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Abstract
Electronic nicotine delivery systems (ENDS) such as e-cigarettes and heated tobacco products are novel battery-operated devices that deliver nicotine
without combustion of tobacco. Because cigarette smoking is sustained by nicotine addiction and the toxic combustion products are mainly responsible
for the harmful effects of smoking, ENDS could be used to promote smoking cessation while exposing users to lower levels of toxicants compared with
conventional cigarettes. The currently available evidence from clinical and observational studies indicates a potential role of e-cigarettes as smoking
cessation aids, although many continue to use e-cigarettes long after quitting smoking. Nicotine and toxicant delivery vary considerably by device and
depend on the characteristics of the e-liquid formulation. Because smokers tend to titrate their nicotine intake to maintain their desired pharmacologic
effects, device and liquid characteristics need to be considered when using ENDS as an aid to quit smoking. Factors potentially limiting their use are the
currently still unknown long-term safety of these products and concerns regarding widespread use among youth. Implications of clinical pharmacology
data on ENDS for the cigarette endgame and regulation by the U.S. Food and Drug administration are discussed.
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Cigarette smoking remains a major cause of premature
death and morbidity worldwide. The pharmacologic
effects of nicotine initiate and sustain tobacco addiction. Nicotine per se is not harmless, but is much less
harmful than combusted tobacco use. The idea that
devices that can deliver nicotine like a cigarette but
without toxic products of combustion might replace
cigarettes and thereby reduce smoking-induced harm
has been considered by tobacco control researchers for
many years.1 However, making such devices that deliver
nicotine to the lung for rapid absorption had been
technically challenging.

capillary aerosol generator that produced aerosol by
pumping liquid into a heated tube.3 Although Philip
Morris temporarily halted development of the nicotine
aerosol device in 1998 and instead applied the aerosol
technology to a handheld inhaler designed to deliver
drugs into the body, Philip Morris resumed its work on
a nicotine aerosol device in 2001 and in 2013, released
MarkTen e-cigarette through NuMark.
Hon Lik, a Chinese pharmacist, produced an ecigarette in 2003 that was introduced on the Chinese
market under the brand name Ruyan.4 This product,
along with another brand, Janty, entered the US market

History of Electronic Nicotine Delivery
Systems

1 Clinical

The earliest iteration of today’s marketed e-cigarettes
appeared in a U.S. patent application by Herbert A.
Gilbert in 1963 for a “smokeless nontobacco cigarette”
that contained a battery-powered heating element
that would heat flavor-containing components without
combustion (US Patent No. 3,200,819).2 Beginning in
1990, Philip Morris, a tobacco company, developed
a puff-activated electric smoking device comprising a
permanent heater, a liquid applicator, a liquid aerosolgenerating medium, a battery-powered circuit, and a
disposable delivery module and in 1994 developed a
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by the mid-2000s.5 Since then, numerous technological advances have occurred, with the emergence of
several generations of e-cigarettes, as well as heated
tobacco (“heat-not-burn”) products, all of which can
be described as electronic nicotine delivery systems
(ENDS). In our review, we will discuss the nature of
ENDS, the clinical pharmacology of nicotine delivered
by ENDS, epidemiology of use, potential benefits for
smoking cessation, concerns regarding risks to health,
and potential contributions of ENDS to the cigarette
endgame. For background, we begin with a brief discussion of nicotine pharmacology. For a comprehensive
discussion of nicotine addiction and its treatment,
readers are referred to a recent review.6

Nicotine Pharmacology and Addiction
Nicotine Addiction
Nicotine is structurally similar to the endogenous neurotransmitter acetylcholine and acts by activating nicotine cholinergic receptors (nAChRs).7 When nicotine
binds to the nAChR, the ion channel opens, allowing
entry of calcium or sodium ions, which then activate
the receptor. Nicotine acts predominantly presynaptically to release other neurotransmitters, including
dopamine, norepinephrine, acetylcholine, serotonin,
beta-endorphin, and gamma-aminobutyric acid.8 The
pharmacological effects of these neurotransmitters include signaling of pleasure, arousal and stimulation,
and reduction of anxiety and mood stabilization. Other
nicotinic effects include an increase in metabolic rate
and suppression of appetite.
With prolonged exposure to nicotine, as occurs with
regular tobacco use, brain neuroadaptation occurs,
which is associated with development of tolerance to
many of the pharmacologic effects of nicotine as well
as an increase in α4β2 receptors and generation of
new synaptic connections. When regular use of nicotine
stops, a withdrawal syndrome ensues with effects consistent with reduced levels of those neurotransmitters.
Withdrawal symptoms include irritability, restlessness,
anxiety, difficulty concentrating, increased hunger and
eating, and craving for tobacco. A major withdrawal
symptom, believed to be related to deficient dopamine
release, is hedonic dysregulation, a state of malaise
and inability to experience pleasure. A single cigarette
or other sources of nicotine can immediately reverse
these symptoms, resulting in high rates of relapse when
a person tries to stop smoking. The neuroplasticity
changes in the brain appear to be long-lasting and to
pose a risk of relapse for months or even years after
quitting nicotine use.
In addition to the direct effects of nicotine on
the brain, nicotine actions contribute to conditioned
responses that sustain tobacco use. Such cues may in-
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clude feeling tired or lethargic, difficulty concentrating,
anxiety, or depression, all of which the person had experienced during brief intervals of nicotine withdrawal
and which were rapidly reversed by tobacco use. Thus,
compulsive nicotine use can be seen as a combination of
seeking the positive rewarding effects of nicotine (positive reinforcement) and avoiding the aversive effects of
nicotine withdrawal (negative reinforcement). A regular
nicotine user titrates nicotine intake on a daily basis to
optimize pleasure, arousal, and mood and tends to take
in the same amount of nicotine from day to day. When
a smoker switches cigarette products, such as from a
high- to a low-yield commercial cigarette, they alter
their smoking behavior to take in the same amount of
nicotine as before switching (termed compensation).9
This is relevant to switching from cigarettes to ENDS or
to comparing the potential toxicity of different ENDS,
as will be discussed later. Of note is that some people
use tobacco products intermittently, and their nicotine craving is primarily seeking positive reinforcement
rather than avoiding withdrawal.
Nicotine Chemistry, Pharmacokinetics, and Metabolism
Nicotine is a weak base that is highly water soluble
and can also readily cross lipid membranes to penetrate
tissues.10,11 Nicotine has a pKa of 8.0, at which pH, 50%
is in freebase form and 50% is ionized. The freebase
form of nicotine penetrates mucous membranes and
body tissues quickly, which is why products like oral
and transdermal products are buffered to high pHs. The
freebase form of nicotine in high concentrations can
be irritating to inhale. Large cigars contain nicotine at
a high pH, facilitating buccal absorption of nicotine,
but making the smoke too harsh to inhale. Nicotine is
present predominantly in the ionized form at an acidic
pH. Cigarette smoke has a pH of around 5.5, resulting
in less harshness and greater ease of inhalation. As will
be discussed later, nicotine in ENDS can be predominantly present either in the freebase or ionized form,
depending on the liquid formulation, which affects the
tolerability of inhaled high concentrations of nicotine,
with implications for both addictiveness and safety.
When a cigarette or an ENDS is inhaled, aerosols
containing nicotine are generated and taken into the
lung. Nicotine moves quickly from the lung to pulmonary circulation then out to systemic circulation
and the brain. Rapid delivery of nicotine to the brain
(within 15 to 30 seconds) is an important aspect of
its abuse liability for several reasons. Inhalation generates high concentrations in arterial blood, resulting
in greater pharmacologic effects. Rapid onset of effect
from the time of dosing allows puff-to-puff titration
of dose to achieve rewarding effects without toxicity.
And rapid reinforcement after drug self-administration
is associated with a higher probability of repeated use.
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Figure 1. Typical electronic nicotine delivery system (ENDS) devices showing different generations of electronic cigarettes and IQOS, a heated
tobacco product.

Nicotine is metabolized rapidly by the liver enzyme
CYP2A6, such that the rate of metabolism is liver
blood flow dependent. Minor pathways of metabolism
include glucuronidation and N-oxidation. A generally
small fraction of nicotine is excreted in the urine,
although this fraction can be larger with acidified urine
and in people who are genetically slow metabolizers of
nicotine. The half-life of nicotine averages around 2
hours. As such, with regular smoking throughout the
day, blood nicotine rises over the first 6 to 9 hours,
plateaus until the time of the last cigarette, then declines
with a half-life of 2 hours, but persisting in significant
amounts in the body even after overnight nicotine
abstinence. Cotinine, the major metabolite of nicotine,
has a half-life averaging 16 hours, which makes it a
more stable measure of daily nicotine intake.

Nature and Evolution of E-Cigarettes and
Heat-Not-Burn Devices
Electronic Cigarettes
Electronic cigarettes (also called “e-cigarettes” or “vaporizers”) are battery-operated devices that deliver
nicotine without combustion of tobacco.12–15 These
devices heat a liquid (“e-liquid”) containing propylene glycol and/or vegetable glycerin, flavorings, and
commonly also nicotine, to produce an aerosol that
is inhaled similarly to the smoke of conventional
cigarettes.12–16 The humectants propylene glycol and

vegetable glycerin serve as the vehicle solution to produce the aerosol,13,15 whereas thousands of different
flavorings have been identified, ranging from “traditional” ones such as tobacco, mint/menthol, and fruit to
more “unconventional” ones such as flavors of candies,
snacks, and alcohol.17 An e-cigarette typically consists
of a battery, a cartridge containing the e-liquid, and
a vaporizing chamber with a metal or ceramic heating
element, typically with a silica or cotton wick.15,18,19
Since their first appearance in the early 2000s, ecigarettes have been constantly and rapidly evolving with the disposable “first-generation” e-cigarettes
devices, designed to resemble conventional cigarettes
(“cig-a-likes”), varying considerably in features and
design compared with e-cigarettes of later generations,
which are larger, refillable, and rechargeable (Figure 1,
Table 1).20
The different design features can affect not only
nicotine delivery (users of “third-generation” devices
can achieve higher nicotine concentrations while vaping
lower concentration e-liquids than second-generation
users)21 but also toxicity because greater formation of
harmful toxicants such as formaldehyde and acrolein
has been reported with high voltage.22,23 Alternative
ways of use such as “dripping” (ie, dripping drops
of the e-liquid directly onto the heating element and
then inhaling the produced vapor) can lead to high
liquid heating temperatures and generation of harmful
thermodegradation chemicals.24,25
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Table 1. Characteristics of the Various E-Cigarette Generations
Generation/Device Type
First generation
Second generation
Third generation

“Pod Mod” devices

Features/Characteristics
Disposable, designed to resemble conventional cigarettes (“cig-a-likes”). Prefilled cartridges of nicotine. Generally low
power (< 10 watts).
Larger than first-generation “pen”- or “tank”-style (“tank systems”), refillable, and rechargeable, with transparent
cartridges. Fixed power, usually higher than first generation (around 10 watts).
Also referred to as “mods” or “advanced personalized vaporizers.” Allow the user to adjust the power of the device and
select coils to adjust the heating temperature of the device and the amount of aerosol generated. Typically operated at
higher power than other devices.
Introduced in recent years, use replaceable cartridges (“pods”) containing the e-liquid (often nicotine salt-based and in
high concentrations), some closely resemble a USB stick in appearance. Typically, low battery voltage and some with
temperature control circuitry to reduce thermal degradation of liquid constituents. The most popular in the United
States has been JUUL.

