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Abstract

Introduction—Electronic cigarettes (e-cigarettes) are a rapidly evolving class of tobacco
products intended to deliver nicotine to users. There are many types of e-cigarettes available and
the most popular type today in the United States are “pod” based devices that use high nicotine
concentration liquids. Understanding the nicotine delivery capabilities of e-cigarettes is imperative
for understanding their addictive potential and safety profile, informing regulation, and revealing
their potential use as smoking cessation aids.

Areas covered—This review discusses nicotine content of e-cigarettes, effectiveness of nicotine
aerosolization by devices, delivery of nicotine to users, and user and device characteristics that
impact each of these.

Expert opinion—Modern e-cigarettes have the potential to deliver equal or more nicotine
compared to a tobacco cigarette. Future research needs to identify the nicotine delivery profiles
likely to benefit public health and the means to regulate them appropriately while also identifying
those that are likely to cause harm. Public health benefit accrues if e-cigarettes help smokers quit
combustible cigarettes completely. Harm is possible if inadequate nicotine delivery undermines
cessation attempts, e-cigarettes facilitate continued combustible cigarette use, long-term e-
cigarette use is associated with substantial morbidity/mortality, and/or e-cigarettes increase the
initiation of combustible cigarette use among never smokers.
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1. Introduction

Electronic cigarettes (e-cigarettes) are battery powered devices intended to deliver
aerosolized nicotine to their users. E-cigarettes generally consist of a battery, a heating
element (often called a “coil” or “atomizer”), and a liquid solution that contains solvents
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such as propylene glycol (PG) and/or vegetable glycerin (VG), sweeteners and flavorants,
and, usually, the pharmacologically active and dependence-producing drug nicotine [1]. E-
cigarettes were first produced in China in 2003, and first appeared on the U.S. market in
2006 [2]. Early devices (first generation) are referred to as “cig-a-likes” because they
generally resemble a cigarette in size and shape; they are often disposable as the liquid
cannot be replenished and battery is not rechargeable (see Figure 1) [3]. Second generation
devices resemble pens and sometimes use more powerful and rechargeable batteries with
cartridges that can be refilled with liquid (see Figure 1) [3]. Third generation devices
(sometimes called “mods”) are larger, allow the user to control many features (e.g., device
power, heating temperature) and also are refillable (see Figure 1) [3].The most recent
iteration of e-cigarettes, pod-based devices, are smaller than other types and use a disposable
or refillable “pod” that contains the heating element and the liquid, which is often more
highly concentrated with nicotine than other e-cigarettes. A common feature of these pod
devices is the liquid used; it is a lower pH solution and consists of nicotine conjugated with a
weak base (referred to as a nicotine salt) (see Figure 1). Pod devices now have the majority
of e-cigarette market share in the United States (U.S.) with JUUL alone accounting for 75%
of e-cigarette sales in October 2018 (according to manufacturer sales reports) [4-6].

In the U.S., e-cigarette use has increased substantially in recent years; between 2014 and
20186, the percentage of adults who had ever used an e-cigarette increased from 12.6% to
15.3% [7]. Among youth, this growth in popularity is especially rapid; between 2011 and
2018, past 30 day use among high school students increased from 11.7% to 20.8% [8].
While the long-term health effects of prolonged e-cigarette use are unknown, these products
could be a useful harm reduction tool for cigarette smokers who use e-cigarettes in place of
combustible cigarettes, as the full switch from a combustible to e-cigarette decreases
smokers’ exposure to multiple known toxicants and carcinogens contained in tobacco smoke
[9-11] and can reduce short-term adverse health outcomes in several organ systems [12].
However, if smokers continue to use cigarettes while using e-cigarettes (“dual use”) there is
no associated reduction in exposure to toxicants [10]. This pattern of dual use is becoming
increasingly common with over half of e-cigarette users also smoking cigarettes in 2015 and
2016 [13]. Additionally, e-cigarette use among previously nicotine-naive adolescents and
young adults may engender nicotine dependence and is associated with the transition to
combustible cigarette use [14]. The fact that dependence on tobacco is driven primarily by
the pharmacological effects of nicotine is well established [15]. The other potential and
unknown public health risk may be an increase in the number of users who initiate e-
cigarette use at a young age, would become addicted, and would continue using e-cigarettes
for a long period of time, but who may never transition to a combustible cigarette. Therefore,
a complete understanding of the capability of e-cigarettes to deliver nicotine is required in
order to help establish their potential as a harm reduction tool and as a facilitator of long-
term use or transition to combustible cigarette use. This review will cover: (i) nicotine
pharmacology; (ii) design components of e-cigarettes; (iii) the nicotine content of e-cigarette
liquids; (iv) the nicotine yield in e-cigarette aerosols; and (v) e-cigarette nicotine delivery
profile, pharmacokinetics and long-term exposure.
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Nicotine pharmacology and chemistry

Nicotine (3-(1-methyl-pyrrolidinyl)-pyridine) is a volatile chemical that is the most abundant
tobacco alkaloid and the main addictive component of cigarettes and e-cigarettes [16]. After
being inhaled, nicotine can be absorbed buccally, in the upper airways, and in the lungs.
When absorbed in the lungs, it rapidly enters the pulmonary venous circulation, goes
through the heart, enters arterial circulation and moves across the blood-brain barrier. Once
in the brain, nicotine binds to nicotinic acetylcholine receptors (nAChRs), which are
cholinergic ligand gated ion channels [16]. When nicotine, a chemical with cholinergic
agonistic activity, binds to these receptors it opens the channels and allows cations to flow
in, activating a signal transduction pathway. In the central nervous system this activation
leads to the release of multiple neurotransmitters (dopamine, norepinephrine, serotonin,
GABA, glutamate, and endorphins). Dopamine is the predominant neurotransmitter
released, and it is associated with pleasure and appetite suppression [16]. The release of
these neurotransmitters is critical in the reinforcing and dependence-producing effects of
nicotine (for a comprehensive review of nicotine pharmacology: [16]).

