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3.1 Introduction
Electronic nicotine delivery systems (ENDS) are a heterogeneous class of 
products in which an electrically powered coil is used to heat a liquid matrix, 
or e-liquid, that contains nicotine, solvents (e.g. propylene glycol, vegetable 
glycerine) and, usually, flavourings. The user inhales the resulting aerosol, which 
contains variable concentrations of nicotine (1), a dependence-producing central 
nervous system stimulant. In many countries and certainly in the two largest 
markets – the European Union and the USA – ENDS are regulated either as 
generic consumer products or as tobacco products (2).

Products such as ENDS that are marketed to the public and contain 
drugs that act on the central nervous system, such as nicotine, ideally should 
have little potential for abuse or dependence for public health reasons. This is 
true, unless some level of abuse potential is desirable to maintain compliance and 
support substitution in place of a substance of greater potential abuse and harm. 
ENDS fall into this category on the basis of claims of a potential role in smoking 
cessation and reduction.

The purpose of this background paper is to review the literature at the 
time of writing with some additions after review between March and December 
2018 on the nicotine content and nicotine delivery of ENDS and to explore factors 
that influence the emissions of nicotine and non-nicotine toxicants. In addition, 
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we review the potential role of ENDS in smoking cessation and the prospective 
population health impact. We also identify some relevant research gaps and make 
recommendations for policy.

3.2 ENDS operations
Understanding how ENDS operate is useful. Fig. 3.1 is a schematic drawing of a 
common ENDS configuration. The heating coil is attached to an electrical power 
source (usually a battery, not shown in the figure) enclosed in a fabric wick that 
is in turn surrounded by the nicotine-containing e-liquid that saturates the wick. 
When power is flowing, the coil heats and thus vaporizes some of the e-liquid 
from the wick. As the user draws air from the mouth-end of the ENDS, the vapour 
is carried away and re-condenses to form an aerosol, which is inhaled by the user.

Fig. 3.1. Schematic drawing of ENDS operation

Source: Dr Alan Shihadeh, American University of Beirut, Lebanon.

Several factors influence the amount of nicotine carried by the aerosol, including 
the electrical power flowing through the ENDS, the inhalation behaviour (or 
“puff topography”) of the user and the amount of nicotine in the e-liquid (3). 
Electrical power (W) is a function of battery voltage (V) and coil resistance 
(Ω), such that W = V2/ Ω. Early ENDS models were powered at ≤ 10 W, but the 
devices marketed currently are powered at ≥ 250 W (4, 5). Higher power is often 
achieved with coils with low resistance (e.g. < 1 Ω), application of varying voltage 
to the coil or a combination.

Puff topography variables include puff number, duration and volume and 
the interval between puffs (inter-puff interval). User puff topography is highly 
individual. Experienced ENDS users, however, typically take longer puffs than 
ENDS-naive cigarette smokers (6–9) (see Fig. 3.2 and description below).
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Fig. 3.2. Mean plasma nicotine concentrations before and after use of a combusted cigarette and of ENDS

Panel A, N=32 (8); Panel B, N=33 (8); Panel C, N=31 (8); Panel D, N=11 (4) (puff topography not available). Source: Figure adapted 
from one published previously (1) by adding puff duration data and updating Panel D.

3.3 Nicotine concentration in e-liquids
The nicotine-containing e-liquid used in ENDS comes in prefilled cartridges or 
refill bottles, depending on the type of device used. The concentration of nicotine 
in marketed e-liquid can reach 36 mg/mL or more (1), and users can choose from 
a wide range of concentrations at the point of sale; some manufacturers provide 
labelling information relevant to the e-liquid. There has been no comprehensive 
study, however, of the extent to which manufacturers accurately inform consumers 
of the nicotine concentration in a representative sample of e-liquids, globally or 
by country. Existing studies give a partial picture based on convenience samples.
The proportion of e-liquids that have clear label information on the nicotine 
content is unknown. Some studies indicate that such information is not always 
available (10, 11) or interpretable (12) from the manufacturer’s label. Nevertheless, 
the concentration of nicotine is usually reported on the label as a percentage of 
total volume or as mg/mL. Table 3.1 lists studies in which the concentration of 
nicotine was analysed in e-liquids that allegedly contained nicotine and compared 
with the concentration reported on the manufacturer’s label.
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Table 3.1. Comparison of labelled and measured concentrations of nicotine in e-liquids with declared nicotine

First author and 
reference number

Type of e-liquid 
container

Number of samples

Analysed
> ±10% of labelled 
concentration

> ±25% of labelled 
concentration

Beauval (13) Refill bottle 2 0 0

Buettner-Schmidt (14) Refill bottle 70 36 NA

Cameron (15)
Prefilled cartridge and 
refill bottle 21 13 7

Cheah (10) Cartridge 8a 8b 7b

Davis (16) Refill bottle 81 36 21

El-Hellani (17) Prefilled cartridge 4 4 4

Etter (18) Refill bottle 35 4 0

Etter (19) Refill bottle 34 10 0

Farsalinos (20) Refill bottle 21 9 0

Goniewiscz (21) Refill bottle 62 25 7

Kim (22) Refill bottle 13 7 2

Kirschner (23) Refill bottle 6 6 4

Kosmider (24) Refill bottle 9 2 0

Lisko (25) Refill bottle 29 15 7

Pagano (26) Prefilled cartridge 4 3 2

Peace (27) Refill bottle 27 16 7

Rahman (28) Refill bottle 69 65 53

Raymond (29) Refill bottle 35 22 22

Trehy (30) Prefilled cartridge 22 22 19

Trehy (30) Refill bottle 17 8 6

NA: not available. a Number of brands analysed; number of samples analysed not provided. b Number of brands in which at least 
one sample had a nicotine concentration per cartridge above the criterion.