Data from Barrington-Trimis and Levental,26 Barua et al,12 Bhatnagar et al,20 Grana et al,16 and National Academies.102

In addition to the more modern design and discrete
appearance, a novel feature of the pod system devices is
that, in contrast to prior e-cigarettes that commonly use
freebase nicotine e-liquids, many use nicotine salt-based
e-liquid. Nicotine salt solutions with lower pH result in
greater percentages of protonated nicotine and less irritation when inhaled, thus increasing tolerability and the
capacity to deliver high concentrations of nicotine.12,26
Typical concentrations of freebase nicotine e -liquids
are 3 to 24 mg/mL, whereas nicotine salt e-liquids
are available in concentrations of up to 100 mg/mL
nicotine.20,26–28 A typical nicotine salt concentration
such as in JUUL is 59 ng/ml. Although e-liquids with
high nicotine concentrations are freely available in some
parts of the world such as the United States, in Europe
e-liquids cannot be marketed in concentrations of more
than 20 mg/mL nicotine.29
Heat-Not-Burn Devices
Heat-not-burn devices (also called “heated tobacco”
products) represent another type of ENDS (Figure 1).
These battery-powered devices also consist of a heating
element but instead of an e-liquid, they typically use a
disposable tobacco stick, which is inserted into a holder
and then heated to about 350°C (rather than combusted
at around 800°C of a conventional cigarette).30–33
Examples of currently available products based on
this technology are Philip Morris International’s IQOS
(“I Quit Ordinary Smoking”) and British American
Tobacco’s glo. IQOS was first launched in countries
such as Japan, Italy, and Switzerland in 201434 and was
approved for marketing in the United States in 2019.35
Other products such as Japan Tobacco International’s
Ploom TECH direct an aerosol from heated e-liquid
through a capsule of tobacco from which nicotine and
flavor are absorbed.
Heat-not-burn products are likely less harmful than
conventional cigarettes because they expose users to
considerably lower levels of combustion-generated toxicants than cigarettes.36 These products are still rela-

tively new, and more studies are needed to better identify potential risks and benefits of this technology compared with conventional cigarettes and other ENDS, as
well as how various findings of laboratory studies translate into human exposure. Most of the currently available research on heat-not-burn products was manufacturer funded34 ; findings from independent studies show
that although exposure to many harmful constituents
can be substantially lower, heat-not-burn emissions
contain other potentially toxic substances at higher
levels than conventional cigarettes.33 For example, an
analysis of Philip Morris International’s modified-risk
tobacco product (MRTP) application to the Food and
Drug Administration (FDA) for IQOS found that levels
of 56 constituents were higher in IQOS emissions; 22
were >200% higher, and 7 were >1000% higher than
in 3R4F reference cigarette smoke.33 It is not clear to
what extent these chemicals contribute to the toxicity
of IQOS or whether the nature of effects would be
qualitatively different from those associated with tobacco smoking. Similar to the e-cigarettes, there are
geographical differences regarding their availability and
popularity, with specific heat-not-burn products having
been popular for several years in Japan,37 while only
recently getting approved in other countries, such as the
United States.35 In 2020 the US FDA authorized marketing of IQOS as a MRTP with “reduced-exposure”
information. In recent years, various heat-not-burn
devices have also been available in numerous European
countries and other world regions.34,37

Pharmacokinetics and
Pharmacodynamics of ENDS as Nicotine
Delivery Device
Pharmacokinetics
Although ENDS are intended to mimic nicotine delivery from a cigarette, because the devices can vary
so much in design, there is potentially much more
variability in nicotine delivery from ENDS than from
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Figure 2. Average plasma nicotine concentrations with standardized use of different types of e-cigarette devices (A-C) and with 3 individuals using
the same JUUL brand pod device (D-F), illustrating interindividual variability. All participants were regular dual users who inhaled their usual brand of
tobacco or electronic cigarette (from St.Helen et al50 ).

cigarettes. Cigarettes generally contain 10 to 15 mg
nicotine per rod, and although puffing patterns may
differ among smokers, on average each cigarette delivers
1.0 to 1.5 mg nicotine into the bloodstream of the
smoker.10 Most of the nicotine from cigarette tobacco
is delivered into the air as secondhand smoke. That the
cigarette burns down in 8 to 12 minutes places bounds
on the per-cigarette nicotine delivery.
Nicotine delivery from e-cigarettes, on the other
hand, depends on nicotine concentration and propylene
glycol/vegetable glycerin levels in the liquid, the heating
temperature of the coil, and puff duration.38,39 All
these factors influence the amount of aerosol generated
and the nicotine delivery. When large amounts of
aerosol are generated, such as with tanks and modular
(mod) devices, much aerosol including nicotine may be
exhaled. But many vapers, especially those using highnicotine/low-power devices, exhale very little aerosol.
The amount of secondhand e-cigarette nicotine inhaled
by a nonuser depends on factors such as how much
is exhaled, proximity of the nonuser to the vaper, and
extent of room ventilation. Of the nicotine that is
inhaled from an e-cigarette, more than 90% is retained
by the smoker.40
The pharmacokinetics of nicotine delivery by ENDS
has been studied in 2 ways.40–44 Most studies have used
standardized puffing protocols or brief periods of ad
libitum use, with time of use similar to that of smoking
a cigarette (typically 5 to 10 minutes). This approach
aims at comparing nicotine delivery across devices in a
standard way and comparing e-cigarettes with tobacco

cigarettes. The limitation of this study paradigm is that
vapers do not inhale e-cigarettes as they do tobacco
cigarettes, but rather tend to space the e-cigarettes
puffs over time, with smaller puff clusters.44 A second
approach is to sample blood nicotine for periods
throughout the day with ad libitum use, which provides
a more realistic estimate of nicotine intake. This has
been done with brief (90-minute) or longer (24-hour)
sessions.44,45 Another way to assess daily intake of
nicotine is to measure cotinine in blood, saliva, or urine
or the sum of nicotine and its metabolites in urine at
steady state.21,46,47
In general, nicotine delivery is lowest with the earlygeneration cig-a-like devices and higher with tanks,
mods, and pods.42,48,49 Figure 2 shows an example of
plasma nicotine concentrations over time in users of
different types of e-cigarettes compared with cigarette
smoking with a standardized puffing session.50 The
rate of rise of nicotine is similar for cigarettes and
e-cigarettes, but in general peak levels of nicotine
are lower with e-cigarettes. Also noted in Figure 2
are data from 3 pod users (JUUL) showing that the
nicotine pharmacokinetic profile can be quite different
across individuals, even with a standardized puffing
protocol, demonstrating that the user has considerable
control over nicotine exposure even for a given device.50
Other pharmacokinetic studies show that experienced
e-cigarette users take in more nicotine than naive users
and that vapers can take in much more nicotine with
5 minutes of ad libitum use compared with 5 minutes
with a standardized puffing protocol.41,49 In a crossover
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study of vaping different flavored liquids, it was also
shown that flavor influences nicotine intake, even with
a standardized puffing protocol.50
Systemic intake of nicotine from standardized vaping and smoking sessions after overnight abstinence
from nicotine has been estimated from area under
the nicotine plasma concentration-time curve (AUC).50
Average nicotine intake from e-cigarettes was 0.9 mg
compared with 2.2 mg from a cigarette. Nicotine intake
was higher, averaging 1.8 mg, from variable power ecigarettes. It is difficult to extrapolate from nicotine in
the liquid to systemic dose. For example, assuming 1 to
1.5 mg nicotine per cigarette, a 5% nicotine JUUL pod
containing 0.7 mL of liquid with 59 mg/mL nicotine
or 41 mg nicotine, would equate to 27 to 41 cigaretteequivalents. However, using both emission data in laboratory testing and human exposure studies, one 5%
JUUL pod seems to be equivalent in systemic nicotine
delivery to smoking around 18 cigarettes per day.51
Studies of nicotine intake with ad libitum use
demonstrate a similar time course of plasma nicotine
with e-cigarettes compared with tobacco cigarettes,
although on average levels are a bit lower with ecigarette use. In 1 study of 36 dual users using only
e-cigarettes or cigarettes ad libitum, plasma nicotine
AUC was on average 30% lower while vaping, but 25%
of individuals took in as much or more from vaping
compared with smoking (Figure 3).45 Circadian plasma
nicotine level differed by type of device (Figure 4). Of
interest, the circadian pattern of nicotine intake differed
from participant to participant, but was similar while
vaping versus smoking, as seen in data from 3 of the
same pod-type device users (Figure 5).
Heat-not-burn devices with single-use sessions deliver nicotine at similar levels or slightly lower than with
conventional cigarettes.52–54
Nature of E-Liquids and Nicotine Delivery
Although human pharmacokinetic data are lacking,
laboratory data suggest that the nature of the e-liquid
can affect absorption profiles. Propylene glycol is more
volatile than vegetable glycerin, and high propylene
glycol/vegetable glycerin liquids generate smaller particles and are perceived as having more a “throat
hit” (referring to the intensity of sensory impact) and
to be harsher.38,55 Throat hit may be desirable for a
regular smoker, as it simulates the effects of smoking
a cigarette, but may be undesirable for a nonsmoker.
Liquids with high ratios of propylene glycol/vegetable
glycerin also deliver more nicotine than lower ratio
solutions with the same nicotine concentration.
The pH of nicotine in e-liquids could impact the
deposition and pharmacodynamics of inhaled nicotine.
For liquids that contain nicotine in the freebase form,
the higher the nicotine concentration, the higher was
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Figure 3. Twenty-four-hour average plasma nicotine and cotinine
concentrations with ad libitum use of tobacco or electronic cigarettes
(n = 36). All participants were regular dual users who inhaled their usual
brand of tobacco or electronic cigarette (from Harvanko et al45 ).

the pH.56 At higher pH, a large fraction of nicotine
is in the freebase form. Freebase nicotine is volatile,
leaves particles readily, and can deposit in the mouth
and upper airway, activating sensory nerves in these
sites. Nicotine salt liquids typically have a pH in the 56 range, such that nicotine is primarily in the ionized
form, remaining in liquid particles until reaching the
lower airway. Although an impact of liquid pH on the
pattern of nicotine distribution in the lung seems likely,
we are aware of no data to assess this possibility to date.
The proportion of nicotine in salt versus the freebase
form does not influence the delivery of nicotine into the
aerosol.57
Titration of Nicotine Intake
As described previously, dependent smokers tend to
take in the same amount of nicotine from day to
day (titration), presumably to optimize pharmacologic
effects of nicotine. Titration of nicotine intake has also
been observed with e-cigarette use. Comparison of cotinine levels in plasma or saliva has found that, on average, regular exclusive vapers and exclusive smokers and
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Figure 4. Twenty-four-hour average plasma nicotine concentrations with ad libitum use of tobacco or various types of electronic cigarette devices:
variable power (n = 6), fixed power (n = 15), and cig-a-likes (n = 12). All participants were regular dual users who inhaled their usual brand of tobacco
or electronic cigarette (from Harvanko et al45 ).

dual users have similar levels, indicating similar daily intake of nicotine.46,47,58 Remarkably, similar daily intake
of nicotine is seen in cross-sectional studies comparing
vapers who use quite low-nicotine (3-6 mg/mL) compared with high-nicotine (59 mg/mL) liquids.21,59 This
can be achieved because liquids with low nicotine concentration are typically used with high-power devices
(tanks or mods) that generate large-volume aerosol
at high temperature, whereas high-nicotine liquids are
used with low-power devices that generate relatively
small-volume aerosol. Compensatory behavior has also
been observed in the laboratory, associated with more
intensive patterns of puffing with low- versus highnicotine liquids.60 The titration phenomenon has potential safety implications. Exposure to large-volume
aerosol generated at high temperature that also generates high levels of oxidizing chemicals and toxic thermal
degradation products is likely to present a greater
health risk compared with smaller volumes of aerosol
generated at lower temperatures.61 Importantly, some
vapers transition from lower-to higher-power devices
while at the same time using liquids with lower nicotine
concentrations, believing that they are reducing their
nicotine dependence, whereas, in fact, their nicotine
intake has not changed.60

Figure 5. Twenty-four-hour plasma nicotine concentrations with ad
libitum use of tobacco or pod type electronic cigarettes in 3 individuals
using the same JUUL pod device,showing similar circadian patterns (from
Harvanko et al45 ).