The pH of inhaled aerosol plays a large role in nicotine bioavailability [14] and previous
research on nicotine chemistry in combustible cigarettes and smokeless tobacco is relevant
to e-cigarettes because the pH of e-cigarette liquids can vary, thus potentially influencing
users’ nicotine exposure [17-20]. The pH of e-cigarette liquids has been shown to be driven
by nicotine concentration [17] (as nicotine concentration increases so does the pH of the
liquid), and the pH of an e-cigarette liquid is important in determining the amount of
protonated and unprotonated nicotine present. Since nicotine is a weak base (pKa=8.0), at a
higher pH, a larger portion of nicotine is unprotonated (“free-base”) and nicotine is more
volatile [21]. As a consequence of higher pH, a significant proportion of nicotine is present
in a gas phase of inhaled aerosol. This leads to increased absorption in oral cavity and upper
respiratory tract but also cause more irritation and sensation of unpleasant taste of nicotine.
With lower pH, more nicotine is present in a liquid phase of aerosol leading to limited
absorption in upper respiratory tract but also reducing harshness and unpleasant taste. This
allows users to inhale deeply without experiencing unpleasant sensations which results in an
increased lung deposition of the aerosol and enhanced absorption of nicotine through the
lungs. One study found that in a liquid with a pH of 5.16 the proportion of unprotonated/
protonated nicotine was 2.5%/97.5%, and in a liquid with a pH of 9.66 the proportion was
reversed to 97.7%/2.3% [18].

After absorption, nicotine is distributed widely throughout the body, and average steady state
distribution of nicotine by volume ranges from 2.2 to 3.3 L/kg [22]. The distribution half-life
of nicotine is approximately 8 minutes [22]. Nicotine predominately is metabolized in the
liver, and 70% to 80% of nicotine is metabolized to cotinine and trans-3-hydroxycotinine
[16]. Nicotine metabolites are excreted in the urine and the following are the major
metabolites: cotinine (10-15%), cotinine glucuronide (12-17%), and trans-3’-
hydroxycotinine (33-40%). Nicotine metabolites measured in urine account for
approximately 90% of the systemic dose of nicotine. The elimination half-life of nicotine is
approximately 120 minutes [16].
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Important design components of E-Cigarettes

E-cigarettes work by the following mechanism: the battery of the device is activated which
powers the heating element or coil, the coil is thus heated and then vaporizes some of the
liquid adjacent to it. As the user inhales, the vapor is drawn away from the coil and
condenses into an aerosol mist. Thus, inhaled e-cigarette emission is an aerosol of liquid
particles (liquid phase) suspended in air (gas phase). A wick (within the heating coil) brings
fresh liquid to the coil to replace the previously vaporized liquid [23]. The breakdown of e-
cigarette liquid chemical components on the heating coil can produce potentially harmful
byproducts such as carbonyls [24-26] (which have been correlated with pulmonary disease
in smokers [27]).

As noted, the liquid usually consists of some ratio of PG/VG, flavorants, and nicotine (some
ratio of protonated/unprotonated). Different e-cigarette batteries range from 3 to 6 V, and
some devices (i.e. 3" generation) allow users to vary the voltage of their device [3]. The
resistance of e-cigarette heating coils ranges from <1.0Q (in so called “sub-ohm devices”) to
6.5Q [3]. The power of a device is a function of both the voltage of the battery and the
resistance of the coils. Generally, first generation devices have a lower voltage battery and/or
a higher resistance coil due to size constraints (“cig-a-like” devices are made to be the size
of cigarette and are smaller than later generation devices, with the exception of pod mods)
[3]. Each of these design characteristics influences e-cigarette nicotine yield in an inhaled
aerosol and its dose delivered to the user [3].

4. Nicotine content of E-Cigarette liquids

Although some e-cigarette liquids do not contain nicotine, the majority of users use an e-
cigarette with a liquid that does (in 2015, 99.0% of e-cigarette products sold contained
nicotine) [28,29]. One systematic review examined the chemicals in e-cigarette cartridges
and refill solutions in studies published between 2007 and 2013 [30]. Of the studies
examined, six looked at the nicotine content of cartridges (used in first generation devices).
These studies found the nicotine content to be between 0 and 21.8 mg/cartridge. Six studies
examined the nicotine content in refill solutions and found nicotine content to vary between
0 and 87.2 mg/ml [30].