The majority of the studies showed nicotine concentrations below those reported 
by the manufacturer, and all except one indicated that the nicotine concentrations 
in some samples were at least 10% below or above that reported on the label 
of the product, meeting a quality criterion recommended by a United States 
manufacturers’ association (31). In a median of 53% of samples, the nicotine 
concentration was misreported on the label by at least 10%, and in a median of 
26% of samples, the nicotine concentration was misreported by at least 25%.

We know of only three studies of the consistency of nicotine concentration 
in e-liquids in different batches of the same brand and model of e-liquid. The 
median variation among production batches was 0.5% in one (19) and 15% (16) 
and 16% (32) in the other two.

Other studies have shown that some products labelled as not containing 
nicotine do have measurable nicotine levels. Table 3.2 lists studies in which the 
concentration of nicotine in e-liquids was analysed and compared with a reported 
absence of nicotine on the label. Almost half the studies reported that small 
amounts of nicotine were present in some e-liquids advertised as not containing 
nicotine. Furthermore, in about 5% of samples of e-liquids allegedly without 
nicotine, the concentration of nicotine was significant.
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Table 3.2. Labelled and measured nicotine concentrations in e-liquids with declared zero nicotine

First author and 
reference number

Samples Nicotine concen-
tration in samples 
containing > 0. 1 

mg/mLAnalysed
Nicotine  
> 0.1 mg/mL Nicotine > 10 mg/mL

Beauval (13) 2 0 0 –

Cheah (10) 2 0 0 –

Davis (16) 10 0 0 –

Goniewiscz (21) 28 3 0 0.8–0.9

Kim (22) 20 0 0 –

Lisko (25) 5 0 0 –

Omaiye (33) 125 17 2 0.4–20.4

Raymond (29) 35 6 6 5.7–23.9

Trehy (30) 8 2 2 12.9–24.8/cartridge

Trehy (30) 5 2 2 12–21

Westenberger (34) 5 0 0 –

3.4 Nicotine delivery to ENDS users
The nicotine delivery profile of ENDS may be an important determinant of how 
effectively the product can substitute for a cigarette for a long-term smoker. 
Fig. 3.2 demonstrates the influence of the nicotine concentration in e-liquid, user 
behaviour and device power on the nicotine delivery profile of ENDS relative to 
a cigarette. Panel A (9) shows the nicotine delivery profile of a cigarette when 
smokers take 10 puffs with a 30-s inter-puff interval. Panel B shows the nicotine 
delivery profile of a 7.3-W ENDS loaded with 0, 8, 18 or 36 mg/mL nicotine 
e-liquid when users took 10 puffs of an average length of 3.6 s at a 30-s inter-
puff interval. Clearly, the e-liquid nicotine concentration influences delivery of 
nicotine to the users’ blood. When the 7.3-W ENDS is paired with 36 mg/mL 
nicotine e-liquid and when users take 10 ~5.6-s puffs, the pairing can match or 
exceed the nicotine delivery profile of a combusted cigarette (8).

Puff duration is also a factor in ENDS nicotine delivery: Panel  C (8) 
shows the same device and e-liquid nicotine concentration as in Panel B, but the 
study participants took shorter puffs (2.9 s on average). When the puff duration is 
shorter and all other device and e-liquid characteristics are constant, less nicotine 
is delivered. Panel D shows the nicotine delivery profile of higher-powered ENDS 
devices (mean power, 71.6 W) when users took 10 puffs at a 30-s inter-puff interval 
(4). When these higher-powered devices were paired with 4 mg/mL nicotine 
liquid, they approximated the nicotine delivery profile of a combusted cigarette.

Overall, at least in some cases, these data suggest that some ENDS can 
deliver the same dose of nicotine, at the same rate as a cigarette, to venous 
blood. Unfortunately, few studies have been conducted to compare the ability 
of ENDS and cigarettes to deliver nicotine to arterial blood, an important 
indicator of exposure of the central nervous system to the drug (35). In the only 
such comparison to date, 10 puffs (30-s inter-puff interval) from a 7.3-W ENDS 
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with 36 mg/mL liquid resulted in a lower mean arterial nicotine concentration 
(maximum, 12 ng/mL) than 10 puffs (30-s inter-puff interval) from a cigarette 
(maximum concentration, 27 ng/mL), although the time to peak concentration 
did not differ (36). The sample was, however, small (four for ENDS; three for 
cigarettes), and puff duration was not measured. Under the controlled conditions 
of this study, positron emission tomography imaging showed that this ENDS 
effectively delivered nicotine to the central nervous system.

While the ENDS used to generate the data for Fig. 3.2 can deliver nicotine 
as effectively as a cigarette under some conditions, many ENDS cannot (6, 9, 
37–41). This heterogeneity in ENDS nicotine delivery is in contrast to regulated 
nicotine replacement products that deliver nicotine more reliably, although they 
often achieve lower plasma concentrations at a slower rate. For example, as shown 
in Panel A in Fig. 3.3 (42), nicotine chewing-gum can take ≥ 30 min to achieve a 
peak plasma concentration, while Panel C shows that a nicotine patch can take 
> 2 h (43, 44); other therapeutic products (e.g. nicotine lozenges) also deliver 
nicotine within this time frame (43). Presumably, ENDS that deliver nicotine to 
the blood and brain as effectively as a cigarette are more likely to substitute for a 
cigarette, although this speculation has not been tested empirically, as the ENDS 
used in clinical trials on the question did not deliver nicotine effectively (45).

Fig. 3.3. Plasma nicotine concentrations before, during and after administration of a single dose of nicotine 
in several therapeutic forms

 
Note: the grey bar indicates duration of product use. Source: reference 42. Reprinted with permission from the Massachusetts 
Medical Society.
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3.5 Toxicant content of ENDS emissions
ENDS toxicant emissions are a function of a variety of factors, including device 
construction, device power, liquid constituents and user behaviour. We review 
below the literature on ENDS toxicant emissions, beginning with nicotine and 
then moving to non-nicotine toxicants (for reviews of older literature, see Breland 
et al. (1) and Department of Health and Human Services (46)).