Pharmacodynamics
Many studies have examined the subjective effects
of vaping in relation to enjoyment, satisfaction, and
modulation of nicotine withdrawal symptoms and
craving.43,45,49,50,62 In general, e-cigarettes are not perceived to be as enjoyable as tobacco cigarettes, but
e-cigarettes do effectively reduce nicotine withdrawal
symptoms and craving. Some studies have shown that
higher nicotine delivery from e-cigarettes is associated
with greater satisfaction, but when higher nicotine is
associated with high vegetable glycerin/propylene glycol
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Figure 6. Twenty-four-hour average ambulatory heart rate with ad
libitum use of tobacco or electronic cigarettes compared with no
nicotine product use (n = 36). Daily and daytime average heart rate
was significantly higher with cigarette smoking versus e-cigarette use and
with e-cigarette use versus abstinence. All participants were regular dual
users who inhaled their usual brand of tobacco or electronic cigarette
(from Benowitz et al63 ).

solutions, satisfaction is lower, possibly reflecting less of
the sensory reward from the cloud sensation.38 Nicotine
is a sympathomimetic drug that increases heart rate and
transiently increases blood pressure. Both standardized
and ad libitum e-cigarette use produces heart rate
acceleration similar to cigarette smoking, both in the
short term and over 24 hours (Figure 6).43,62,63

Prevalence of ENDS Use
From 2014 to 2016, the prevalence of ever use of
e-cigarettes among US adults increased from 12.6%
to 15.3%, whereas current use (used in past 30 days)
decreased from 3.7% to 3.2%.64 In 2018, current use
was 3.2% (2018 National Health Interview Survey)65
and 2.3% in 2018-2019 (2018-2019 Tobacco Use Supplement to the Current Population Survey).66 The
prevalence of current e-cigarette use among US adult
workers during 2017-2018 was 2.3%, of which 43.1%
was among daily users.67
Dual use of e-cigarettes and combustible cigarettes
remains the dominant use pattern among adults who
use e-cigarettes. Between 2013 and 2015, 44.3% of adult
e-cigarette users maintained dual use, whereas 48.8%
stopped using e-cigarettes and 12.1% quit smoking.68
In 2018 to 2019, 8.1% of current cigarette smokers were
also current e-cigarette users; current e-cigarette use
prevalence was 4.8% among former smokers and 0.8%
among never smokers.66 During 2017 to 2018, 49.5% of
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adult workers who were current e-cigarette users also
smoked cigarettes.67
In 2020, 19.6% of high school students and 4.7% of
middle school students in the United States reported
current use of e-cigarette (2020 National Youth Tobacco Survey [NYTS]).69 In comparison, 27.5% of high
school students and 10.5% of middle school students
reported current use of e-cigarettes in the 2019 NYTS.70
Using pooled data from 2017 to 2020 Monitoring the
Future, the prevalence of current e-cigarette use among
10th- to 12th-grade US students was 22%.71 Among
current e-cigarette users in the 2020 NYTS, 38.9%
of high school students and 20.0% of middle school
students used e-cigarettes on at least 20 of the past
30 days, and 22.5% of high school students and 9.4%
of middle school students reported daily use of ecigarettes in 2020.69 More frequent use is indicative of
greater e-cigarette dependence.72 Most teen e-cigarette
users used flavored e-cigarettes (82.9%), and prefilled
pods or cartridges were the most widely used (48.5%).69
Prevalence of JUUL, a pod-based device that has been
widely used among teens, decreased from 58.7% in 2019
to 41.1% in 2020, whereas use of other brands, such as
Vuse and the disposal Puff Bar, increased.71
Current use of e-cigarettes among 16- to 19-yearold adolescents in 2019 was 17.8% in Canada, 12.6%
in England, and 18.5% in the United States (Nielsen
Consumer Insights Global Panel).73 Prevalence of ecigarette use on at least 20 of the past 30 days was 5.7%
in Canada, 2.7% in England, and 6.7% in the United
States. In 2017, 2.0% of Korean adolescents reported
current use of e-cigarettes.74

Potential to Aid Smoking
Cessation/Support Harm Reduction
Because e-cigarettes emit fewer and have lower toxicants than combustible cigarettes,75 e-cigarettes might
have the potential for harm reduction or to aid
smoking cessation if used as a substitute for tobacco
cigarettes. Compared with nicotine replacement products, e-cigarettes are used in a manner that mimics the
experience of cigarette use, including tactile and other
sensory aspects such as “throat hit,” thus contributing
not only to the physical but also the behavioral aspects
of addiction.76 However, e-cigarettes are currently not
part of the evidence-based smoking cessation guidelines in most countries, including the United States,
mainly because of lack of sufficient data regarding
their efficacy and long-term safety profile. In the United
Kingdom, current recommendations suggest that although the evidence is still developing, e-cigarettes are
not expected to be risk free but to be less harmful
than smoking, and thus smokers willing to completely
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switch from tobacco cigarettes to e-cigarettes should be
informed accordingly.77
In contrast to the currently approved smoking cessation pharmacotherapies (ie, nicotine replacement therapy, varenicline, and bupropion) for which there is clear
evidence of efficacy,78,79 data from smoking cessation
randomized clinical trials with e-cigarettes are relatively
few. Based on the latest Cochrane systematic review
on e-cigarettes for smoking cessation (now a living
systematic review to rapidly incorporate new data),
there was moderate-certainty evidence for higher quit
rates with nicotine-containing e-cigarettes compared
with nicotine replacement therapy (risk ratio, 1.69;
95% confidence interval, 1.25-2.27), but with evidence
limited by imprecision.80 Limitations of the analysis
include the limited number of available randomized
clinical trials, particularly regarding comparisons between e-cigarettes and smoking cessation aids other
than nicotine replacement therapy. In general, studies
of high quality (eg, Walker et al,81 Hajek et al,82 Bullen
et al,83 Eisenberg et al84 ) are still sparse, and although
the currently available data are mostly supportive, there
are also reports of low cessation and high relapse rates
or dual use as outcome, and long-term data are missing.
Because many smokers who quit smoking continue
to use e-cigarettes, uncertainty remains about longterm benefits. The long-term health risks of e-cigarette
use as well as the risk of relapsing from e-cigarettes to
cigarettes are as yet unknown. The limitation of using
relatively short-term outcomes for assessing smoking
cessation is common to all currently available licensed
smoking cessation products because only 15% to 35%
of smokers remain abstinent for longer than a year,
which further highlights the importance of more research on treatment of nicotine addiction.85 Other
limitations include the different nicotine concentrations
and devices used and differences in the duration of supply and the intensity of additional behavioral support
provided in the various studies.80 Furthermore, even in
the case of well-conducted double-blind, randomized
clinical trials, a potential Hawthorne effect, that is, a
change in behavior merely from being under observation and not because of the study intervention, cannot
be excluded.86,87
All large randomized, controlled trials of ecigarettes for smoking cessation to date have been
performed outside the United States, often in countries
with historically greater regulatory oversight on
nicotine content and other constituents of such
products. For example, the sale of nicotine-containing
e-cigarettes is allowed only with medical prescription
in Australia,88 and the idea of licensing e-cigarettes as
medicines is also being pursued in other countries such
as the United Kingdom.89 In the United States, the
general direction is currently also toward more federal
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regulation, but this may not be something that can be
achieved easily.
Importantly, many of the early trials used firstgeneration cig-a-likes that deliver relatively low doses
of nicotine, possibly influencing quit rates. Supporting
the idea that nicotine dose is an important determinant
of success in smoking cessation, quitting rates in the
population as a whole are higher when later-generation
e-cigarettes with higher power such as tank-style devices are used compared with first-generation devices90
and when e-cigarettes are used more frequently.90,91
The only trial to date using modern pod devices was a
harm reduction study using 59 mg/mL nicotine pods.92
This study found a reduction in a primary pulmonary
carcinogen exposure overall, a reduction of tobacco
cigarette consumption in those who used both ecigarettes and continued to smoke, with approximately
one-fourth of the participants switching exclusively to
e-cigarettes.92 Another recent study reported higher
quit rates with a combination of nicotine patches
and nicotine-containing e-cigarettes compared with the
patches and nicotine-free e-cigarettes,81 which supports
the importance of adequate nicotine substitution as
well as the potential of e-cigarettes to be used as an aid
in addition to the currently licensed pharmacotherapies. Similar strategies with combination of e-cigarettes
with other nicotine replacement products could be further investigated in future studies to optimize nicotine
delivery during smoking abstinence and thus improve
the currently still low cessation rates. Furthermore, not
all participants in the included studies in the recent
Cochrane review had to be motivated to quit,80 whereas
higher quit rates are to be expected among highly
motivated populations of smokers. Thus, to optimize
quitting rates, smokers need to be both motivated
to quit and to use e-cigarette devices able to deliver
adequate nicotine doses to replace the nicotine from
tobacco cigarettes.
Further factors to be considered include that, in
contrast to first-line pharmacotherapies, which have
a usual duration of treatment of approximately 3
months, based on the findings of recent studies, many
participants who achieve smoking abstinence with ecigarettes remain e-cigarette users for long periods. In
the Hajek study, 18% of smokers quit using e-cigarettes,
but 80% of those who quit smoking continued to use ecigarettes at 1 year.82 Although total abstinence from
both tobacco cigarettes and e-cigarettes would be optimal to reduce adverse health consequences of use of
nicotine products, switching to less harmful e-cigarettes
long-term would likely reduce smoking-related disease
risk and would be an acceptable alternative compared
with regular use of tobacco cigarettes. Some smokers
reduce the number of tobacco cigarettes smoked per
day with the help of e-cigarettes, but the degree to
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which harm is reduced is unclear. Although a reduction
by 50% among participants who smoked ≥15 tobacco
cigarettes per day has been found to significantly reduce
lung cancer risk,93 even a very low smoking rate of 1
to 4 cigarettes per day is associated with substantial
cardiovascular disease risk,94 and because of the limited
duration of the available studies, it is unclear if these
smokers continue to smoke tobacco cigarettes at lower
rates or return to prior patterns of use after some time.
Population studies can also provide information
regarding the potential role of e-cigarettes for quitting
smoking. In the general population, smokers choose to
use e-cigarettes on their own, without medical intervention or advice. In cross-sectional data from the United
Kingdom, smokers trying to quit without professional
support were more likely to report abstinence when using e-cigarettes than with nicotine replacement therapy
or no cessation aid.95 An increase in the prevalence of
e-cigarette use was associated with an increase in the
success rate of quit attempts and overall quit rates in
a time series analysis of population trends.96 Another
cross-sectional survey found increased chances of selfreported abstinence with e-cigarettes or varenicline
compared with participants not using these aids.97 Data
from US surveys have found an association between
the increase in e-cigarette use and smoking cessation
rates98 and higher prevalence of a recent successful
quit attempt among exclusive e-cigarette users compared with users of other or no noncigarette tobacco
products use.99 A recent meta-analysis of populationbased studies confirmed increased quitting with daily
but decreased quitting with nondaily e-cigarette use.91
These findings should be interpreted in the light of the
previous mentioned limitations in relation to the large
heterogeneity of the available e-cigarette devices and
nicotine concentrations, as well as limitations associated with the study design (eg, cross-sectional design
not allowing assessment of causality).
For heat-not-burn products, the available data regarding their potential role in aiding smoking cessation
is even more limited than for e-cigarettes. However,
there are reports of an accelerated decline in cigarette
sales in Japan corresponding to the introduction of
heat-not-burn products into the market,100 which might
represent their potential in supporting population quitting smoking.