A variety of other studies have examined the labeled and measured nicotine content of e-
cigarette liquids in the US and elsewhere. The results indicate that labeled concentration can
range from 0 to 60 mg/ml with most liquids being in the range of 0 to 24 mg/ml [17,31-34],
and the measured nicotine content of e-cigarettes can range from “not detected”/ “below
level of quantitation” to 52.0 mg/ml [17,31,34,35]. Two studies [33,35] found extremely
high measured nicotine concentrations in two samples. One liquid (from a study conducted
in South Korea) was found to have 150.3 mg/ml nicotine, and was labeled “pure nicotine”
[35]. The other sample was found to have 134.7 mg/ml nicotine and was called
“PureNicotineLiquid” by the manufacturer [33]. The authors hypothesized that this product
was intended for “do-it-yourself (DIY)” use [33], in which the user dilutes the liquid with
solvents like PG and VG and adds flavorants as desired. Results from studies assessing e-
cigarette liquid nicotine concentration indicate considerable variability between labeled and
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measured nicotine content. Measured content often did not match labeled content, with
deviations ranging from —41.7% to +52.0% [17,35,36]. In one study, between 10% and 28%
of samples had greater than 20% variation between labeled and measured nicotine content
[31]. Other studies showed that 10% to 18% of samples had greater than 10% deviation from
labeled nicotine content [33,34]. In addition, one study showed that in a sample of liquids
labeled Omg/ml, 91.4% had detectable nicotine ranging from 0 to 23.9 mg/ml [34]. Overall,
results indicate considerable variability in liquid nicotine content both within and across
different brands of refillable liquids and non-refillable e-cigarettes. Table 1 summarizes the
results of these studies.

Clinical studies also have reported the nicotine content of e-cigarette user’s usual brand of
liquid. One study of 14 regular e-cigarette users showed an average labeled nicotine content
of 7.9 mg/ml and average measured nicotine concentration of 7.4 mg/ml [19]. Another study
of 13 regular e-cigarette users showed a labeled e-cigarette liquid concentration between 6
and 24 mg/ml and measured between 5.0 and 15.3 mg/ml [37].

Pod-based devices contain a liquid nicotine solution that, thus far, have higher nicotine
concentrations than most other liquids that have been tested. For example, JUUL (see Figure
1) was introduced in 2015 and has since become the most popular e-cigarette available in the
U.S. [4,5], though other brands of pod-based devices are available (e.g., Sourin; Bo; Phix).
JUUL resembles a computer USB drive and utilizes a “pod” based system in which users are
able to buy replaceable pods that contain high concentrations of nicotine in its protonated
form (nicotine “salt” liquid) [38]. Nicotine salts are lower in pH and consist of nicotine
conjugated with a weak base (e.g., benzoic acid, levulinic acid [39]). The addition of acid in
nicotine salts allows manufacturers to greatly increase the concentration of nicotine while
apparently avoiding harshness and bitterness [36]. JUUL pods are advertised as having a 5%
nicotine solution (by mass) and nicotine concentration has been found to vary between 56.2
and 69 mg/ml [39-41]. The availability of highly-concentrated nicotine-salt solutions seems
to be an increasing market trend, as one recent report suggests that an online search showed
more than 70 U.S. e-cigarette liquid brands containing more than 5% nicotine [40].

It is important to note that there is the potential for nicotine poisoning with dermal,
ingestion, and inhalation exposure to e-cigarette nicotine solutions with high nicotine
concentrations (such as the “pure nicotine” discussed above). The most common symptoms
of nicotine poisoning include nausea and vomiting, however with higher doses tachycardia
and seizures can occur. The lethal dose of nicotine has been estimated to be 30 to 60 mg for
an adult and 10 mg for a child. [42,43]

5. Nicotine yield in E-Cigarette aerosol

The nicotine yield in e-cigarette aerosols is determined by product characteristics (e.g.
power, nicotine concentration, PG/VG ratio) and user behavior (e.g. puff duration, puff
velocity). This topic is separate from the amount of nicotine delivered to a user’s blood once
it has been aerosolized (discussed in section 6). One method for analyzing the yield from e-
cigarettes involves a smoking machine with a predetermined puffing regimen. The nicotine
yield in the aerosol generated from these machines can be measured by trapping the aerosol
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on filter pads or in gas-washing bottles. Trapped nicotine can be extracted from pads with
suitable solvents (e.g. ethyl-acetate [44]) and this extract is then analyzed by
chromatography methods [44].

An early (2014) review of the literature identified 5 relevant studies and noted varying units
of measurement for the characterization of nicotine in e-cigarette aerosols while highlighting
the key finding that the amount of nicotine in aerosols varies across products [30]. This
review also highlighted the lack of standardization when measuring and reporting nicotine
yields in e-cigarette aerosols [30]. Another early study (2013) demonstrated that in a sample
of 16 devices, nicotine released in aerosol after 150 puffs (puffing regimen based upon data
from e-cigarette users) varied between 0.3 to 8.7 mg and the devices released 31 to 85% of
the nicotine in the cartridges. Thus, in this study, there was substantial variability in the
consistency and efficacy of nicotine aerosolization [45].

More recently, multiple studies have assessed nicotine emissions from e-cigarettes. Studies
have reported nicotine yields from devices in varying ways (per puff, per 15 puffs, per 20
puffs). The literature has shown that the nicotine yield from one puff on a first generation e-
cigarette can range from 8 to 33 g (lower than the 194 to 232 pg/puff of a cigarette) [46].
Two separate studies found diverse performance from e-cigarettes with respect to nicotine
yield; they found that the nicotine yield after 15 puffs from different devices ranged from
0.27 to 2.91 mg [26,47]. Also, reports indicate that 2nd and 3rd generation devices can yield
1.01 to 10.61 mg of nicotine in 20 puffs. These studies have shown that yields from e-
cigarettes can be comparable to, and can sometimes exceed, the nicotine yield from one
tobacco cigarette (1.76 to 2.20 mg per one tobacco cigarette) [26,47,48]. These studies have
also reported that, compared to 2nd generation devices, 3rd generation devices produced
more aerosol and a more consistent nicotine yield [48]. Additionally, a correlation between
nicotine yield and device generation, nicotine concentration, and PG/VG ratio has been
reported [26].