3.5.1 Nicotine emissions
The “yield” of nicotine from ENDS is the amount (in mg) of nicotine in the 
aerosol produced by an ENDS under a specific puffing regimen. Knowing the 
yield of nicotine from ENDS has been considered important for understanding 
the pharmacokinetics of nicotine in ENDS users. One review of the literature 
(47) identified seven studies of nicotine yield (30, 34, 48–52); since then, several 
other studies on this issue have been published (3, 33, 53, 54).

The nicotine yields in these studies were highly variable, depending on 
the type of ENDS used, the nicotine concentration of the e-liquids and the puffing 
regime used to obtain the aerosol. Some methodological issues complicate the 
comparability of studies, including the fact that the ISO methods of machine-
smoking ENDS fail to activate some ENDS models. Although the nicotine yields 
from ENDS in these studies are not fully comparable with those from machine-
smoked cigarettes, they are usually much lower than those from cigarettes (47). 
The literature is, however, limited, for two important reasons. First, nicotine yield 
does not capture the rate of nicotine emission, which is a measure not only of 
the amount but also of the speed at which nicotine is made available to the user. 
The rate of nicotine emission is almost certainly related to the rate of nicotine 
delivery, and the rate of nicotine delivery is probably a key factor in the capacity 
of a nicotine-containing product to substitute for cigarettes by providing nicotine 
that rapidly reaches peak levels in the bloodstream and enters the brain (55). 
Secondly, ENDS and their e-liquids are so heterogeneous that the results of a 
study on a particular ENDS are probably not generalizable to another.

To address the first concern, there is growing interest in measuring 
nicotine “flux”, the rate at which nicotine is emitted from ENDS (56, 57). Nicotine 
flux can be measured (usually reported in µg/s) and can be compared among 
ENDS and with cigarettes. Those ENDS that mimic the flux of a cigarette may be 
more likely to substitute well for a cigarette than ENDS that do not. To address 
the second concern, a physics-based mathematical model has been developed 
to predict the nicotine flux of any ENDS (58) – even those that have not yet 
been constructed. The model accounts for the time it takes for the coil to heat 
up after electricity begins flowing and how much the coil cools down between 
puffs. It also accounts for the various ways in which heat can be transported 
away from the coil: by the air passing over it, by the latent heat of the e-liquid 
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as it evaporates, by conduction through the metal solder to the body of the 
device and by radiation to the surroundings. The inputs to the model are the 
length, diameter, electrical resistance and thermal capacitance of the heater 
coil; the composition and thermodynamic properties of the e-liquid (including 
nicotine concentration); puff velocity and duration and inter-puff interval; 
and the ambient air temperature. In a test of the model, the authors compared 
its predictions against actual nicotine flux measurements for 100 conditions 
in which power, puff topography, ENDS type (tank or cartomizer) and liquid 
composition were varied. The mathematically predicted nicotine flux was highly 
correlated to measured values (r = 0.85, P <.0001) (58). In addition, the model 
accurately predicted the dependence of nicotine flux on device power and 
nicotine concentration (see Fig. 3.4), the ratio of propylene glycol and vegetable 
glycerine in the liquid and user puff duration. Fig. 3.4 shows that the higher the 
electrical power of the device, the lower the e-liquid nicotine concentration 
required to achieve a given flux. Cigarette flux is 100 µg/s, and the lines depict 
ENDS nicotine fluxes equivalent to twice, once and half that of a cigarette. Given 
the relation between ENDS power and liquid nicotine concentration shown in 
Fig. 3.4, a nicotine flux that is dramatically greater than that of a cigarette can be 
achieved by pairing a higher-powered ENDS with a higher concentration liquid. 
The figure does not show that some ENDS are powered well over 100 W (4, 5).

Fig. 3.4. Relation between ENDS power and e-liquid nicotine concentration and effect on nicotine flux

Source: reference 58, reproduced with permission from Dr Alan Shihadeh, American University of Beirut, Lebanon.

Another important issue with regard to ENDS nicotine emissions is the amount 
of nicotine in e-liquids and aerosols that is present in its more bioavailable, 
free-base form, as opposed to the less bioavailable protonated form (17). Some 
studies of nicotine emissions from e-cigarettes have reported nicotine yields 
without determining whether the methods used resulted in quantification of 
total nicotine or only one of its forms (38, 58), so that the reported results are 
difficult to compare or to evaluate with regard to nicotine delivery to the user. 
In an evaluation of this issue, the free-base nicotine fraction in 19 commercial 
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liquids varied widely (10–90%), and, importantly, the differences were also seen 
in the aerosol (17, 59), suggesting another factor that probably influences ENDS 
nicotine delivery to the user. Thus, in addition to measuring nicotine flux, the 
form of the nicotine in the aerosol should be determined. Overall, as for nicotine 
delivery to the user, there is considerable variation in nicotine emissions from 
ENDS, which can be explained and predicted by careful consideration of the 
many factors that influence it, especially ENDS power, liquid constituents and 
user behaviour.

3.5.2 Emissions of non-nicotine toxicants
Non-nicotine toxicants in ENDS aerosols are either present in the liquid or 
formed when the liquid is heated. Those present in the liquid before heating 
include propylene glycol and vegetable glycerine, which together make up 80–
97% of the content of most e-liquids (60), flavourings and other compounds 
added intentionally and contaminants not added intentionally. Aerosolized 
propylene glycol is a respiratory irritant (61–64) and, when administered 
intravenously at high doses, can cause potentially fatal lactic acidosis (65). 
Preclinical work also indicates that vegetable glycerine may be toxic at high doses 
(66, 67). The health effects of long-term, daily, chronic inhalation of aerosolized 
propylene glycol and/or vegetable glycerine are unknown. The flavourings used 
in e-liquids are usually compounds that are added to food, and their effects on 
the human lung after having been heated and aerosolized are unknown (68). At 
least three flavourings that have been found in e-liquids and aerosols have raised 
health concerns: diacetyl (buttery flavour), which causes bronchiolitis obliterans 
(69); benzaldehyde (fruity flavour), which is cytotoxic and genotoxic (70); and 
cinnamaldehyde (cinnamon flavour), which is also cytotoxic and genotoxic (71) 
and can cause an inflammatory response in lung cells (72). The contaminants 
include diethylene glycol, ethylene glycol and ethanol (73, 74). Even if rigorous 
quality controls are imposed to ensure contaminant-free e-liquids, the uncertain 
effects of long-term, daily, frequent inhalation of aerosolized propylene glycol and 
vegetable glycerine and the many chemical flavourings that are often combined 
in a single liquid pose a potential health threat for ENDS users.