Safety Concerns With ENDS
General Safety Considerations
Safety concerns with the use of ENDS can be viewed
both in comparison with cigarette smoking and as
absolute safety. ENDS are likely to be far less harmful
than smoking, but not harmless.101,102 Safety concerns
include direct long-term adverse health effects as well
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as adverse impacts on public health. The latter include
dual use of ENDS and cigarettes, resulting in less smoking cessation, normalization of nicotine and tobacco
product use, and gateway effects to youth smoking
among youth. In this review, we focus on potential
adverse effects of health, including concerns about
ENDS use by youth.

Toxicant Exposure
In considering the risk of ENDS relative to cigarette
smoking, one must start with cigarette smoke. Cigarette
smoke is a complex mixture of >7000 chemicals,
including oxidizing chemicals, volatile organic compounds, carbon monoxide, carbonaceous particulates,
trace metals, and nicotine. Compared with cigarette
smoke, ENDS aerosols contain many fewer chemicals, including propylene glycol, vegetable glycerin,
much lower oxidants and volatile organic compounds,
minimal or no carbon monoxide, liquid particles of
unknown toxicity, some metals, nicotine, and flavor
chemicals.103 Importantly, the nature of the aerosol
is highly influenced by the temperature of heating of
the liquids.23,61 At higher temperatures there is thermal
degradation of propylene glycol and vegetable glycerin into toxic volatile organic compounds, such as
acrolein, formaldehyde, and acetaldehyde. Some flavor
chemicals such as diacetyl and cinnamaldehyde and
potentially acetals of vanillin and other flavors raise
toxicity concerns.104 Based on the far lower number
and levels of potential toxins in ENDS aerosol, it is
predicted that toxicity will be much lower than that of
smoking, but toxicity will likely differ by device. Trace
metals, including chromium, nickel, copper, lead, and
tin may be present in ENDS liquids, with wide variation
in levels of various metals in different devices and
liquids.105,106 Metals have been implicated in causing
oxidative stress, inflammation, and DNA damage and
in carcinogenesis.107 The sources of trace metals are
corrosion of metallic components, including heating
coils and electrical connectors between the battery
and the coil. Metal transfer from ENDS liquid to the
aerosol is generally low, averaging 1% to 4.7%, but the
levels of some metals such as chromium and nickel
can be as high as in mainstream cigarette smoke.105
Whether the doses of metals derived from ENDS use
are adequate to produce disease is still unclear.
Several studies have examined human exposure to
volatile organic compounds and other toxicants in
users of ENDS compared with smoking, both in crosssectional and crossover studies. All show that urine
metabolites of volatile organic compounds and carcinogenic tobacco-specific nitrosamines in ENDS users
are much lower than those of smokers and similar to or
slightly above those of nonsmokers.47,103,108,109
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Caveats in Interpreting Studies of Adverse Health Effects
of ENDS
As mentioned above, ENDS are highly variable with
regard to the nature and amount of aerosol released.
Thus, it is hard to extrapolate from studies of 1
device to harms of other devices. Preclinical studies
often expose cell cultures or animals to high levels
of ENDS aerosol with exposure schedules that are
quite different from human exposures. Acute studies
of effects of ENDS in humans may not reflect longterm effects. Epidemiology studies are hard to interpret
because most adult ENDS users are either current or
former smokers. Many are cross-sectional studies with
self-reports of disease and limited data on temporal
relationships between ENDS use and disease diagnosis.
The numbers of ENDS-only users in the age range of
typical incidence of smoking-related diseases are low.
Finally, some illnesses related to vaping, such as the recent “E-cigarette or vaping use–associated lung injury”
(EVALI) outbreak, were, to a large extent, among those
vaping cannabis liquids that were contaminated with
vitamin E acetate.110 However, the customizability of
open-system ENDS, which allows users to add a variety
of additives to e-liquids and the wide range of power
settings of some ENDS, suggests that an EVALI-like
outbreak among ENDS users is possible in the future
if e-liquids are adulterated with a pulmonary toxicant.
Common to cigarettes and ENDS are chronic exposure to nicotine. Although nicotine is not the major
cause of smoking-related health problems, nicotine
may be associated with some health risks. These include
addiction, cardiovascular disease, reproductive disorders, infectious disease risk, and acute poisoning.111,112
Because of space limitations, several of these are not
discussed here.
We do briefly review ENDS-related health concerns
for cardiovascular disease, pulmonary disease, and use
by youth.
Cardiovascular Disease
Cigarette smoking causes coronary heart disease,
stroke, aortic aneurysm, and peripheral arterial
disease.113 Smoke constituents such as nicotine, carbon
monoxide, oxidizing gases, other oxidizing chemicals,
heavy metals, and particulate matter are significant
contributors to smoking-related cardiovascular disease
risk. The sympathomimetic action of nicotine causes
neuronal and adrenal gland release of catecholamines,
which stimulates increased heart rate, blood pressure,
and myocardial contractility, increasing myocardial
demand for oxygen and nutrients, and potentially
contributing to arrythmogenesis .111 Oxidant chemicals
and heavy metals promote cardiovascular disease
through pathways such as inflammation, endothelial
dysfunction, endothelial cytotoxicity, vascular injury,
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and thrombotic activation.114,115 E-cigarette aerosols
contain oxidizing chemicals, although in much
lower levels than in cigarette smoke, as well as
varying levels of volatile organic compounds such
as acrolein, formaldehyde, cytotoxic flavorants, and
heavy metals.102
Cell culture, animal, and human studies have shown
increased oxidative stress, inflammation, platelet
activity, and altered vascular function after exposure
to e-cigarette aerosol. Various cell cultures exposed to
e-cigarette aerosols, e-liquids, or serum obtained from
e-cigarette users had increased generation of reactive
oxygen species, DNA damage, cell proliferation
inhibition, morphological changes, cell death, and
induced proinflammatory state.116–118 In mice, exposure
to e-cigarette aerosol caused platelet hyperactivity119
and increased aortic stiffness and impaired vascular
reactivity responses.120 Blood level of endothelial
progenitor cells sampled from e-cigarette users
increased after a 10-puff bout, suggesting endothelial
activation or stress.121 In people, endothelial
dysfunction evidenced by impaired flow-mediated
dilation occurs acutely after e-cigarette use122 but not
with chronic use after switching from cigarettes.123
Another study found increased systemic oxidative
stress and a shift toward sympathetic predominance in
e-cigarette users compared with nonusers.124
Few epidemiologic studies have investigated the
long-term cardiovascular effects of e-cigarettes because
of the recency of e-cigarette entry in the marketplace.
Findings, primarily from cross-sectional studies, have
serious methodologic problems and have been conflicting with respect to cardiovascular risk.125–128 Although
preclinical studies show that cardiovascular harm from
e-cigarettes is biologically plausible, at present the risk
in the human population is uncertain.
On the other hand, a few studies have provided
evidence of potential cardiovascular benefits from
switching to e-cigarettes among adult smokers. In a
randomized, controlled trial of healthy smokers who
switched to e-cigarettes, participants who had elevated
blood pressure at baseline had a significant reduction in systolic blood pressure at 52 weeks compared
with baseline.129 Similarly, significant reductions in
blood pressure were observed in hypertensive smokers
who quit or substantially reduced their combustible
cigarette consumption by switching to e-cigarettes.130
Respiratory Disease
Repeated inhalation of any foreign chemicals raises
concerns about respiratory disease. Respiratory concerns of e-cigarette use have included acute lung injury,
asthma, and chronic obstructive pulmonary disease
(COPD; emphysema and bronchitis) through mechanisms such as endothelial barrier breaching; increased
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airflow resistance; bronchial hyperreactivity, and bronchoconstriction; adverse airway remodeling; and excessive mucus production. In cell culture studies, exposure
to e-liquids or aerosol extracts led to altered permeability of human bronchial epithelial cells,131 decreased cell
proliferation and diminished lung endothelial barrier
function,132 release of proinflammatory cytokines,133
and increased oxidative stress and reduced cell viability
of human bronchial epithelial cells.134 Animal studies
have described e-cigarette-induced oxidative stress in
animal lungs, inflammatory cytokine release,132,135
impaired antimicrobial defenses,136 increased airway
hyperreactivity, protease release, and airspace
enlargement,137 reduction in mucus clearance,138
and emphysema.137 Donor lungs exposed to e-cigarette
aerosol induced interleukin-6 production and increased
levels of intracellular mucin 5AC (MUC5AC) protein,
which is associated with hypersecretion of mucous
in the respiratory tract and COPD.139 Studies of ecigarette users have also reported increased levels of
proteins associated with COPD, increased expression
of neutrophil-related proteins, consistent with the
inflammatory response, and an elevated concentration
of MUC5AC.140 Further, emerging evidence from
animal141 and human142 studies suggest that exposure
to e-cigarette aerosols increases the risk of viral
infections such as influenza by suppressing hostdefense functions against these viral infections.
Cross-sectional studies have reported a positive
relationship between e-cigarette use and COPD,
particularly among dual users,143–146 but these studies
have relied on self-reported COPD diagnoses and
e-cigarette use. Studies also suggest that e-cigarette use
among youth may be associated with greater prevalence
and exacerbation of asthma.147–150 On the other hand,
respiratory benefits have been reported for smokers
who switched to e-cigarettes. This includes reduced
incidence of self-reported respiratory infections151
and reduction in annual COPD exacerbation 1, 2, and
3 years after switching to e-cigarettes.152,153
Youth Vaping
As described in the prevalence of use section, there
has been considerable uptake of vaping by youth in
the United States as well as in some (but not all)
other countries. Concerns about youth vaping include
nicotine addiction in youth who would never have
used other tobacco products, serving as a gateway to
smoking and causing harm to the adolescent brain and
other adverse health effects.
Addiction to e-cigarettes can be assessed in part
by frequency of use. Daily use of a nicotine product
with use for pharmacologic effect (such as stimulation,
relaxation, stress reduction, etc.) is a criterion that
has been used to determine cigarette addiction in
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youth. The majority of youth use e-cigarettes fewer
than 20 days per month, and most who do are current
or former smokers.154 Whether youth who are using
e-cigarettes now will continue as adults is unknown.
Youth who are nonsmokers but who vape are more
likely to try cigarettes, but thus far there is no evidence
that they become regular smokers.155 Furthermore,
although vaping prevalence among youth in the United
States has risen, smoking prevalence has decreased,
suggesting no overall gateway effect.156 However,
because the use of e-cigarettes by youth is a relatively
recent phenomenon, we cannot dismiss the possibility
that if youth prevalence of e-cigarette use increases and
is sustained over time, the result might be an increase
in the prevalence of combustible tobacco use.
Concern about damage to the adolescent brain derives from studies in rodents, in which nicotine exposure in adolescent rats slows maturation of parts
of the brain, including the prefrontal cortex, which
is responsible for executive function, decision-making,
and impulse control.157 It is difficult to assess whether
brain changes seen in rodents occur in young people
because of confounding effects of sociocultural and
genetic factors. The main direct health effects of vaping
among youth appear to be respiratory, with the greater
risk of asthma and cough 147–150,158 Although there is
debate about the magnitude of risk of vaping among
youth, all public health authorities agree that youth
vaping should be avoided if possible.