The effects of varying puffing topography and device characteristics on nicotine yield have
also been investigated. In fact, a mathematical model that can predict nicotine emissions
based on the design and operating conditions of an e-cigarette has been reported [23]. This
model computes the vaporization rates of individual species present utilizing the unsteady
species and energy conservation equations. This model can be used to predict nicotine yield
from a given device accounting for variable puffing topography, electrical power, and liquid
composition (i.e. nicotine concentration, PG/VVG, water content) [23]. In an analysis across
100 different conditions, nicotine yield varied greatly across conditions, ranging from 0.01
to 6.64 mg in 15 puffs, and nicotine yield was correlated positively with device power, puff
duration, and nicotine concentration [23,44]. There was no effect of puff velocity [23,44,47]
and water content [23] on nicotine yield, and there was a decrease in yield with increasing
VG content [23]. The mathematical model was able to predict the individual effects of liquid
composition, device power, and puff topography on nicotine yield [23]. Overall, nicotine
yield (for a particular concentration) ultimately is determined by how much nicotine-
containing liquid is vaporized during a session, thus anything that increases this factor will
increase nicotine emissions [24]. Nicotine yield from one device can vary based on many
factors (e.g., device power output, liquid nicotine concentration, puff duration/volume), and
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an important conclusion drawn from these studies is that depending on puff conditions and
product features, 15 puffs on an e-cigarette can produce far less or far more nicotine yield
than a tobacco cigarette. It is also important to note that the amount of nicotine aerosolized
is highly dependent on nicotine concentration. For example, a large amount of aerosol from
a liquid with 0.5 mg/ml nicotine will have substantially less nicotine than a small amount of
aerosol from a liquid with 60 mg/ml nicotine.

Multiple studies have examined the distribution and size of particles produced by e-
cigarettes. Studies have found that there were more nanoparticles present in e-cigarette
aerosol compared with cigarette smoke [49], nicotine is evenly distributed in droplets
regardless of size [50], and particle concentration after e-cigarette use is 300 to 3000 times
higher than in ambient air [51]. Flavor was found to have no effect on particle emission [52].
Another study utilized varying levels of exposure using a smoking machine (low exposure
was 7 puffs, and high exposure was 15 puffs) to estimate second hand exposure from e-
cigarettes. Among 3 brands of e-cigarettes, the nicotine exposure after use ranged from 0.82
to 6.23 pug/m3. Compared to the emissions from human subjects after 2 cigarettes were
smoked in a 30 minute time frame, the emissions after two 5-minute ad /ib e-cigarette
sessions were far less (31.6 vs. 3.23 pg/m?3) [52]. Additionally, levels of exposure to
carbonyls have been assessed with studies finding that emissions range from 3.72 to 48.85
ng/15 puffs [26], which is 9 to 807 fold lower than the carbonyl emissions in cigarette smoke
[53,54]. The amount of carbonyls released in emissions is positively correlated with device
power and PG content [26,54].

Research is starting to emerge regarding the emissions from JUUL and other pod-based
devices. Studies of nicotine yield from pod devices differ in their reporting (some report per
puff, per 10 puffs, or per 15 puffs), but standardizing across studies indicates that yield for
15 puffs ranges from 1.15 and 2.83 mg of nicotine [39,41,55]. These numbers are greater
than yields from previous studies of other e-cigarettes (0.2 to 2.0 mg of nicotine/15 puffs
[41,46], and are comparable to a tobacco cigarette which yielded 1.81 mg of nicotine [41].
One study showed that per gram of liquid consumed, 63.72 to 94.21 mg of nicotine are
produced. Additionally, 5.25% of nicotine in a JUUL pod is in the free-base form (other e-
cigarettes are between 10 and 95% free-base nicotine) [41]. Overall, pod-based devices
release more nicotine than other e-cigarettes [39], fewer toxicants than cigarettes (similar
levels to other e-cigarettes) [39], and lesser nicotine in the free-base form [41].

6. Nicotine delivery to blood (E-Cigarette pharmacokinetics)

In addition to variability in nicotine content and aerosolization, there is considerable
variation across e-cigarettes in their ability to deliver nicotine to users’ blood. As might be
expected based on the discussion of nicotine yield above, there are multiple factors that can
influence e-cigarette nicotine delivery including device power, liquid nicotine concentration
and composition, and user puffing behavior. For reference in the following discussion, the
maximum plasma nicotine concentration (Cpax) after smoking a single tobacco cigarette
varies between 10 and 30 ng/ml (see Figure 2, left most panel), and the speed of delivery
measured by the time of maximum concentration (Tax) iS 5 to 8 minutes from the start of
smoking (venous sample) [22,56]. Some e-cigarettes produce a pharmacokinetic curve
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similar to that for tobacco cigarettes after a regulated puffing session (similar to a bolus
dosing of nicotine, with a sharp increase in plasma concentration and a gradual decline after
the puffing session is complete) [37]. However, research on nicotine pharmacokinetics
during ad /ib use of e-cigarettes has shown varying curve shapes, with some users displaying
intermittent dosing rather than bolus dosing (i.e. users take a smaller number of puffs more
frequently, therefore there is a slower increase in plasma nicotine over the entire course of ad
/ib use) [57]. This research highlights the variability of use patterns and the resultant varying
patterns of nicotine delivery for different users and different devices. Several studies have
assessed the influence of device characteristics, including liquid nicotine concentration and
power, and users’ puffing behavior (called “puff topography”) and their previous experience
with device on nicotine delivery.