The non-nicotine toxicants formed when the liquid is heated include 
metals, volatile aldehydes, furans and benzene. In one study of 11 “first-
generation” ENDS brands (disposable ENDSs shaped like tobacco cigarettes), 
three of each brand were puffed for 4.3 s every 5 min for two series of 60 puffs, 
and the resulting aerosol was analysed for elements, including metals (75). The 
results revealed substantial variation among brands, but many metals were found 
in the aerosol generated from most brands, “in some cases at concentrations that 
were significantly higher than in conventional cigarettes”. The authors concluded 
that most of the elements and metals in ENDS aerosols probably originate from 
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components in the atomizer, such as the filament, solder joints, wick and sheath. 
These results show how ENDS construction can contribute to the non-nicotine 
toxicant profile of the aerosol.

In a study of an advanced-generation ENDS with a 1.5-Ω heating 
element and variable voltage battery (3.3–5.0 V), the aldehyde content of aerosols 
produced from a variety of liquids (all 6 mg/mL nicotine) was compared after 
10 4-s puffs of 91 mL/puff (76). Power was manipulated systematically from 9.1 
to 16.6 W. Acetaldehyde, acetone, acrolein and formaldehyde were all present 
in ENDS aerosols, and aldehyde production increased proportionally as puff 
volume increased and dramatically when the power was > 11.7 W. The presence 
of aldehydes in ENDS aerosol is now well documented (77–79), as is the role 
of device power in forming them: increasing ENDS power from 4.1 to 8.8 W 
approximately tripled volatile aldehyde emissions (80–83). There also is some 
suggestion that flavourings contribute to non-nicotine toxicants formed during 
heating (84–87). For example, heating sweeteners in e-liquids may expose users 
to furans, a toxic class of compounds. In one study (88), a VaporFi platinum tank 
ENDS (2.3 Ω) was used to generate aerosol under various conditions, including 
power (4.2 and 10.8 W), puff duration (4 and 8 s) and sweetener (sorbitol, glucose 
and sucrose). The per-puff yield of some furans was comparable to values reported 
for combustible cigarettes, and, again, device power is a factor: increasing power 
from 4.3 to 10.8 W more than doubled furan emissions. With regard to benzene, 
increasing ENDS power from 6 to 13 W increased emissions of this carcinogen 
100 times (89), although the level remained far below those found in cigarette 
smoke. The fact that volatile aldehydes, furans and benzene are all formed by 
thermal degradation of the contents of e-liquids (e.g. propylene glycol, vegetable 
glycerine, sweeteners), coupled with the fact that increased device power 
increases the amount of these toxicants in ENDS aerosols, suggests that high-
power ENDS are a particular public health concern. To date, most studies of the 
toxicant profile of ENDS aerosols have been limited to devices powered at 25 W 
or less (e.g. references 80, 83, 88, 90), and much of the data reported here may 
not be relevant to the higher-powered devices common in some locations (4, 5).

3.6 Potential role of ENDS in smoking cessation
Six narrative reviews (91–96) and six systematic reviews (97), of which five were 
meta-analyses (98–103), addressed the role of electronic nicotine and non-
nicotine delivery systems (EN&NNDS) in smoking reduction and cessation. Two 
meta-analyses (100, 102) covered studies available up to January 2016.

All five systematic reviews of the quality of the evidence (97, 98, 100, 102, 
103) concluded that the available studies provide evidence of low to very low 
certainty, due mainly to the limitations of the cross-sectional and cohort studies 
included in the reviews and the lack of detail in many of the published articles. 
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Given these limitations, El Dib et al. (102), and Malas et al. (97) concluded that 
no credible inferences could be drawn from their reviews and that the evidence 
remains inconclusive. Similarly, a review of the systematic reviews concluded 
that “overall, there is limited evidence that e-cigarettes may be effective aids to 
promote smoking cessation” (104). The other systematic reviews, however, came 
to a different conclusion. While Kalkhoran & Glantz (101) determined that “as 
currently used, e-cigarettes were associated with significantly less quitting among 
smokers”, Hartmann-Boyce et al. (100) and Rahman et al. (98) concluded that use 
of e-cigarettes is associated with smoking cessation and reduction. Khoudigian 
et al. (103) included only randomized clinical trials. The striking disparity in the 
conclusions arises from differences in the criteria for selecting eligible studies and 
the availability of studies at the times at which the reviews were done. Table 3.3 
summarizes the studies used in each review.

Table 3.3. Comparison of studies included in reviews of the effectiveness of electronic nicotine and non-
nicotine delivery systems as quitting aids

Studies available 
for review

Review and cut-off date of literature review

Fr
an

ck
 (9
1)

  
Se
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20

13
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ll 
(9
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5
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20

15
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n 
(1
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n 
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00
)  

Ja
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20
16

El
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 (1
02
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Ja
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20
16

M
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as
 (9
7)

  
Fe

b 
20

16

Kh
ou

di
gi

an
 (1
03
)  

