83.5 (41.3) 75.6 12.0-160.1 85.6 (34.3) 84.2
Nicotine yield (mg) 0.48-6.40 3.34 (1.65) 3.03 0.48-6.40 3.42 (1.37) 3.37
TPM yield (mg) 39.3-1154.7 368.3 (343.8) 154.0 39.3-1154.7 324.1 (323.5) 101.0
Disposable vapes (1 = 17)
Device wattage 8.3-8.7 5(0.2) 8.7 8.3-8.7 4 (0. ) 8.3
Liquid nicotine concentration (mg/ml) 49.0-86.9 73.4 (14.5) 83.4 49.0-86.9 73.4 (14. 83.4
Nicotine flux (pg/sec) 82.8-144.7 138.8 (18.6) 144.7 81.2-144.7 124.1 (25. ) 144.0
Nicotine yield (mg) 3.31-5.79 5.55(0.74) 5.79 3.25-5.79 4.98 (1.01) 5.76
TPM yield (mg) 79.7-83.4 81.7 (2.0) 83.4 79.7-83.4 81.2 (1.8) 79.7
Rebuildable/box mod devices (7 = 35)
Device wattage 11.1-120.0 67.5(28.7) 70.0 11.1-120.0 67.5(26.1) 67.7
Liquid nicotine concentration (mg/ml) 3.0-50.0 8(9.2) 6.0 3.0-50.0 7 (8.8) 6.0
Nicotine flux (pg/sec) 12.0-144.1 65.0 (31.8) 60.6 12.0-144.1 68.4 (30.1) 70.8
Nicotine yield (mg) 0.48-5.76 2.60 (1.27) 2.42 0.48-5.76 2.73 (1.21) 2.83
TPM yield (mg) 107.2-1154.7 640.7 (279.5) 673.6 107.2-1154.7 649.6 (250.7) 649.5
Pod mod devices (7 = 31)
Device wattage 4.1-21.7 9.4 (4.1) 9.8 4.1-21.7 3(3.4) 9.4
Liquid nicotine concentration (mg/ml) 6.0-69.00 48.4 (14.6) 50.0 6.0-69.0 48.6 (13.6) 50.0
Nicotine flux (pg/sec) 26.1-160.1 76.2 (33.2) 56.3 26.1-160.1 84.0 (25.3) 93.8
Nicotine yield (mg) 1.04-6.40 3.04 (1.33) 2.25 1.04-6.40 3.36 (1.01) 3.75
TPM yield (mg) 39.3-209.1 88.2 (47.9) 87.9 39.3-209.1 89.8 (33.0) 90.3

{Includes participants’ data for participants’ ECIG devices (7 = 51) that wattage and nicotine concentration was able to be determined as described in the
methods. Both device wattage and liquid nicotine concentration was able to be determined for 11 disposable devices, 27 rebuildable/box mod devices, and

13 pod mod devices.

"Includes participants’ data for all participants (7 = 83) including those participants whose device wattage determined based on average wattage of other
devices in the same device type or mode nicotine concentrations of liquids from the same device type (7 = 32).

ECIG device and liquid characteristics include measured values and values that are estimated based on mean values from devices and liquids with known
characteristics. Nicotine flux, nicotine yield, and TPM yield are predicted for 10 4-second puffs using an established formula.!” One participant’s ECIG

device and liquid is not included due to extreme values.
ECIG = electronic cigarette; TPM = total particulate matter.

nicotine patch, etc.), regulators can focus on a performance
standard. That is, regulators can identify ECIG products
that have the potential for the greatest public health ben-
efit, such as emitting enough nicotine to suppress withdrawal
symptoms in cigarette smokers, and not delivering nicotine
in amounts that make them more addictive than cigarettes,
all while not being appealing to youth and nontobacco users.

A first step in this process is viewing ECIGs as a diverse
class of products made up of many different products. Some
“closed system” ECIGs that users cannot modify easily are
more uniform in terms of nicotine flux, such as disposable
vapes. However, other ECIGs allow users to modify virtu-
ally all devices and liquid characteristics, such as box mods.
In addition to the challenges presented by device and liquid
heterogeneity within ECIG-type subgroups, some ECIG users
may not classify their devices into “correct” categories. For
example, four participants in the current study presented with
a single type of device (Trinity Alpha: a pod mod device), but
participants self-reported that this device was a prefilled dis-
posable, pod mod, and a box mod device. Because the de-
vice type category does not provide details on an ECIG user’s
device wattage and nicotine concentration, the device type

category is not often useful for predicting nicotine flux or
other product emissions.