Implications for Public Health
A summary of the major conclusions with respect to the
clinical pharmacology of ENDS is provided in Table 2.
We offer comments here on the application of ENDS
science to the promotion of public health.
ENDS and the Cigarette Endgame
The immediate priority for protection of public health
against tobacco-caused disease is the end of the use
of combusted tobacco products, primarily cigarettes.
Although ENDS are not harmless, they are most likely
much less harmful than cigarette smoking. If smokers
used ENDS to quit smoking, even if they continued to
use ENDS, we expect that there would be an enormous
benefit to public health. As discussed previously, given
a choice, most smokers would rather continue smoking cigarettes rather than use e-cigarettes. However,
with appropriate encouragement, including supportive
public health messaging, e-cigarettes might be able to
outcompete with cigarettes.
There is debate in the public health community
about how best to position ENDS to promote smoking
cessation. Some think ENDS are best used as medicinelike cessation agents, with use guided by health
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Table 2. Summary of Clinical Pharmacology-Informed Observations Relating to Electronic Nicotine Delivery Systems (ENDS)
1.
2.
3.
4.

5.
6.

7.
8.
9.

10.
11.

ENDS aerosolize nicotine that can be inhaled and rapidly absorbed, moving to the brain quickly and in high concentrations, similar to that seen after
cigarette smoking. This provides desired psychological reward and nicotine substitution without exposure to harmful tobacco combustion products.
ENDS products reduce craving and withdrawal symptoms during cigarette abstinence, but most smokers find them less satisfying than cigarette smoking.
The satisfaction from ENDS is related to level of nicotine delivery.
Nicotine delivery varies considerably by electronic cigarette device, depending on the nicotine concentration and propylene glycol/vegetable glycerin
ratio of the liquid, battery voltage, coil heating temperature, and user puffing behavior.
Nicotine in electronic cigarettes can be predominantly in the free or ionized form, depending on the pH of the liquid. Freebase nicotine predominates at
higher pH, produces greater throat and upper airway irritation, and is harder to inhale. Ionized nicotine predominates in nicotine salt liquids with
more acidic pH and is easier to inhale, with implications for both addiction and safety.
Regular users of nicotine products tend to titrate intake of nicotine to maintain desired levels and effects of nicotine. Daily nicotine intake is on average
similar in exclusive smokers and vapers and among vapers using different ENDS devices.
ENDS using low nicotine concentration liquids require the user to inhale large amount of aerosol generated at higher temperatures to obtain desired
levels of nicotine. Aerosol is generated at higher temperatures from such devices, resulting in greater exposure to oxidant chemicals and various toxic
thermal degradation products.
ENDS using high nicotine concentrations (such as nicotine salt-containing liquids) allow the user to inhale small amounts of aerosol generated at lower
temperatures to obtain desired levels of nicotine, resulting in lesser exposure to oxidant chemicals and thermal degradation products.
ENDS can promote smoking cessation both during formal smoking cessation interventions and in the general population. Successful cessation is
associated with use of ENDS that deliver higher levels of nicotine and regular daily use.
Owing to lack of combustion, ENDS products expose users to much lower levels of toxicants compared with cigarette smoking. Of greatest concern
for direct toxicity is exposure to oxidant chemicals, thermal degradation products and some flavoring chemicals. The potential toxicity of ENDS
varies considerably based on the nature of the device.
The long-term safety of ENDS use is unknown because the products have not been used for long-enough periods.
Nicotine addiction among youth is of concern, particularly with the availability of nicotine salt liquids that are easy to inhale. Concerns include
nicotine-induced impaired maturation of the adolescent brain and development of long-lasting nicotine addiction.

ENDS, electronic nicotine delivery systems.

professionals. Others argue that most smokers would
like to quit smoking on their own and would like to have
free access to safer nicotine products that give cigarettelike reward that they can use without prescription.
Possibly ENDS could be available in both these
scenarios.
In 1994 Benowitz and Henningfield proposed the
idea of federal regulation to establish a nicotine threshold for addiction.159 The idea was to reduce the nicotine
content of tobacco in cigarettes to minimally addictive
levels so that children who experimented with cigarettes
would not become addicted and that it would become
easier for addicted smokers to quit. The 2009 Family
Smoking Prevention and Tobacco Control Act passed
by the US Congress granted the FDA the authority to
promulgate tobacco product standards as appropriate
for the protection of public health.160 Included was
the authority to reduce nicotine yields of products
as long as it does not require total nicotine to be
reduced to “0.” Since 2009 a number of clinical trials
have demonstrated that nicotine reduction could reduce
nicotine dependence and enhance quitting, without
harmful effects related to compensation.161–163 In 2018
the FDA issued an advance notice of proposed rulemaking for a tobacco product standard for nicotine
level of combusted cigarettes.164 A population-based
simulation model from 2016 to 2100 predicted that
nicotine reduction would result in 5 million smokers
quitting within 1 year of implementation, 13 million
within 5 years, and would prevent 33 million youth and
adults from becoming smokers by 2100.165

A concern with reduction of nicotine levels in
cigarettes is that many smokers would experience severe
withdrawal symptoms, and many would resort to black
market cigarettes and/or product tampering to obtain
the nicotine that they need. The availability of ENDS
would provide an attractive alternative to conventional
cigarettes and would likely enhance public acceptance
of a nicotine reduction policy that could represent the
cigarette endgame.166
FDA Regulation
In 2016 a deeming rule was issued that granted the
FDA regulatory authority over ENDS.167 Under this
authority, tobacco products marketed after 2017 need
to submit a premarket tobacco application to remain
on the market. Approval as a modified-risk tobacco
product is necessary to allow claims of reduced risk
or reduced exposure. The regulatory authority of the
FDA over ENDS provides an opportunity to favorably
influence the benefits versus risks of ENDS for public
health. Devices and liquids can be regulated to reduce
exposure to toxic thermal degradation products and
dangerous flavor chemicals. FDA regulations could regulate marketing of and access to ENDS for children to
deal with concerns relating to youth use of ENDS. And
the FDA could provide public education in support of
its own “nicotine-focused framework for public health,”
which was announced in 2016.168
A particular challenge for FDA and other countries
of the world relates to limits on nicotine concentrations
and availability of flavors in e-cigarette liquids. In the
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European Union, for example, e-liquids can contain
a maximum of 20 mg/mL of nicotine,29 whereas at
present there are no limits in the United States. Liquids
containing higher concentrations of nicotine in salt
form potentially result in less direct harm because
nicotine is inhaled in high concentrations with relatively
small volumes of aerosol generated at relatively low
temperatures. Such products would be ideal to support the transition from cigarettes smoking to ENDS.
However, these products are easier for youth to inhale,
exposing them to higher levels of nicotine, and are
likely more addictive compared with the use of freebase
nicotine liquids at lower concentrations. Conversely,
low nicotine concentration limits are likely to result in
nicotine-addicted smokers inhaling larger volumes of
aerosol generated at higher temperature with greater
thermally generated toxicants. Such nicotine limits are
predicted to be more harmful for smokers who switch,
but less likely to addict youth. Similarly, flavor restrictions pose different benefits and risks for adult smokers
versus youth. Flavors attract youth, but also attract
many adult smokers and support their switch from
cigarettes to ENDS. How the FDA and the European
Union determine the optimal regulatory strategy for
nicotine limits and flavors will be of great interest and
consequence for public health.

Acknowledgments
We thank Newton Addo for editorial assistance.

Conflicts of Interest
Dr. Benowitz serves as a consultant to Pfizer and Achieve Life
Sciences, companies that market or are developing smoking
cessation medications, and has been an expert witness in
litigation against tobacco companies. Dr. Liakoni reports
smoking cessation counselling as part of clinical work and
academic institution research support for investigation of the
pharmacology and toxicology of e-cigarettes and travel support for speaking at research meetings. The authors declare
no other potential conflicts of interest.

Funding
Preparation of this review was supported in part by National
Institutes of Health grants DA039264 from the National
Institute on Drug Abuse and U54HL147127 from the National Heart Lung and Blood Institute. Data presented in
figures were collected at the Clinical Research Center at
Zuckerberg San Francisco General Hospital (NIH/NCRR
UL1 RR024131).

Data Sharing
No novel data sets were generated for this review. All included
information was obtained from previously published reports.