M
ay

 2
01

6

Cohort studies

Polosa, 2011 ✓ ✓ ✓ ✓

Adkison, 2013 ✓ ✓ ✓

Caponnetto, 2013b ✓

Ely, 2013 ✓ ✓

Van Staden, 2013 ✓ ✓

Vickerman, 2013 (119) ✓ ✓ ✓

Borderud, 2014 (123) ✓ ✓ ✓

Choi, 2014 ✓ ✓ ✓

Etter, 2014 ✓ ✓ ✓

Farsalinos, 2014 (69) ✓

Grana, 2014 ✓ ✓ ✓ ✓

Nides, 2014 (39) ✓ ✓

Pearson, 2014 (122) ✓

Polosa, 2014 ✓ ✓ ✓ ✓ ✓ ✓ ✓

Prochaska, 2014 ✓ ✓

Wagener, 2014 ✓

Al-Delaimy, 2015 (120) ✓ ✓

Biener, 2015 ✓ ✓ ✓ ✓

Brose, 2015 ✓ ✓

Harrington, 2015 ✓ ✓

Hitchman, 2015 (124) ✓

Manzoli, 2015 ✓ ✓ ✓

McRobbie, 2015 ✓ ✓
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Oncken, 2015 ✓

Pacifici, 2015 ✓

Pavlov, 2015 ✓

Polosa 2015 ✓

Shi, 2015 ✓

Sutfin, 2015 ✓

Cross-sectional studies

Siegel, 2011 ✓ ✓

Popova, 2013 ✓

Dawkins, 2013 (37) ✓ ✓

Goniewicz, 2013 (32) ✓

Pokhrel, 2013 ✓

Brown, 2014 ✓ ✓ ✓

Christensen, 2014 ✓ ✓

McQueen, 2015 ✓

Tackett, 2015 ✓

Randomized controlled trials with control group

Bullen, 2010 ✓ ✓ ✓

Bullen, 2013 (45) ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Caponnetto, 2013a ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Caponnetto, 2014 ✓ ✓ ✓

Adriaens, 2014 ✓ ✓ ✓

Randomized controlled trials without control group

Hajek, 2015 ✓ ✓

Unknown

Humair, 2014 ✓ ✓

The differences in the conclusions do not arise from the evidence provided by 
the randomized clinical trials. Meta-analysis of the few existing trials showed 
that ENDS use increases the likelihood of quitting smoking by a factor of two 
when compared with placebo. Two meta-analyses (98, 99) provided an estimated 
risk ratio of 2.29 (95% CI. 1.05, 4.96) in favour of quitting, one meta-analysis 
(102) gave an estimate of 2.03 (95% CI, 0.94, 4.38) and another (103) an estimate 
of 2.02 (95% CI, 0.97, 4.22). The differences are due to slight variations in the 
weight attributed to the two randomized clinical trials analysed and treatment 
of missing data. The different conclusions arise, more specifically, from the 
conflicting evidence presented by the longitudinal and cross-sectional studies 
reviewed. Below, we concentrate on the evidence from the longitudinal studies, 
because it is difficult to interpret the direction of possible associations in cross-
sectional studies.

Since the last systematic review, seven new longitudinal studies have 
been published on the difference in quitting smoking between users and non-
users of EN&NNDS (105–110), including an update of a previous one with a 
longer follow-up (111). Table 3.4 summarizes the findings of longitudinal studies 
according to sample attributes, characteristics of EN&NNDS products used by 
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participants, measures used to typify ENDS use, criteria for nicotine dependence 
and abstinence and a summary of the results. It summarizes the seven studies 
that found a statistically significant positive or negative association between 
EN&NNDS use and smoking abstinence in systematic reviews. It also summarizes 
all seven longitudinal studies that were not included in the reviews, for a total of 
16 studies. To select the best longitudinal studies for assessing the evidence, we 
considered that the association between ENDS use and quitting smoking as the 
outcome of interest should be measured under at least three conditions to obtain 
valid results:

 ■ Criterion 1: It should be known whether the e-liquid used contains 
nicotine and the type (electrical power) of device used. Ideally, devic-
es should be classified on the basis of their tested capacity to deliver 
nicotine, but this might prove difficult in population studies without 
laboratory testing of the devices used by participants. Otherwise, it 
is difficult to assess whether the association is linked to the poten-
tial role of ENDS as a nicotine replacement aid. We know that some 
ENDS devices can deliver cigarette-like amounts of nicotine in some 
instances (4, 8); however, use of ENNDS or ENDS that cannot deliver 
nicotine because of low power and other factors is still common in 
the USA (112) and many other countries.

 ■ Criterion 2: The analysis must discriminate between people who use 
ENDS to quit smoking and those who do not. Many use ENDS for 
reasons other than to quit, including reducing their smoking (113), 
use indoors when smoking is not allowed or for recreational purpos-
es (114, 115). Conflating ENDS users who do and do not do so for 
quitting may bias the association towards the null if, as expected, the 
real effects on smoking cessation are different or even opposite.

 ■ Criterion 3: The measures of ENDS use must be accurate and refined 
in order to distinguish between established and transient, erratic use 
to assess the effects of ENDS on population health (116, 117). As 
ENDS use is a relatively new population behaviour, many people may 
experiment briefly with EN&NNDS but not adopt an established pat-
tern of use. Comparisons of “ever use” with “never use” of ENDS, for 
example, might classify as users people who have used an ENDS only 
once in their lives, while it has been standard practice to consider 
people smokers if they have smoked at least 100 cigarettes in their 
lifetime. Conflating experimenters with steadier users may result in 
the biases described in the previous paragraph.
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With these criteria in mind, we find that, of the 14 studies examined,

 ■ only two characterized the type of device used (criterion 1);
 ■ 12 studies did not restrict by or analyse the reasons for use of 

EN&NNDS, although two included adjustment for or analysis of 
some variables that could be used as proxies for using EN&NNDS 
(criterion 2); and

 ■ seven studies compared cessation only between ever and never users 
of EN&NNDS, three used a crude measure of current use, and six 
used a more elaborated measure of frequency (criterion 3).