6.1 Nicotine delivery from various ENDS devices

Multiple studies that utilized first generation e-cigarettes demonstrated inefficient or
negligible nicotine delivery from these devices (see Figure 2). Three studies assessed various
brands of first generation e-cigarettes (Ruyan 16 mg cartridge, NPRO 18 mg cartridge,
Hydro 16 mg cartridge, and NJOY 26 mg cartridge) [58-60]. These studies utilized a 5
minutes puffing session; one study had participants use the device as they would a tobacco
cigarette for 5 minutes [58], and the other two studies had participants take 10 puffs total
with a 30 second interval between each puff [59,60]. All of these studies found minimal
nicotine delivery from tested devices after 5 minutes of use (no significant increase in
plasma nicotine [58] or up to 3.5 ng/ml [60]). A separate study utilizing five different first
generation e-cigarettes found that, among e-cigarette users, after 5 minutes of use (10 total
puffs, 30 second interval) the nicotine doses delivered by a 16 mg cartridge and a 24 mg
cartridge of the same device were similar and significantly less than that from a tobacco
cigarette (Figure 2; ECIG A) [61]. However, when a similar study was done among a sample
of experienced e-cigarette vapers using their own device (9 to 24 mg/ml nicotine) for 5
minutes (10 total puffs with a 30 second puff interval), plasma nicotine concentration
increased significantly from baseline with an average Cpax 0of 10.3 ng/ml [62]. The results of
these studies indicate a significant variability in the nicotine delivery from differing devices,
with some not increasing plasma nicotine concentrations significantly [59] and some
delivering nicotine at a level approaching that of a tobacco cigarette [62].

One study conducted with experienced users found that after five minutes of controlled use
(10 puffs, 30 second interval), the nicotine delivery from a first- and third- generation device
(both with 18 mg/ml nicotine) did not differ substantially (see Figure 2; ECIG B and C)
[63]. However, two other studies assessing different devices found differences in nicotine
delivery based on generation, but they concluded that these devices did not deliver nicotine
as effectively as a cigarette [64,65]. The first study was conducted among 11 “dual users”
(regularly use both an e-cigarette and a tobacco cigarette) and the following types of devices
were tested; six first generation devices ranging from 16 to 48 mg/ml, one second generation
device with 20 mg/ml nicotine, and one third generation device with 20 mg/ml nicotine.
When comparing devices of similar nicotine strength, advanced generation devices deliver
more nicotine than first generation devices. They also found that none of the devices
delivered nicotine as effectively as a cigarette (the maximum average Cyax Of devices was

Expert Opin Drug Deliv. Author manuscript; available in PMC 2020 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

\oos et al.

Page 9

13.6 ng/ml with a Tax of 4 min, while the average Cynax fOr cigarettes was 17.9 ng/ml with
a Trax 0f 4 min) [64]. The second study was conducted among 18 inexperienced e-cigarette
users trying 6 different devices. The devices included two first generation devices (nicotine
concentration 18 and 24 mg/ml, power 4.31W to 5.41W), one second generation device
(nicotine 24 mg/ml, power 5.19W), one third generation device (nicotine 24 mg/ml, power
14.1W), one e-Cigar (nicotine 18 mg/ml, power not listed), and one e-Pipe (24 mg/ml,
power 14.4W). After a 10 minute regulated session (20 puffs, 30 second intervals), the
maximum median C,ax 0ccurred with the third generation device (6.60 ng/ml, higher than
the first generation devices), but all devices delivered less nicotine than a tobacco cigarette
(median Cypax 18.9 mg/ml) [65].

6.2 Effect of free-base vs. protonated nicotine (salt) formulation on ENDS

pharmacoki

6.3 Device

netics

Very limited research is available assessing the nicotine delivery from pod-based devices
that contained nicotine salts. In one study presented at a scientific conference, 13
combustible cigarette smokers achieved significantly lower plasma nicotine concentration
after 10 puffs (30 second inter-puff interval) from JUUL (range = 3 to 17 ng/ml) relative to a
combustible cigarette (range = 7 to 40 ng/ml) [66]. However, in an unpublished study
conducted by the manufacturer of JUUL that involved 24 combustible cigarette smokers
who took 10, 3-sec puffs, there was no difference in plasma nicotine concentration for JUUL
and a combustible cigarette [67]. Lastly, in a study of 206 young adults who use pod-based
devices, median urinary cotinine (the major metabolite of nicotine) was 244.8 ng/ml (higher
than reported for adolescent cigarette smokers [68]) [39]. Further research is needed to
assess the nicotine delivery from pod-based devices, and from the protonated nicotine
liquids that they contain, in order to understand completely their nicotine delivery profile
among adults and adolescent users.