S31

References
1. Gray N, Henningfield JE, Benowitz NL, et al. Toward
a comprehensive long term nicotine policy. Tob Control.
2005;14(3):161-165.
2. Gilbert HA, inventor. Smokeless non-tobacco cigarette. US
patent 3,200,819. August 17, 1965.
3. Dutra LM, Grana R, Glantz SA. Philip Morris research on
precursors to the modern e-cigarette since 1990. Tob Control.
2017;26(e2):e97-e105.
4. Sanford Z, Goebel L. E-cigarettes: an up to date review and
discussion of the controversy. W V Med J. 2014;110(4):10-15.
5. Regan AK, Promoff G, Dube SR, Arrazola R. Electronic nicotine delivery systems: adult use and awareness
of the ‘e-cigarette’ in the USA. Tob Control. 2013;22(1):
19-23.
6. Prochaska JJ, Benowitz NL. Current advances in research
in treatment and recovery: nicotine addiction. Sci Adv.
2019;5(10):eaay9763.
7. Dani JA. Neuronal nicotinic acetylcholine receptor structure
and function and response to nicotine. Int Rev Neurobiol.
2015;124:3-19.
8. Benowitz NL. Nicotine addiction. N Engl J Med.
2010;362(24):2295-2303.
9. Benowitz NL. Compensatory smoking of low-yield cigarettes.
Smoking Tobacco Control Monograph 13. Bethesda, MD: U.S.
Department of Health and Human Services Public Health
Service; 2001;13:39-63.
10. Hukkanen J, Jacob P 3rd, Benowitz NL. Metabolism and
disposition kinetics of nicotine. Pharmacol Rev. 2005;57(1):79115.
11. Benowitz NL. Clinical pharmacology of nicotine: implications
for understanding, preventing, and treating tobacco addiction.
Clin Pharmacol Ther. 2008;83(4):531-541.
12. Barua RS, Rigotti NA, Benowitz NL, et al. ACC expert
consensus decision pathway on tobacco cessation treatment:
a report of the american college of cardiology task force
on clinical expert consensus documents. J Am Coll Cardiol.
2018;72(25):3332-3365.
13. Etter JF, Bullen C, Flouris AD, Laugesen M, Eissenberg T.
Electronic nicotine delivery systems: a research agenda. Tob
Control. 2011;20(3):243-248.
14. Hajek P, Etter JF, Benowitz N, Eissenberg T, McRobbie H.
Electronic cigarettes: review of use, content, safety, effects
on smokers and potential for harm and benefit. Addiction.
2014;109(11):1801-1810.
15. Orellana-Barrios MA, Payne D, Mulkey Z, Nugent K. Electronic cigarettes-a narrative review for clinicians. Am J Med.
2015;128(7):674-681.
16. Grana R, Benowitz N, Glantz SA. E-cigarettes: a scientific
review. Circulation. 2014;129(19):1972-1986.
17. Zhu SH, Sun JY, Bonnevie E, et al. Four hundred and sixty
brands of e-cigarettes and counting: implications for product
regulation. Tob Control. 2014;23(Suppl 3):iii3-iii9.
18. Brown CJ, Cheng JM. Electronic cigarettes: product characterisation and design considerations. Tob Control. 2014;23(Suppl
2):ii4-ii10.
19. Chun LF, Moazed F, Calfee CS, Matthay MA, Gotts JE.
Pulmonary toxicity of e-cigarettes. Am J Physiol Lung Cell Mol
Physiol. 2017;313(2):L193-L206.
20. Bhatnagar A, Whitsel LP, Ribisl KM, et al. Electronic
cigarettes: a policy statement from the American Heart Association. Circulation. 2014;130(16):1418-1436.
21. Wagener TL, Floyd EL, Stepanov I, et al. Have combustible cigarettes met their match? The nicotine delivery profiles and harmful constituent exposures of second-generation

The Journal of Clinical Pharmacology / Vol 61 No S2 2021

S32

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

and third-generation electronic cigarette users. Tob Control.
2017;26(e1):e23-e28.
Jensen RP, Luo W, Pankow JF, Strongin RM, Peyton DH.
Hidden formaldehyde in e-cigarette aerosols. N Engl J Med.
2015;372(4):392-394.
Sleiman M, Logue JM, Montesinos VN, et al. Emissions
from electronic cigarettes: key parameters affecting the release
of harmful chemicals. Env Sci Technol. 2016;50(17):96449651.
Krishnan-Sarin S, Morean M, Kong G, et al. E-cigarettes
and “dripping” among high-school youth. Pediatrics.
2017;139(3):e20163224.
Talih S, Balhas Z, Salman R, Karaoghlanian N, Shihadeh
A. “Direct dripping”: a high-temperature, high-formaldehyde
emission electronic cigarette use method. Nicotine Tob Res.
2016;18(4):453-459.
Barrington-Trimis JL, Leventhal AM. Adolescents’ use of
“pod mod” e-cigarettes - urgent concerns. N Engl J Med.
2018;379(12):1099-1102.
Jackler RK, Ramamurthi D. Nicotine arms race: JUUL and
the high-nicotine product market. Tob Control. 2019;28(6):623628.
Jackson R, Huskey M, Brown S. Labelling accuracy in low
nicotine e-cigarette liquids from a sampling of US manufacturers. Int J Pharm Pract. 2020;28(3):290-294.
European Commission. Revision of Tobacco Products Directive. https://ec.europa.eu/health/tobacco/products/revision_en.
Accessed June 7, 2021.
Auer R, Concha-Lozano N, Jacot-Sadowski I, Cornuz J,
Berthet A. Heat-not-burn tobacco cigarettes: smoke by any
other name. JAMA Intern Med. 2017;177(7):1050-1052.
Liu X, Lugo A, Spizzichino L, Tabuchi T, Pacifici R, Gallus
S. Heat-not-burn tobacco products: concerns from the Italian
experience. Tob Control. 2019;28(1):113-114.
Paumgartten F. Heat-not-burn and electronic cigarettes: truths
and untruths about harm reduction. Rev Assoc Med Bras
(1992). 2018;64(2):104-105.
St. Helen G, Jacob Iii P, Nardone N, Benowitz NL. IQOS:
examination of Philip Morris international’s claim of reduced
exposure. Tob Control. 2018;27(Suppl 1):s30-s36.
Simonavicius E, McNeill A, Shahab L, Brose LS. Heat-notburn tobacco products: a systematic literature review. Tob
Control. 2019;28(5):582-594.
FDA. FDA permits sale of IQOS Tobacco Heating System
through premarket tobacco product application pathway:
Office of the Commisioner; 2019. https://www.fda.gov/newsevents/press-announcements/fda-permits-sale-iqos-tobaccoheating-system-through-premarket-tobacco-productapplication-pathway. Accessed June 7, 2021
FDA. FDA Authorizes Marketing of IQOS Tobacco
Heating System with ‘Reduced Exposure’ Information:
Office of the Commisioner. https://www.fda.gov/news-events/
press-announcements/fda-authorizes-marketing-iqos-tobaccoheating-system-reduced-exposure-information. Published 2020.
Accessed June 7, 2021.
Tabuchi T, Gallus S, Shinozaki T, Nakaya T, Kunugita N,
Colwell B. Heat-not-burn tobacco product use in Japan: its
prevalence, predictors and perceived symptoms from exposure
to secondhand heat-not-burn tobacco aerosol. Tob Control.
2018;27(e1):e25-e33.
Spindle TR, Talih S, Hiler MM, et al. Effects of electronic
cigarette liquid solvents propylene glycol and vegetable glycerin
on user nicotine delivery, heart rate, subjective effects, and puff
topography. Drug Alcohol Depend. 2018;188:193–199. https://
doi.org/10.1016/j.drugalcdep.2018.03.042

39. Talih S, Balhas Z, Eissenberg T, et al. Effects of user puff
topography, device voltage, and liquid nicotine concentration
on electronic cigarette nicotine yield: measurements and model
predictions. Nicotine Tob Res. 2015;17(2):150-157.
40. St. Helen G, Havel C, Dempsey DA, Jacob P, 3rd, Benowitz
NL. Nicotine delivery, retention and pharmacokinetics from
various electronic cigarettes. Addiction. 2016;111(3):535-544.
41. Hajek P, Goniewicz ML, Phillips A, Myers Smith K, West
O, McRobbie H. Nicotine intake from electronic cigarettes on
initial use and after 4 wks of regular use. Nicotine Tob Res.
2015;17(2):175-179.
42. Hajek P, Przulj D, Phillips A, Anderson R, McRobbie H.
Nicotine delivery to users from cigarettes and from different
types of e-cigarettes. Psychopharmacology. 2017;234(5):773779.
43. Hiler M, Breland A, Spindle T, et al. Electronic cigarette
user plasma nicotine concentration, puff topography, heart
rate, and subjective effects: Influence of liquid nicotine concentration and user experience. Exp Clin Psychopharmacol.
2017;25(5):380-392.
44. St. Helen G, Ross KC, Dempsey DA, Havel CM, Jacob P, 3rd,
Benowitz NL. Nicotine delivery and vaping behavior during ad
libitum e-cigarette access. Tob Regul Sci. 2016;2(4):363-376.
45. Harvanko AM, St. Helen G, Nardone N, Addo N, Benowitz
NL. Twenty-four-hour subjective and pharmacological effects
of ad-libitum electronic and combustible cigarette use among
dual users. Addiction. 2020;115(6):1149-1159.
46. Etter J-F. A longitudinal study of cotinine in long-term daily
users of e-cigarettes. Drug Alcohol Depend. 2016;160:218–221.
https://doi.org/10.1016/j.drugalcdep.2016.01.003
47. Shahab L, Goniewicz ML, Blount BC, et al. Nicotine, carcinogen, and toxin exposure in long-term e-cigarette and nicotine
replacement therapy users: a cross-sectional study. Ann Int
Med. 2017;166(6):390-400.
48. Farsalinos KE, Spyrou A, Tsimopoulou K, Stefopoulos C,
Romagna G, Voudris V. Nicotine absorption from electronic
cigarette use: comparison between first and new-generation
devices. Sci Rep. 2014;4:4133.
49. Hajek P, Pittaccio K, Pesola F, Myers Smith K, PhillipsWaller A, Przulj D. Nicotine delivery and users’ reactions to
Juul compared with cigarettes and other e-cigarette products.
Addiction. 2020;115(6):1141-1148.
50. St. Helen G, Dempsey DA, Havel CM, Jacob III P, Benowitz
NL. Impact of e-liquid flavors on nicotine intake and pharmacology of e-cigarettes. Drug Alcohol Depend. 2017;178:391398.
51. Prochaska J, Vogel E, Benowiz N. Cigarette nicotine equivalents from vaping a JUULpod. Tob Control. 2021; https://doi.
org/10.1136/tobaccocontrol-2020-056367
52. Brossard P, Weitkunat R, Poux V, et al. Nicotine pharmacokinetic profiles of the Tobacco Heating System 2.2, cigarettes and
nicotine gum in Japanese smokers. Regul Toxicol Pharmacol.
2017;89:193–199. https://doi.org/10.1016/j.yrtph.2017.07.032
53. Maloney S, Eversole A, Crabtree M, Soule E, Eissenberg
T, Breland A. Acute effects of JUUL and IQOS in
cigarette smokers. Tob Control. 2020; https://doi.org/10.1136/
tobaccocontrol-2019-055475
54. Picavet P, Haziza C, Lama N, Weitkunat R, Lüdicke F.
Comparison of the pharmacokinetics of nicotine following
single and ad libitum use of a tobacco heating system or
combustible cigarettes. Nicotine Tob Res. 2016;18(5):557-563.
55. Smith TT, Heckman BW, Wahlquist AE, Cummings KM,
Carpenter MJ. The impact of e-liquid propylene glycol and
vegetable glycerin ratio on ratings of subjective effects, reinforcement value, and use in current smokers. Nicotine Tob Res.
2020;22(5):791-797.