Seven longitudinal studies met at least one of the three criteria; none met all 
three. The combined evidence from the seven studies suggests that their samples 
consisted of different subgroups that experienced different or opposing effects of 
EN&NNDS use on cigarette cessation. Consequently, it could be hypothesized 
that some smokers may successfully quit tobacco use by using some types of 
ENDS frequently or intensively, while others experience no difference or are even 
prevented from quitting. The findings of these studies are shown in Table 3.5.
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A cross-sectional study by Giovenco et al. (127) of current and former smokers 
who had quit since 2010, as reported in the 2014–2015 National Health Interview 
in the USA, lends some support to this hypothesis. The prevalence of quitting 
smoking tripled among daily ENDS users as compared with those who had never 
used ENDS, in line with the findings of Zhu et al. (128). Interestingly, Giovenco 
et al. found the opposite effect among non-daily ENDS users and former 
experimenters, with a prevalence of quitting smoking of 2.6 and 1.5 times less 
than those who had never used ENDS, respectively. Success or failure in quitting 
in different subgroups may be influenced by:

 ■ motivation to use EN&NNDS, including for quitting smoking;
 ■ patterns of quantity, frequency and duration of ENDS use;
 ■ technology used, including type of devices and e-liquids;
 ■ type of smoker, including level of nicotine dependence and history of 

previous successful and unsuccessful quit attempts; and
 ■ the regulatory environment for ENDS and tobacco use (131-133).

Further support for the possibility that some smokers may successfully quit smoking 
by using ENDS includes the fact that ENDS may be economic substitutes for 
cigarettes (134–136) and the absence of a reversal in the decreasing rate of smoking 
rate in the two major EN&NNDS markets. Current cigarette smoking among adults 
in the USA decreased from 20.9% in 2005 to 15.1% in 2015, a 27.7% decrease (P for 
trend, < 0.05) (137). The decrease includes a significant 1-year drop between 2014 
and 2015 of 1.7 percentage points, which coincided with a notable increase in the 
cessation rate in 2014–2015, attributed by the authors partly to use of EN&NNDS. 
The results were adjusted for other changes to the policy environment that might 
affect quit attempts, such as tax increases and the “Tips from former smokers” media 
campaign of the Centers for Disease Control and Prevention in the USA.

In the United Kingdom, the proportion of current adult (≥ 18 years) 
smokers in 2016 was 15.8%, the lowest prevalence recorded since the start of the 
Annual Population Survey in 2010 (138). At the same time, the increase in the 
use of EN&NNDS in England has been associated with the increasing success of 
quit attempts (139).

These data in themselves do not prove that use of EN&NNDS by 
the population is an effective quitting aid. They do show, however, that use of 
EN&NNDS is at least not changing the trend to a decreasing prevalence of 
smoking in the United Kingdom.

3.7 Potential health impact of ENDS
As some ENDS may help some smokers to quit, what is their potential health 
benefit for the population? The overall impact of using ENDS on population 
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health depends primarily on two factors. One is the capacity of ENDS to help 
prevent smoking, and the other is the relative risk associated with their use in 
comparison with a defined alternative, such as smoking (140).

3.7.1 Behavioural trajectories associated with use of ENDS
If ENDS prevent smoking, they do not entice nonsmokers into smoking but 
instead lure smokers into quitting smoking and, ideally, abstaining from nicotine. 
In other words, whatever the initial status of a person – never, current or former 
smoker – behavioural paths or trajectories associated with ENDS use must lead 
away from smoking and ultimately from nicotine dependence. Fig. 3.5 presents 
the 27 possible paths from an initial state of never, current or former smoker 
into one of four possible final states: exclusive smoker, exclusive ENDS user, 
dual user or dual abstainer. The web of trajectories in Fig. 3.5 represents only the 
behavioural paths between two nicotine products. In reality, it may be complicated 
by competition among more than two products, be they pharmaceutical, tobacco 
or consumer products.

Fig. 3.5. Web of trajectories associated with ENDS use

EN&NNDS, electronic nicotine and non-nicotine delivery systems. Source: Modified from reference 141.

The first step in understanding the effect on population health of using ENDS 
is, therefore, to estimate the probability that people in each initial state will end 
over time in one of the four final states. The probabilities are context sensitive 

EN&NNDS
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and therefore cannot be transferred among different cultural and regulatory 
environments for EN&NNDS and tobacco. Estimating the probabilities is 
complex, especially in light of the scant empirical evidence for characterizing 
them. The discussion has focused on the two most relevant combinations of 
trajectories in which EN&NNDS can play a role for or against health. One is the 
combination that leads smokers to quit smoking (blue lines in the figure), and the 
other is that which leads never smokers to smoke (red lines in the figure).

Trajectories that lead smokers to quit smoking
We discussed above the evidence for the role of EN&NNDS in quitting smoking. 
Contrary to the polarized discussion on whether ENNDS support or dissuade 
quitting, we concluded that the effects of EN&NNDS use on smoking cessation 
might depend on individual patterns of use and smoking, attitudes and behaviour, 
technology and the regulatory environment. The overall usefulness of ENDS for 
quitting might depend on the predominance of the subgroups for whom ENDS 
use might have an effect. For example, Giovenco et al. (127) showed that daily 
ENDS users quit smoking 3.2 times more often than never users; however, 
daily users represented only 5.1% of the sample. Non-daily ENDS users and 
former attempters, who represented 9.8% and 33.1% of the sample, respectively, 
however, quit smoking 2.6 and 1.5 times less often than those who had never used 
ENDS. Overall, the adjusted percentage of the total sample that quit is 26.5% with 
EN&NNDS and 28.2% without (Table  3.6). Given the predominance of non-
daily EN&NNDS users and former experimenters in the population, preventing 
quitting predominated over promoting quitting among daily users.