power and nicotine delivery

While nicotine concentration, nicotine form (free-base vs. salt) and puff duration are key
factors in predicting nicotine delivery, the power output of the device also is important (as
with nicotine yield [23,44]). The power of a device (which is a function of battery power and
coil resistance) is important in determining the nicotine delivered to a user; this point is
highlighted by the differences in nicotine delivery between a low power/ high nicotine
device and a high power/ low nicotine device [69]. In a study comparing the nicotine
delivery after a 5 minute session (10 total puffs) between second (average nicotine
concentration, 22.3 mg/ml; power, 8.6W) and third generation devices (average nicotine
concentration, 4.1 mg/ml; power, 71.6W) among experienced users, the more powerful third
generation devices delivered more nicotine than second generation devices, even when
paired with a liquid that had a lower nicotine concentration (see Figure 2; ECIG E and F). At
least in some cases, both generations delivered a similar amount of nicotine compared with a
tobacco cigarette [69]. Although generally more nicotine is delivered by higher powered
devices, the amount delivered still may not reach the level of a tobacco cigarette [64,65], but
some users may be able to compensate for this lower power to increase nicotine intake.
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6.4 Nicotine delivery based on users’ experience

Importantly, user behavior may play a role, as several studies involved participants with little
or no e-cigarette experience [e.g. 51,52], while the one that showed more nicotine delivery
involved experienced e-cigarette users [62]. Thus, previous experience with tested e-
cigarette device among study participants seems to be a critical factor that influences results
of pharmacokinetic studies.

In a study of 31 experienced and 31 inexperienced e-cigarette users (Figure 2; ECIG D,
taken from preliminary data of the same study with 16 experienced and 16 inexperienced
users [70,71]), participants used a 2nd generation e-cigarette with differing liquid nicotine
concentration (0, 8, 18, and 36 mg/ml) [72]. In this study, e-cigarette power was held
constant while other factors were manipulated, and revealed that, after a 5-minute puffing
session (10 puffs, once every 30 seconds), plasma nicotine concentration was related directly
to liquid nicotine concentration and user experience. When examining data for the 36 mg/ml
liquid, an average plasma nicotine increase of 17.9 ng/ml was observed among the e-
cigarette experienced participants, as compared to 6.9 ng/ml for the e-cigarette naive
participants. This difference most likely was due to the fact that e-cigarette experienced
participants took longer puffs (mean=5.6 sec) relative to naive participants (mean=2.9 sec)
[72]; puff duration is known to influence e-cigarette nicotine yield [23]. Other studies have
produced similar results: when 24 experienced and 23 inexperienced users used a 2"d
generation e-cigarette with 18 mg/ml liquid for 5 minutes (10 total puffs), smokers with little
e-cigarette experience had lower mean plasma nicotine concentration relative to experienced
e-cigarette users, and smokers took shorter puffs than experienced e-cigarette users [73]. The
fact that shorter puffs leads to less nicotine delivery may underlie the observation that, with
experience, novice e-cigarette users begin to display longer puff durations [74,75].

6.5 E-Cigarette liquid flavor and nicotine delivery

A limited number of studies have been done to assess the different nicotine delivery when
flavors are manipulated as the independent variable. One such study examined the
differences in nicotine delivery among experienced e-cigarette users using two difference
flavored e-liquids [19]. The liquids tested were a tobacco flavor (18 mg/ml) and strawberry
flavor (18 mg/ml) and participants took 15 puffs (30 second interval) during the session.
Relative to tobacco, strawberry flavored liquid AUCq_1gg was significantly greater and Cpax
was 22% higher. Although the amount of nicotine inhaled by participants was not
statistically different, there was different systemic retention of each flavor. They
hypothesized that this difference was due to the lower pH of the strawberry flavor [19]. This
limited research suggests differences in nicotine delivery from different flavors, so further
research needs to explore the effects of flavor on nicotine delivery due to the popularity of
flavors [76], the variety of flavors available to users [77], and the potential for youth
initiation due to flavors [78].

6.6 Nicotine delivery from ad lib use of devices

Preliminary work reveals that e-cigarette user ad /ib puff topography differs from that seen
during regulated puffing (longer puff duration and larger puff volume during ad /ib use) [79].
Therefore, in addition to nicotine delivery after regulated puffing sessions, studies have also
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assessed nicotine delivery during ad /ib use of devices. One study demonstrated that during a
90 minute ad /ib session, the maximum Cp,,x among experienced e-cigarette users using
their own device (average nicotine concentration 9.4 mg/ml) was 12.8 ng/ml (comparable to
a tobacco cigarette), and that the topography of e-cigarette users differed from cigarettes
[57]. In a separate study of regular users using their own brand of e-cigarettes (average
nicotine concentration 7.9 mg/ml), over a 90-minute ad /ib session the average Cax Was
11.5 ng/ml. When these participants were given a device with differing flavors, users
changed topography which influenced nicotine exposure [80]. E-cigarette users may
compensate for low nicotine liquid concentration by changing puffing topography [70,81-
83]. When users puff more intensely on a device to compensate for lower nicotine, there is
an increase in carbonyl emissions [84]. Additionally, it has been shown that device power
can have an effect on compensatory behavior; one study showed an increase in puff number
and duration with lower powered devices, and an increase in nicotine consumption with
higher powered devices [85]. These studies demonstrate that experienced users using their
own devices as they would in real world environment can deliver nicotine as effectively as a
tobacco cigarette, and changes in device and liquid characteristics can change how a device
is used [57,80]. Further, due to the differences observed during ad lib and regulated puffing
sessions, it is important that subsequent research asses both to gain a better understanding of
the nicotine delivery and abuse liability of devices.