Benowitz et al
56. El-Hellani A, El-Hage R, Baalbaki R, et al. Free-base and
protonated nicotine in electronic cigarette liquids and aerosols.
Chem Res Toxicol. 2015;28(8):1532-1537.
57. Talih S, Salman R, El-Hage R, et al. Effect of free-base
and protonated nicotine on nicotine yield from electronic
cigarettes with varying power and liquid vehicle. Sci Rep.
2020;10(1):16263.
58. Nardone N, Ko J, St. Helen G, Benowitz NL. Nicotine Intake,
dependence, and characteristics of electronic cigarette and dual
users. Tob Regul Sci. 2019;5(1):27-35.
59. Nardone N, St.Helen G, Addo N, Meighan S, Benowitz NL.
JUUL electronic cigarettes: nicotine exposure and the user
experience. Drug Alcohol Depend. 2019;203:83–87. https://doi.
org/10.1016/j.drugalcdep.2019.05.019
60. Dawkins L, Cox S, Goniewicz M, et al. ‘Real-world’ compensatory behaviour with low nicotine concentration e-liquid:
subjective effects and nicotine, acrolein and formaldehyde
exposure. Addiction. 2018;113(10):1874-1882.
61. Kosmider L, Kimber CF, Kurek J, Corcoran O, Dawkins
LE. Compensatory puffing with lower nicotine concentration
e-liquids increases carbonyl exposure in e-cigarette aerosols.
Nicotine Tob Res. 2018;20(8):998-1003.
62. St.Helen G, Dempsey DA, Havel CM, Jacob P, Benowitz NL.
Impact of e-liquid flavors on nicotine intake and pharmacology
of e-cigarettes. Drug Alcohol Depend. 2017;178:391–398. https:
//doi.org/10.1016/j.drugalcdep.2017.05.042
63. Benowitz NL, St. Helen G, Nardone N, et al. Twenty-fourhour cardiovascular effects of electronic cigarettes compared
with cigarette smoking in dual users. J Am Heart Assoc.
2020;9(23):e017317.
64. Bao W, Xu G, Lu J, Snetselaar LG, Wallace RB. Changes
in electronic cigarette use among adults in the United States,
2014-2016. JAMA. 2018;319(19):2039-2041.
65. Dai H, Leventhal AM. Prevalence of e-cigarette use
among adults in the United States, 2014-2018. JAMA.
2019;322(18):1824-1827.
66. Mayer M, Reyes-Guzman C, Grana R, Choi K, Freedman ND. Demographic characteristics, cigarette smoking,
and e-cigarette use among US adults. JAMA Netw Open.
2020;3(10):e2020694-e2020694.
67. Syamlal G, Clark K, Blackley D, King B. Prevalence of
electronic cigarette use among adult workers—United States,
2017-2018. Morb Mortal Wkly Rep. 2021;70(9):297-303.
68. Coleman B, Rostron B, Johnson SE, et al. Transitions in electronic cigarette use among adults in the population assessment
of tobacco and health (PATH) study, waves 1 and 2 (20132015). Tob Control. 2019;28(1):50-59.
69. Wang TW, Neff LJ, Park-Lee E, Ren C, Cullen KA, King
BA. E-cigarette use among middle and high school students—
United States, 2020. Morb Mortal Wkly Rep. 2020;69(37):1310.
70. Cullen KA, Gentzke AS, Sawdey MD, et al. E-cigarette
use among youth in the United States, 2019. JAMA.
2019;322(21):2095-2103.
71. Miech R, Leventhal A, Johnston L, O’Malley PM, Patrick ME,
Barrington-Trimis J. Trends in use and perceptions of nicotine
vaping among US youth from 2017 to 2020. JAMA Pediatr.
2021;175(2):185-190.
72. Vogel EA, Cho J, McConnell RS, Barrington-Trimis JL,
Leventhal AM. Prevalence of electronic cigarette dependence
among youth and its association with future use. JAMA Netw
Open. 2020;3(2):e1921513-e1921513.
73. Hammond D, Rynard VL, Reid JL. Changes in prevalence
of vaping among youths in the United States, Canada, and
England from 2017 to 2019. JAMA Pediatr. 2020;174(8):797800.

S33
74. Chun J, Yu M, Kim J, Kim A. E-cigarette, cigarette, and dual
use in korean adolescents: a test of problem behavior theory.
J Psychoactive Drugs. 2020;52(1):27-36.
75. Benowitz NL, Fraiman JB. Cardiovascular effects of electronic
cigarettes. Nature Rev Cardiol. 2017;14(8):447-456.
76. Barbeau AM, Burda J, Siegel M. Perceived efficacy of ecigarettes versus nicotine replacement therapy among successful e-cigarette users: a qualitative approach. Addict Sci Clin
Pract. 2013;8(1):5.
77. Public Health England. Stop Smoking Interventions and Services. London, United Kingdom: National Institute for Health
and Care Excellence; 2018.
78. Anthenelli RM, Benowitz NL, West R, et al. Neuropsychiatric
safety and efficacy of varenicline, bupropion, and nicotine
patch in smokers with and without psychiatric disorders
(EAGLES): a double-blind, randomised, placebo-controlled
clinical trial. Lancet. 2016;387(10037):2507-2520.
79. Cahill K, Stevens S, Perera R, Lancaster T. Pharmacological interventions for smoking cessation: an overview
and network meta-analysis. Cochrane Database Syst Rev.
2013(5):CD009329.
80. Hartmann-Boyce J, McRobbie H, Lindson N, et al. Electronic
cigarettes for smoking cessation. Cochrane Database Syst Rev.
2020;10(10):CD010216.
81. Walker N, Parag V, Verbiest M, Laking G, Laugesen M,
Bullen C. Nicotine patches used in combination with ecigarettes (with and without nicotine) for smoking cessation:
a pragmatic, randomised trial. Lancet Respir Med. 2020;8(1):
54-64.
82. Hajek P, Phillips-Waller A, Przulj D, et al. A randomized trial
of e-cigarettes versus nicotine-replacement therapy. N Engl J
Med. 2019;380(7):629-637.
83. Bullen C, Howe C, Laugesen M, et al. Electronic cigarettes
for smoking cessation: a randomized controlled trial. Lancet.
2013;382(9905):1629-1637.
84. Eisenberg MJ, Hebert-Losier A, Windle SB, et al. Effect of e-cigarettes plus counseling versus counseling alone
on smoking cessation: a randomized clinical trial. JAMA.
2020;324(18):1844-1854.
85. Pollock JD, Koustova E, Hoffman A, Shurtleff D, Volkow
ND. Treatments for nicotine addiction should be a top priority.
Lancet. 2009;374(9689):513-514.
86. Grufferman S. Complexity and the Hawthorne effect in community trials. Epidemiology. 1999;10(3):209-210.
87. Cornuz J, Humair JP, Seematter L, et al. Efficacy of resident
training in smoking cessation: a randomized, controlled trial of
a program based on application of behavioral theory and practice with standardized patients. Ann Int Med. 2002;136(6):429437.
88. Therapeutic Goods Administration. TGA confirms nicotine
e-cigarette access is by prescription only. https://www.tga.
gov.au/media-release/tga-confirms-nicotine-e-cigarette-accessprescription-only. Published 2020. Accessed June 7, 2021.
89. GOV UK. Licensing procedure for electronic cigarettes as
medicines. https://www.gov.uk/guidance/licensing-procedurefor-electronic-cigarettes-as-medicines. Published 2021. Accessed June 7, 2021
90. Hitchman SC, Brose LS, Brown J, Robson D, McNeill A.
Associations between e-cigarette type, frequency of use, and
quitting smoking: findings from a longitudinal online panel
survey in Great Britain. Nicotine Tob Res. 2015;17(10):11871194.
91. Wang RJ, Bhadriraju S, Glantz SA. E-cigarette use and adult
cigarette smoking cessation: a meta-analysis. Am J Public
Health. 2021;111(2):230-246.

S34
92. Pulvers K, Nollen NL, Rice M, et al. Effect of pod e-cigarettes
versus cigarettes on carcinogen exposure among African American and Latinx smokers: a randomized clinical trial. JAMA
Netw Open. 2020;3(11):e2026324.
93. Godtfredsen NS, Prescott E, Osler M. Effect of smoking
reduction on lung cancer risk. JAMA. 2005;294(12):15051510.
94. Bjartveit K, Tverdal A. Health consequences of smoking 1-4
cigarettes per day. Tob Control. 2005;14(5):315-320.
95. Brown J, Beard E, Kotz D, Michie S, West R. Real-world effectiveness of e-cigarettes when used to aid smoking cessation: a
cross-sectional population study. Addiction. 2014;109(9):15311540.
96. Beard E, West R, Michie S, Brown J. Association of prevalence
of electronic cigarette use with smoking cessation and cigarette
consumption in England: a time-series analysis between 2006
and 2017. Addiction. 2020;115(5):961-974.
97. Jackson SE, Kotz D, West R, Brown J. Moderators of realworld effectiveness of smoking cessation aids: a population
study. Addiction. 2019;114(9):1627-1638.
98. Zhu SH, Zhuang YL, Wong S, Cummins SE, Tedeschi GJ. Ecigarette use and associated changes in population smoking
cessation: evidence from US current population surveys. BMJ.
2017;j3262. https://doi.org/10.1136/bmj.j3262
99. Walton K, Wang TW, Prutzman Y, Jamal A, Babb SD.
Characteristics and Correlates of Recent Successful Cessation Among Adult Cigarette Smokers, United States, 2018.
Prev Chronic Dis. 2020;17:E154. https://doi.org/10.5888/pcd17.
200173
100. Cummings KM, Nahhas GJ, Sweanor DT. What is accounting
for the rapid decline in cigarette sales in Japan? Int J Environ
Res Public Health. 2020;17(10):3570.
101. RCP advice on vaping following reported cases of deaths
and lung disease in the US. 2019/10/25/T14:40:00+01:00.
https://www.rcplondon.ac.uk/projects/outputs/rcp-advicevaping-following-reported-cases-deaths-and-lung-disease-us.
Accessed June 7, 2021.
102. National Academies of Sciences Engineering and Medicine.
Public health consequences of e-cigarettes. Washington, DC;
2018.
103. Goniewicz ML, Knysak J, Gawron M, et al. Levels of selected
carcinogens and toxicants in vapor from electronic cigarettes.
Tob Control. 2014;23(2):133-139.
104. Kaur G, Muthumalage T, Rahman I. Mechanisms of toxicity
and biomarkers of flavoring and flavor enhancing chemicals
in emerging tobacco and non-tobacco products. Toxicol Lett.
2018;288:143–155. https://doi.org/10.1016/j.toxlet.2018.02.025
105. Halstead M, Gray N, Gonzalez-Jimenez N, et al. Analysis of
toxic metals in electronic cigarette aerosols using a novel trap
design. J Anal Toxicol. 2020;44(2):149-155.
106. Williams M, Bozhilov K, Ghai S, Talbot P. Elements including metals in the atomizer and aerosol of disposable
electronic cigarettes and electronic hookahs. PLoS One.
2017;12(4):e0175430.
107. Pearce K, Gray N, Gaur P, Jeon J, Suarez A, Shannahan
J, Pappas RS, Watson-Wright C. Toxicological analysis of
aerosols derived from three electronic nicotine delivery systems
using normal human bronchial epithelial cells. Toxicol In Vitro.
2020;69:104997. https://doi.org/10.1016/j.tiv.2020.104997
108. Lüdicke F, Picavet P, Baker G, et al. Effects of switching to
the tobacco heating system 2.2 menthol, smoking abstinence,
or continued cigarette smoking on biomarkers of exposure:
a randomized, controlled, open-label, multicenter study in
sequential confinement and ambulatory settings (Part 1). Nicotine Tob Res. 2018;20(2):161-172.