Table 3.6. Theoretical impact on the prevalence of population quitting among smokers who use and do 
not use electronic nicotine and non-nicotine delivery systems (EN&NNDS) by type of user

Type of EN&NNDS 
user

Prevalence of 
EN&NNDS use (%)

Rate attributable
to EN&NNDS use 

(%)

Adjusteda preva-
lence of quitting 
attributable to 

EN&NNDS use (%)

Prevalence in 
the absenceb of 

EN&NNDS use (%)
Daily 5.1 52.2 4.6 1.4

Non-daily 9.8 12.1 1.1 2.8

Former 33.1 20.2 6.3 9.3

Non-user 51.9 28.2 14.7 14.7

Total 100 -- 26.5 28.2

a Quit rate adjusted for a prevalence rate for daily and non-daily users, former experimenters and non-users of 3.18, 0.38, 0.67 and 1, 
respectively. b If the whole population were non-users at a quit rate of 28.2%.

Trajectories of never smokers to smoking
Young never smokers who experiment with ENDS are more likely to experiment 
with smoking later. A meta-analysis (142) of three longitudinal studies in the 
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USA (143–145) showed that young people who had used ENDS even once in 
their lives at baseline were twice as likely to experiment later with smoking than 
those who had never used ENDS. A more recent meta-analysis (146) that included 
the three previously mentioned studies and six additional ones (147) concluded 
that the likelihood of subsequent smoking initiation by young people who had 
ever used ENDS was about 3.5 times higher than that of never ENDS users. The 
authors also reported that using ENDS during the previous 30 days increased 
the chance of smoking at least once in the next 30 days by four. Two longitudinal 
studies in the United Kingdom (148, 149) showed a similar association between 
experimental use of ENDS and subsequent experimental smoking. The data 
available so far do not, however, prove that this evident association is causal or 
due mostly to ENDS use.

This association is difficult to understand, for several reasons (150, 151). 
In most of the longitudinal studies, use of these products was measured as at least 
once in either a lifetime or in the previous 30 days. These recall periods cover 
a mixture of behaviour in the formative years of young people, including more 
frequent experimental use of ENDS and smoking, which is tentative and volatile, 
and also less prevalent established behaviour. It can be assumed that established 
ENDS use patterns better define the likelihood of future smoking than volatile, 
tentative ENDS use, such as having a puff once in a while.

Furthermore, there are three theoretical explanations for the association. 
The first is the “common liability conjecture”. According to this theory, ENDS use 
and smoking are initiated independently of each other because they are the result 
of a common latent propensity to risky behaviour. Thus, it has been suggested that 
a large proportion of the young people who try ENDS and then smoke would have 
tried smoking regardless of the existence of ENDS. The fact that ENDS are used 
before smoking and not the other way around is due to several factors, including 
the novelty of ENDS. The second theory is the “renormalization” hypothesis, 
by which ENDS use is widespread and frequent among young people, and the 
devices and mannerisms of its use remind them of smoking. The similarity 
between ENDS use and smoking facilitates the trajectory from one product to the 
other within a social learning framework. The third theory is the “catalyst” theory, 
which comprises six hypotheses for initiation of ENDS use: flavour, health, price, 
role model, concealment and acceptance. Another three hypotheses are proposed 
to explain the transition to smoking: addiction, accessibility and experience (152). 
Proving any of these theories will face critical methodological challenges (153). 
In some longitudinal studies, adjustment has been made for variables to measure 
common susceptibility traits; however, residual confounding always muddles 
the association between ENDS use and smoking, and no one has proven beyond 
doubt which hypothesis or combination best explains the transition from never 
using nicotine to ENDS use and later to smoking.
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The fact that some “never smokers” who experiment with ENDS end up 
smoking must be reconciled with the fact that the prevalence of current smoking 
among young people in the two countries with the most prominent ENDS 
markets continues to decrease. One review (142) shows that the prevalence of 
use of ENDS at least once a month increased quickly in some countries like the 
USA (154) (probably EN&NNDS), while in others such as the United Kingdom 
the rate among nonsmokers has been stable at very low levels.

3.7.2 Harm from ENDS and electronic non-nicotine delivery systems
Although EN&NNDS may route the population through trajectories in and out 
of smoking, the overall health impact of use of ENDS depends on the health risks 
associated with their use. The long-term health effects of EN&NNDS use are still 
unknown, and determination of such effects with some degree of certainty will 
require investigations of the health outcomes of large cohorts of well-characterized 
users who are followed for many years. In the meantime, conclusions about the 
toxicity of EN&NNDS are based mainly on empirical evidence from chemical 
and toxicological studies and, to a lesser degree, clinical studies. Reviews of these 
studies have led various authors to conclude, with more or fewer caveats, that 
EN&NNDS are not harmless but are generally less dangerous than cigarettes 
(155–160), especially with regard to death from diseases associated with cigarette 
use. Efforts have been made to specify and characterize the health risks of 
EN&NNDS use by type of health condition.

Cancer risk
Ideal combinations of EN&NNDS device power settings, liquid formulation and 
use should produce an aerosol containing carcinogenic chemicals at a potency 
< 1% that of tobacco smoke and two orders of magnitude higher than that of a 
medicinal nicotine inhaler. As shown in Fig. 3.6, however, some products and 
circumstances can increase the cancer risk of EN&NNDS aerosol considerably, 
sometimes close to that of tobacco smoke (161). Aerosols with higher 
carcinogenic potency appear to be formed when the user applies excessive power 
to the atomizer coil (76). It has been argued that this occurs only under “dry 
puff ” conditions (162) – brief situations that are readily detectable by EN&NNDS 
users. There is no empirical evidence, however, that this is due only to dry puff 
conditions or, if so, how often such conditions occur.
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Fig. 3.6. Carcinogenic potency of formaldehyde and acetaldehyde in aerosol from electronic nicotine 
and non-nicotine delivery systems and in tobacco smoke, heat-not-burn devices, a nicotine inhaler and 
ambient air

Source: reproduced from reference 161 with permission from BMJ Publishing Group Ltd.