Conclusion

This review discussed many topics, but a common theme throughout each section was
heterogeneity in e-cigarette liquid nicotine content, aerosol nicotine yield and nicotine
delivery to users. Some devices contain and/or yield and/or deliver very little nicotine while
others have the capability to meet or exceed the nicotine yield/delivery of combustible
cigarettes. There are a range of factors that influence e-cigarette nicotine yield and delivery
including device characteristics (power), concentration and form of nicotine (free-base vs.
protonated) in e-cigarette liquids, other liquid constituents (e.g., PG/VG ratio; flavorants)
and user puffing behavior. Generally, relatively low power cig-a-likes that likely deliver little
nicotine continue to be marketed and there are third generation devices on the market that
may deliver little or a great deal of nicotine depending on the power setting and liquid
nicotine concentration chosen by the user, as well as user puffing behavior. Importantly,
some users may be unaware of how their choices and puffing behavior influence the delivery
of a dependence-producing drug, and that these choices may also influence the delivery of a
variety of other non-nicotine toxicants [e.g., carbonyls; 42]. However, as devices continue to
evolve and users become more experienced, more effective nicotine delivery is observed in
an increasing number of studies. Key areas of future research include: nicotine delivery from
pod-based devices and the effect that this may have on youth nicotine dependence, the role
and efficacy of e-cigarettes with proven nicotine delivery profiles as cessation aids, and the
further development of regulatory targets that would reduce e-cigarette heterogeneity and
benefit public health.
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8. Expert opinion

E-cigarettes have evolved rapidly since their introduction in the early 2000s. The result of
this rapid evolution is the current state in the U.S. and elsewhere, in which a heterogeneous
and ever-changing product class is marketed to a large population that likely is under-
informed regarding their exposure to nicotine and other toxicants in e-cigarette aerosol. As
has been noted, some products, under normal operating conditions, are incapable of
delivering nicotine to the user, and, as has been demonstrated in early clinical trials, these
products likely are ineffective in maintaining smoking cessation for most smokers [86].
They may also be responsible for the frequent observation that many cigarette smokers use
e-cigarettes in addition to, as opposed to instead of, combustible cigarette smoking
[13,87,88]. As also noted, other products, also under normal operating conditions, are
capable of delivering nicotine at least as effectively as combustible cigarettes. In the hands
of current combustible cigarette smokers, and especially in the context of meaningful
behavioral support, these products may be useful in smoking cessation [89]. In this study,
participants were given a starter pack of e-cigarettes (a second generation e-cigarette with 18
mg/ml liquid) with a recommendation to try other liquids in the strength and flavor of their
choice. This study also included behavioral support for a minimum of 4 weeks. The
behavioral support aspect of this study is important to note as it has been shown that new e-
cigarette users need a period of adjustment to achieve meaningful nicotine delivery [73-75].
The implementation of the advice and behavioral support for smokers using an e-cigarette
for cessation is an important area for future research. Support for e-cigarettes as efficacious
cessation tools consists of very few randomized controlled clinical trials, and thus more
work is needed to establish the extent to which e-cigarettes with a proven nicotine delivery
profile can play a role in helping smokers quit.

Another issue discussed above is that, at least in the U.S., there is a robust literature
demonstrating that e-cigarette use among previously nicotine-naive youth is associated with
an increased likelihood of initiation of combustible cigarette smoking [14]. There is
uncertainty regarding the extent to which the nicotine delivery profile of an e-cigarette is
related to this transition, but the recent dramatic surge in e-cigarette use among U.S.
adolescents and young adults [8] is a potentially grave threat to public health. In this context,
the current popularity of e-cigarette liquids that include protonated nicotine (i.e., nicotine
salt liquid) is particularly concerning, especially considering that 34.1% of adolescent e-
cigarette users do not know the nicotine concentration of their product [90] and 37% of 15 to
24-year-old JUUL users are unsure if the product contained nicotine [91]. If protonated
liquid nicotine eases the inhalation of high nicotine concentration aerosols and thus
increases the likelihood of e-cigarette use among previously nicotine-naive youth, future
years are likely to see a dramatic rise in nicotine dependence rates and continued use of
vaporized nicotine or, perhaps, a concomitant rise in young adult combustible cigarette use.
Moreover, there is a growing body of literature suggesting that e-cigarette use carries health
risk: several studies demonstrate that cell function is compromised following exposure to e-
cigarette aerosol [92-94] and that animals exposed to e-cigarette aerosols show clear
indication of adverse consequences of this exposure [95], including in models related to
cardiovascular disease [96,97]. Thus, for people of all ages, e-cigarette use may carry
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unwanted health risks that will become difficult to avoid in the context of the well-known
pattern of compulsive use that is associated with nicotine dependence.