The Journal of Clinical Pharmacology / Vol 61 No S2 2021
109. St. Helen G, Liakoni E, Nardone N, Addo N, Jacob P
3rd, Benowitz NL. Comparison of systemic exposure to
toxic and/or carcinogenic volatile organic compounds (VOC)
during vaping, smoking, and abstention. Cancer Prev Pres.
2020;13(2):153-162.
110. Krishnasamy VP, Hallowell BD, Ko JY, et al. Update: characteristics of a nationwide outbreak of e-cigarette, or vaping,
product use-associated lung injury - United States, August
2019-January 2020. Morb Mort Wkly Rep. 2020;69(3):90-94.
111. Benowitz NL, Burbank AD. Cardiovascular toxicity of nicotine: Implications for electronic cigarette use. Trends Cardiovasc Med. 2016;26(6):515-523.
112. England LJ, Aagaard K, Bloch M, et al. Developmental
toxicity of nicotine: a transdisciplinary synthesis and implications for emerging tobacco products. Neurosci Biobehav Rev.
2017;72:176–189. https://doi.org/10.1016/j.neubiorev.2016.11.
013
113. U.S. Department of Health and Human Services. A Report of
the Surgeon General: How Tobacco Smoke Causes Disease: The
Biology and Behavioral Basis for Smoking-Attributable Disease.
Atlanta, GA: U.S. Department of Health and Human Services,
Centers for Disease Control and Prevention, National Centers
for Chronic Disease Prevention and Health Promotion - Office
on Smoking and Health; 2010.
114. Balakumar P, Kaur J. Arsenic exposure and cardiovascular
disorders: an overview. Cardiovasc Toxicol. 2009;9(4):169-176.
115. Benowitz NL, Fraiman JB. Cardiovascular effects of electronic
cigarettes. Nature Rev Cardiol. 2017;14(8):447-456.
116. Anderson C, Majeste A, Hanus J, Wang S. E-cigarette
aerosol exposure induces reactive oxygen species, DNA damage, and cell death in vascular endothelial cells. Toxicol Sci.
2016;154(2):332-340.
117. Putzhammer R, Doppler C, Jakschitz T, et al. Vapors of US
and EU market leader electronic cigarette brands and liquids
are cytotoxic for human vascular endothelial cells. PloS One.
2016;11(6):e0157337.
118. Lee WH, Ong S-G, Zhou Y, et al. Modeling cardiovascular risks of e-cigarettes with human-induced pluripotent
stem cell—derived endothelial cells. J Am Coll Cardiol.
2019;73(21):2722-2737.
119. Qasim H, Karim ZA, Silva-Espinoza JC, et al. Short-term
e-cigarette exposure increases the risk of thrombogenesis
and enhances platelet function in mice. J Am Heart Assoc.
2018;7(15):e009264.
120. Olfert IM, DeVallance E, Hoskinson H, et al. Chronic exposure to electronic cigarettes results in impaired cardiovascular
function in mice. J Appl Physiol (1985). 2018;124(3):573-582.
121. Antoniewicz L, Bosson JA, Kuhl J, et al. Electronic cigarettes
increase endothelial progenitor cells in the blood of healthy
volunteers. Atherosclerosis. 2016;255:179-185.
122. Carnevale R, Sciarretta S, Violi F, et al. Acute impact of
tobacco versus electronic cigarette smoking on oxidative stress
and vascular function. Chest. 2016;150(3):606-612.
123. George J, Hussain M, Vadiveloo T, et al. Cardiovascular effects
of switching from tobacco cigarettes to electronic cigarettes. J
Am Coll Cardiol. 2019;74(25):3112-3120.
124. Moheimani RS, Bhetraratana M, Yin F, et al. Increased
cardiac sympathetic activity and oxidative stress in habitual
electronic cigarette users: implications for cardiovascular risk.
JAMA Cardiol. 2017;2(3):278-284.
125. Alzahrani T, Pena I, Temesgen N, Glantz SA. Association
between electronic cigarette use and myocardial infarction. Am
J Prev Med. 2018;55(4):455-461.
126. Farsalinos KE, Polosa R, Cibella F, Niaura R. Is ecigarette use associated with coronary heart disease and

Benowitz et al

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

myocardial infarction? Insights from the 2016 and 2017
National Health Interview Surveys. Ther Adv Chronic Dis.
2019;10:2040622319877741.
Osei AD, Mirbolouk M, Orimoloye OA, et al. Association between e-cigarette use and cardiovascular disease
among never and current combustible-cigarette smokers.
Am J Med. 2019;132(8):949–954.e2. https://doi.org/10.1016/j.
amjmed.2019.02.016
Parekh T, Pemmasani S, Desai R. Risk of stroke with ecigarette and combustible cigarette use in young adults. Am J
Prev Med. 2020;58(3):446-452.
Farsalinos K, Cibella F, Caponnetto P, et al. Effect of continuous smoking reduction and abstinence on blood pressure and
heart rate in smokers switching to electronic cigarettes. Intern
Emerg Med. 2016;11(1):85-94.
Polosa R, Morjaria JB, Caponnetto P, et al. Blood pressure
control in smokers with arterial hypertension who switched
to electronic cigarettes. Int J Environ Res Public Health.
2016;13(11):1123.
Sherwood CL, Boitano S. Airway epithelial cell exposure to
distinct e-cigarette liquid flavorings reveals toxicity thresholds and activation of CFTR by the chocolate flavoring 2,5dimethypyrazine. Respir Res. 2016;17(1):57.
Schweitzer KS, Chen SX, Law S, et al. Endothelial disruptive proinflammatory effects of nicotine and e-cigarette
vapor exposures. Am J Physiol Lung Cell Mol Physiol.
2015;309(2):L175-L187.
Gerloff J, Sundar IK, Freter R, et al. Inflammatory response
and barrier dysfunction by different e-cigarette flavoring chemicals identified by gas chromatography—mass spectrometry
in e-liquids and e-vapors on human lung epithelial cells and
fibroblasts. Appl In Vitro Toxicol. 2017;3(1):28-40.
Scheffler S, Dieken H, Krischenowski O, Forster C, Branscheid
D, Aufderheide M. Evaluation of e-cigarette liquid vapor and
mainstream cigarette smoke after direct exposure of primary
human bronchial epithelial cells. Int J Environ Res Public
Health. 2015;12(4):3915-3925.
Lerner CA, Sundar IK, Yao H, et al. Vapors produced by
electronic cigarettes and e-juices with flavorings induce toxicity,
oxidative stress, and inflammatory response in lung epithelial
cells and in mouse lung. PLoS One. 2015;10(2):e0116732.
Sussan TE, Gajghate S, Thimmulappa RK, et al. Exposure to electronic cigarettes impairs pulmonary anti-bacterial
and anti-viral defenses in a mouse model. PloS One.
2015;10(2):e0116861.
Garcia-Arcos I, Geraghty P, Baumlin N, et al. Chronic electronic cigarette exposure in mice induces features of COPD in
a nicotine-dependent manner. Thorax. 2016;71(12):1119-1129.
Gotts JE, Jordt SE, McConnell R, Tarran R. What are
the respiratory effects of e-cigarettes? BMJ. 2019;366:
I5275.
Gellatly S, Pavelka N, Crue T, et al. Nicotine-free e-cigarette
vapor exposure stimulates IL6 and mucin production in human primary small airway epithelial cells. J Inflamm Res.
2020;13:175–185. https://doi.org/10.2147/jir.s244434
Reidel B, Radicioni G, Clapp PW, et al. E-cigarette use causes a
unique innate immune response in the lung, involving increased
neutrophilic activation and altered mucin secretion. Am J Resp
Crit Care Med. 2018;197(4):492-501.
Gotts JE, Chun L, Fang X, et al. Nicotine-Containing Ecigarette Aerosol Increases Influenza-Induced Lung Protein
Permeability and Impairs Viral Clearance in Mice. Presented
at: American Thoracic Society 2020 International Conference,
May 15-20, 2020, Philadelphia, PA; 2020/05/2020.

S35
142. Rebuli ME, Glista-Baker E, Hoffman JR, et al. Electroniccigarette use alters nasal mucosal immune response to liveattenuated influenza virus. A clinical trial. Am J Respir Cell Mol
Biol. 2021;64(1):126-137.
143. Antwi GO, Rhodes DL. Association between e-cigarette use
and chronic obstructive pulmonary disease in non-asthmatic
adults in the USA. J Public Health. 2020; https://doi.org/10.
1093/pubmed/fdaa229
144. Osei AD, Mirbolouk M, Orimoloye OA, et al. Association
between e-cigarette use and chronic obstructive pulmonary
disease by smoking status: behavioral risk factor surveillance
system 2016 and 2017. Am J Prev Med. 2020;58(3):336-342.
145. Perez MF, Atuegwu NC, Mead EL, Oncken C, Mortensen
EM. Adult e-cigarettes use associated with a self-reported
diagnosis of COPD. Int J Envviron Res Public Health.
2019;16(20):3938.
146. Xie Z, Ossip DJ, Rahman I, Li D. Use of electronic cigarettes
and self-reported chronic obstructive pulmonary disease diagnosis in adults. Nic Tob Res. 2020;22(7):1155-1161.
147. Cho JH, Paik SY. Association between electronic cigarette use
and asthma among high school students in South Korea. Plos
One. 2016;11(3):e0151022.
148. Choi K, Bernat D. E-cigarette use among Florida youth with
and without asthma. Am J Prev Med. 2016;51(4):446-453.
149. Kim SY, Sim S, Choi HG. Active, passive, and electronic
cigarette smoking is associated with asthma in adolescents. Sci
Rep. 2017;7(1):1-8.
150. Schweitzer RJ, Wills TA, Tam E, Pagano I, Choi K. E-cigarette
use and asthma in a multiethnic sample of adolescents. Prev
Med. 2017;105:226–231. https://doi.org/10.1016/j.ypmed.2017.
09.023
151. Miler JA, Mayer B, Hajek P. Changes in the frequency of
airway infections in smokers who switched to vaping: results
of an online survey. J Addict Res Ther. 2016;7(290):2.
152. Polosa R, Morjaria JB, Caponnetto P, et al. Evidence for
harm reduction in COPD smokers who switch to electronic
cigarettes. Respir Res. 2016;17(1):166.
153. Polosa R, Morjaria J, Prosperini U, et al. Health effects
in COPD smokers who switch to electronic cigarettes: a
retrospective-prospective 3-year follow-up. Int J Chron Obstruct Pulmon Dis. 2018;13:2533–2542. https://doi.org/10.2147/
copd.s161138
154. CDC Office on Smoking and Health. Smoking and Tobacco
Use; Data and Statistics; Surveys; National Youth Tobacco
Survey (NYTS). 2020/12/21/T08:39:37Z. http://www.cdc.gov/
tobacco/data_statistics/surveys/nyts/. Accessed June 7, 2021
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