Cardiovascular risk
There is controversy about whether the risk for cardiovascular events associated 
with use of EN&NNDS is as low as its carcinogenic potential. Some consider that 
the main cardiovascular risk of ENDS aerosol is due to the toxicity of nicotine, 
which appears to pose a low short-term cardiovascular risk in healthy users (163). 
A review of clinical and cell culture studies conducted in 2015–2017 addressed 
the relation between ENDS use and indicators of risk for cardiovascular disease, 
including heart rate, blood pressure, and vagal tone; platelet aggregation and 
adhesion; aortic stiffness and endothelial function; expression of genes for 
antioxidant defence and immune system function; and indices of oxidative 
stress. Of the six studies reviewed that showed significant adverse cardiovascular 
effects, three found that ENDS had less effect on physiological cardiovascular 
risk indicators than cigarettes, and the other three found that ENDS had the 
same effect as cigarette smoking. Some studies indicated that these adverse 
cardiovascular effects are independent of nicotine, although adding nicotine may 
enhance them (164).



60

W
H

O
 T

ec
hn

ic
al

 R
ep

or
t S

er
ie

s N
o.

 1
01

5,
 2

01
9

WHO Study Group on Tobacco Product Regulation   Seventh report

Pulmonary risk
While EN&NNDS aerosol is probably less toxic than tobacco smoke and causes less 
mortality than cigarettes, the reduction in toxicity in the lung remains unknown 
for both long-term users who quit smoking and dual users. The authors of a review 
on the topic concluded that the induction of inflammation by EN&NNDS might 
differentially affect the risks for lung cancer and chronic obstructive pulmonary 
disease (165). Thus, the most recent empirical evidence suggests that EN&NNDS 
aerosol is less toxic than cigarette smoke; however, there are no empirical data to 
quantify the relative risks of exposure to EN&NNDS aerosol and tobacco smoke.

Several efforts have been made to model the potential population impact 
of EN&NNDS (166–168); however, the results are only as good as the data put 
into the model. Given the paucity of data, it is unclear which should be included 
in calculating the benefits of ENDS in worst- and best-case scenarios (169, 
170), especially for variables such as the efficacy of ENDS in helping people quit 
smoking and their safety relative to cigarettes.

Quantifying the effects of ENDS use on the health of the population is 
highly complex, as many variables must be taken into account. The available 
evidence indicates a possible positive effect of ENDS on population health, 
particularly if appropriate ENDS regulation is enacted to maximize their benefits 
and minimize their risks.

3.8 Summary of evidence, research gaps and policy issues 
derived from the evidence

ENDS are a heterogeneous class of products, with various profiles of nicotine and 
non-nicotine toxicants, which depend on factors including their construction, 
power, liquid constituents, nicotine concentration and user behaviour. The amount 
of nicotine delivered can range from none to doses that exceed those delivered by 
tobacco cigarettes in the same number of puffs. Nicotine from ENDS reaches users’ 
blood faster than from most types of nicotine replacement therapy (NRT), and, at 
least with some ENDS, at higher concentrations. ENDS could be effective in cessation 
for some smokers under some circumstances, while, for other smokers, in different 
circumstances, it might have the opposite effect. Whether an ENDS has beneficial 
or detrimental effects on smoking cessation appears to depend on the technology, 
the motivation and consumer behaviour of the ENDS user, the type of smoker who 
seeks ENDS use and the regulatory environment for ENDS and tobacco use.

Translating the evidence into a potential role of EN&NNDS in smoking 
cessation is difficult. The evidence does not allow a blanket policy recommendation 
for or against general use of ENDS and ENNDS as cessation aids. Nevertheless, it 
points to four areas for regulatory consideration by policy-makers.

The concept of nicotine flux in ENDS regulation: regulators who wish to 
maximize the potential of the ENDS technology for nicotine substitution should 
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consider the rate at which nicotine is emitted (i.e. nicotine flux) as a primary factor 
in their decision. In practical terms, factors that influence nicotine flux should not 
be regulated in isolation. ENDS nicotine flux can be modelled mathematically for 
product standards for regulatory purposes, although such standards should also be 
based on a clinical evaluation (i.e. effects in humans who are and are not ENDS users).

The relation between nicotine flux and toxicant profile: a corollary to 
the above is that the conditions under which different nicotine fluxes are obtained 
may affect the toxicant profile, because some of the same factors that increase the 
nicotine flux, such as power, also increase the concentrations of some toxicants 
in the aerosol, such as aldehydes. Therefore, regulators might consider how the 
manufacturers and the government should inform users of the balance between 
creating an adequate nicotine flux and the associated toxicant delivery.

Nicotine e-liquid concentration: despite some industry guidelines on 
labelling nicotine concentrations, the labels on many e-liquids do not indicate 
the concentration, are difficult to interpret or, most often, do not provide accurate 
information. Depriving ENDS users of accurate information on the nicotine 
concentration in e-liquids denies them important information for controlling 
their self-administration of nicotine.

Labelling and quality control for ENDS devices and e-liquids: the 
labels on all e-liquids should display the total amount of nicotine per receptacle, 
the ratio of free-base to protonated nicotine and the liquid concentration in 
mg/mL, visibly and understandably; otherwise, they should indicate that the 
e-liquids do not contain nicotine at a concentration above, for example, 0.1 mg/
mL. Quality control must be used to ensure the veracity of labelling information 
and conformity to production standards.

Although the topic is not reviewed in this paper, there is conclusive 
evidence that exposure to nicotine in e-liquids other than through aerosol 
inhalation can harm health, sometimes fatally (171). In order to avoid accidental 
exposure to nicotine, regulators should consider requiring child-resistant 
containers for all e-liquid receptacles.

The development of adequate policies and regulations on the ENDS 
issues described in this paper would benefit from disclosure requirements for 
manufacturers and effective, organized, systematic national surveillance. Key 
disclosure data to be requested from manufacturers include the voltage, resistance 
and power of marketed devices and the e-liquid constituents. In addition, 
monitoring should be conducted to determine consumer behaviour towards 
ENDS, such as who uses them, for what purpose, what and how products are 
used and the frequency of use.

Table 3.7 summarizes the evidence on the delivery of nicotine by ENDS, their 
effect on smoking cessation and their prospective impact on population health. The 
table also lists gaps in research and policy issues for each element of the evidence.
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