The heterogeneity in e-cigarette nicotine delivery described here is a challenge for
policymakers, researchers, and clinicians. E-cigarette regulation, in the U.S. under the
authority of the Food and Drug Administration (FDA), has the potential to reduce
heterogeneity in the marketplace, but is challenged by the need to balance the public health
promise of combustible cigarette cessation with the public health threat of adolescent
nicotine dependence, the potential for transition from e-cigarettes to combustible cigarette
smoking, and the unknown health risks of long-term e-cigarette use. A potential first step in
effective regulation may involve regulating the rate at which nicotine is emitted from an e-
cigarette (i.e., nicotine “flux”; [98,99]). Using nicotine flux as a regulatory target, all of the
factors that influence it (e.g., device power, liquid nicotine concentration, user behavior) can
be accounted for, and conditions that produce a flux that is too low (i.e., ineffective nicotine
delivery) or too high (e.g., exceeding the flux of a combustible cigarette) can be made
unavailable to consumers. Whether or not nicotine flux is the correct regulatory target, the
current state of affairs, in which uninformed consumers use products that may or may not
deliver nicotine and a variety of other toxicants, is incompatible with an empirically-based
regulatory approach that prioritizes public health.

For researchers, this heterogeneity makes population-level studies of the effects of e-
cigarette use — particularly in regard to use as a smoking cessation aid — difficult to interpret.
A large-scale survey of cigarette smokers that fails to account for the nicotine delivery
profile of individual e-cigarette products might show no effect of e-cigarette use on cessation
because most respondents are using ineffective e-cigarettes and do not quit smoking.
However, a sub-group of respondents may be using e-cigarettes that deliver nicotine
effectively and do quit smoking and these results are undetected. Until there is a reliable and
valid method for accounting for e-cigarette heterogeneity in such population-level studies,
they may obscure as well as reveal.

For clinicians faced with a cigarette smoker interested in using e-cigarettes to quit smoking,
heterogeneity in nicotine delivery means that providing guidance will entail a detailed
understanding of the factors that influence it: at a minimum, device power, liquid nicotine
concentration, and user behavior. The task is further complicated by the fact that some
devices (e.g., those that increase the likelihood of exposure to non-nicotine toxicants) and
some liquids (e.g., those that contain or may degrade into non-nicotine toxicants) may
increase the health risks of e-cigarette use. In addition, a recent randomized controlled trial
[89] highlights the value of behavioral support as an adjunct to e-cigarette use: e-cigarettes
that are sold on-line and in convenience stores are unlikely to be accompanied with this
valuable and potentially necessary adjunct. Clinicians working with a smoker might consider
strongly the value of urging behavioral support as a necessary element of any e-cigarette
assisted smoking cessation attempt.
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Avrticle highlights

. E-cigarettes are battery powered devices intended to deliver aerosolized
nicotine to users.

. There is a large amount of variation in the devices and e-cigarette liquids
available to users, and the technology continues to evolve rapidly.

. There is substantial variation in the nicotine delivery of e-cigarettes based on
device, liquid, and user characteristics.

. E-cigarettes have the potential to deliver equal or more nicotine compared to a
tobacco cigarette.

. Nicotine delivery is an important aspect of the potential for e-cigarettes either
to benefit or harm public health.
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D)

<SS
Figure 1.

E-Cigarette Generations. (A) First generation devices (“cig-a-likes”). (B) Second generation
devices. (C) Third generation devices (“mods”). (D) Pod-based systems (on the left is the
JUUL, and on the right is the Sourin Drop)
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Figure 2. Variability in e-cigarette nicotine delivery (adapted from Breland et al. [3]).
Mean (SEM) plasma nicotine concentration from different human laboratory studies and

different products with blood sampled before and immediately after a 10-puff product use
bout. Combustible cigarette data from [59]. ECIG A is a first generation device [61]. ECIG
B is a first generation device, and ECIG C is a third generation device [63]. ECIG D is a
second generation device [70,71]. Data for ECIG Type E are from a group of second
generation devices (mean power output = ~8 W), and data for ECIG Type F are from a group
of third generation devices (mean power output = ~71 W) [35]; note that the higher-powered
ECIG Type F delivers more nicotine to the user despite being paired with a lower
concentration nicotine liquid (i.e., ~4 mg/ml) [69]. Figure adapted from Breland et al., 2017
[3]. Copyright 2016 New York Academy of Sciences.
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Table 1.

Labeled and Measured Nicotine Content in E-Cigarettes
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Study Solution Labeled Concentration | Measured concentration % Deviation
Lisko et a/[18] Refill solution 0 to 24 mg/ml 0to 20.5 mg/ml -41.7 to -5.8%
Cheng [26] Cartridge N/A 0to 19.0mg -100 to 100%
Refill solution 0to 87.2mg/ml -100 to 100%
Goniewicz et al[27] Refill solution 0 to 36mg/ml BLQ to 36.6mg/ml 28.% with =20% variation
(Us) 0 to 4mg/ml ND to 24.7mg/ml 10% with =20% variation
Refill solution
(Poland)
Tierney et al[28] Refill solution 6 to 24mg/ml N/A N/A
Davis et al[29] Refill solution 0 to 60mg/ml 0to 134.7mg/ml 10% with =10% variation
Etter and Budgey [30] | Refill solution 16 to 48mg/ml 15.5 to 52.0mg/ml 18% with =10% variation
Kim et al[31] Refill solution N/A “not detectable” to 17.5mg/ml -32.2t0 3.3%
(“Pure nicotine” 150.3mg/ml)
Raymond et a/[32] Refill solution Omg/ml 0 to 23.9mg/ml 91.4% with detectable
18mg/ml 11.6 to 27.4mg/ml nicotine

-35 to 52%
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