Even knowing an ECIG user’s exact ECIG device and liquid
is sometimes insufficient for being able to predict the nicotine
flux of this device. Indeed, five different participants presented
with the exact same ECIG device (VooPoo Drag). However,
this one ECIG product had four unique predicted nicotine
fluxes because the participants used different combinations
of device wattage and liquid nicotine concentrations. The
nicotine fluxes of these device and liquid combinations in-
cluded values below, similar to, and above the nicotine flux
of a combustible cigarette because of participants modifying
their ECIG device or liquid characteristics. Thus, the hetero-
geneity of ECIG devices and the almost infinite combinations
of ECIG devices and liquids available present considerable
challenges for regulators whose goal is to develop regulatory
policies to promote public health.

Methods are needed to determine the nicotine flux of
ECIG users’ devices despite the identified challenges. For
example, cigarette smokers looking to switch completely to
ECIGs may be unlikely to transition to a device that emits
nicotine at a much lower rate than that of a combustible
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Figure 2. Predicted nicotine flux as well as nicotine yield and total particulate matter (TPM) associated with 10 4-second puffs, from participants’
electronic cigarette devices and liquids. Panels display number of devices that had predicted values separately for each of the device types that were

used by participants (disposable vapes, box mods, and pod mods).

cigarette. Similarly, ECIGs that emit nicotine at a very low
rate may serve as “starter products” for youth because they
are less aversive. A concerning finding of the current study
was that many of the disposable vape products that are pop-
ular among youth and young adults, such as Puff Bars,® had
some of the highest nicotine flux values observed, which may
increase the risk of dependence. This possibility represents
a major concern given the emerging evidence of potential
negative health effects associated with ECIG use,*** and the
increased risk of progression to cigarette use among youth
who use ECIGs.*#

This study had several limitations. Because a conven-
ience sample was used and researchers attempted to limit
repeated ECIG devices, the sample likely included a greater
prevalence of box mod users than other device types. As a
result, participant characteristics, including that 95.2% of
participants reported knowing their liquid nicotine con-
centration or that approximately half of the participants
reported smoking less than 100-lifetime cigarettes in
2019-2020, may not be generalizable to all ECIG users.
Not all ECIGs were able to be measured using the mul-
timeter and thus researchers had to rely on device displays
or information from manufacturer/retailer websites. ECIG
liquid nicotine concentration was determined based on

product labeling for some products and a small number of
liquids were estimated using mode values of other liquids
from other ECIGs of the same device type. Additionally,
nicotine concentration on product labels may be inaccu-
rate.*” This may have resulted in differences in recorded
and actual device wattage and liquid nicotine concen-
tration for some products. Nicotine flux, nicotine yield,
and TPM emissions were predicted based on 10 4-second
puffs?’0 using a mathematical model that has been shown
to predict values that are correlated highly (r = 0.84) with
empirical data.'"” The model was validated using different
device types that utilized tanks and cartridges, liquids with
a range of nicotine concentrations, and a range of device
wattages."”” However, emissions predicted in the current
study were not validated with measured emissions and
thus may not reflect actual exposures among ECIG users
due to variability in puffing behavior across individuals
and nuances in ECIG devices that may increase or de-
crease emissions. Future research on ECIG nicotine and
other toxicant emissions that considers unique ECIG user
puffing behaviors, device characteristics (such as temper-
ature controls, coil variability), and liquid characteristics
likely will improve on the external validity of the predicted
values reported here.
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Conclusions

Variation in nicotine, PM, and other toxicants emitted from
ECIGs likely contribute to differences in abuse potential, de-
pendence, health risks, and other health outcomes. This study
demonstrates the need for measurement approaches that can
determine the nicotine flux with greater accuracy than cur-
rent methods, especially self-reports based on device type.
Once ECIG emissions can be determined for ECIG products
more effectively, there will be greater opportunity for empiri-
cally informed, health-promoting regulatory policies.
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