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Preface

On May 10, 2016, the Food and Drug Administration (FDA) issued 
a rule to extend regulatory authority to all tobacco products, including 
e-cigarettes, that meet the statutory de�nition of a tobacco product. This 
so-called “Deeming Regulation” allows FDA to regulate the manufactur -
ing, distribution, and marketing of tobacco products such as e-cigarettes 
and includes automatic provisions such as youth access restrictions on 
sales. Although various forms of battery-powered “electronic nicotine 
delivery systems” (ENDS) devices have existed for more than a decade, 
their popularity, especially among youth, has increased in the past 5 years, 
although most recent data show a slight decline. In contrast to combusti-
ble tobacco cigarettes, e-cigarettes do not “burn,” and do not contain most 
of the estimated 7,000 chemical constituents present in tobacco smoke. 
Thus, it is generally believed that e-cigarettes are “safer” than combustible 
tobacco cigarettes, yet exposures to nicotine and a variety of other poten-
tially harmful constituents do occur. Harm might also occur if youth who 
begin their “tobacco” use with e-cigarettes then transition to combustible 
tobacco cigarettes or if adult cigarette smokers use e-cigarettes to supple-
ment their smoking, rather than quitting combustible tobacco cigarettes 
completely.

In order to inform the public about the consequences of e-cigarettes 
and in support of future FDA and congressional action, a thorough and 
objective analysis of the state of scienti�c evidence relating to e-cigarettes 
and public health is needed. To that end, the ENDS Committee was 
established in December 2016 under the National Academies of Sciences, 
Engineering, and Medicine, with an ambitious timeline to complete a 

ix



Public Health Consequences of E-Cigarettes

Copyright National Academy of Sciences. All rights reserved.

x	 PREFACE

review of the science that can inform the understanding of public health 
risks and bene�ts of e-cigarettes. What are the short- and long-term health 
risks of regular use of e-cigarettes? What variables of the numerous types 
of devices and use patterns are important determinants of risk? Are e-cig-
arettes an effective means to quit smoking combustible tobacco cigarettes? 
Are e-cigarettes an “initiation pathway” of youth to smoking combus -
tible tobacco cigarettes? These are just some of the important questions 
addressed by the committee in this report. Where feasible, the committee 
applied the most important attributes of systematic review methodology 
to the scienti�c literature to establish the strength of evidence surround -
ing the health risks (e.g., direct harmful effects, initiation of smoking) 
and bene�ts (e.g., smoking cessation) associated with e-cigarette use. 
Although the use of these products is relatively new, the committee iden -
ti�ed more than 800 peer-reviewed scienti�c studies in this report. Based 
on this review, the committee has provided a summary of the current state 
of knowledge about the health risks and bene�ts of e-cigarette use, and 
has provided a series of research recommendations. 

I am deeply grati�ed by the remarkable hard work and insights pro -
vided by my fellow committee members and indebted to the tireless and 
thoughtful work of the National Academies staff that so ably kept us on 
task throughout the duration of this study.

David L. Eaton, Chair
Committee on the Review of the Health Effects of  

Electronic Nicotine Delivery Systems
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Summary

E-cigarette aerosol contains fewer numbers and lower levels of most toxi-
cants than does smoke from combustible tobacco cigarettes. Exposure to nicotine 
and to toxicants from the aerosolization of e-cigarette ingredients is dependent 
on user and device characteristics. Laboratory tests of e-cigarette ingredients, in 
vitro toxicological tests, and short-term human studies suggest that e-cigarettes 
are likely to be far less harmful than combustible tobacco cigarettes. However, the 
absolute risks of the products cannot be unambiguously determined at this time. 
Long-term health effects, of particular concern for youth who become dependent 
on such products, are not yet clear. 

Although e-cigarette use might cause youth to transition to combustible 
tobacco products, it might also increase adult cessation of combustible tobacco 
cigarettes. The net public health effect, harm or bene�t, of e-cigarettes depends 
on three factors: their effect on youth initiation of combustible tobacco products, 
their effect on adult cessation of combustible tobacco products, and their intrinsic 
toxicity. If e-cigarette use by adult smokers leads to long-term abstinence from 
combustible tobacco cigarettes, the bene�t to public health could be considerable. 
Without that health bene�t for adult smokers, e-cigarette use could cause consid-
erable harm to public health in the short and long term due both to the inherent 
harms of exposure to e-cigarette toxicants and to the harms related to subsequent 
combustible tobacco use by those who begin using e-cigarettes in their youth.

Population modeling is a useful strategy to help estimate the balance of 
potential bene�ts and harms from e-cigarettes in the short term before more de�-
nite scienti�c data are available. Factors that would promote the potential health 
bene�ts associated with these products include determining with more precision 

1
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under which conditions e-cigarettes could serve as an effective smoking cessa-
tion aid, discouraging their use among youth through tobacco control strategies 
such as education and restrictions on products particularly appealing to youth, 
and increasing their safety through data-driven product engineering and design.

Millions of Americans use electronic cigarettes (e-cigarettes), even 
as rates of smoking1 combustible tobacco cigarettes continue to decline 
among youth and adults. In 2016, youth e-cigarette use was substantially 
higher than cigarette smoking or use of any other tobacco product. A com-
mon picture emerges from national surveys. Prevalence of use increases 
with age in children and youth. E-cigarette use also varies by gender, with 
typically greater use among boys than girls. E-cigarette use also varies by 
race and ethnicity, with higher rates of use among youth who identify 
as Hispanic and non-Hispanic white compared with black, Asian, and 
other races. Early results suggest that use stabilized or decreased in youth 
between 2015 and 2016, despite increases between 2011 and 2015 across a 
range of measures and surveys. Substantial proportions of youth report 
using non-nicotine electronic cigarettes. Rates of e-cigarette use among 
adults are relatively low when compared with youth e-cigarette use and 
to adult combustible tobacco cigarette smoking. Most adult e-cigarette 
users report currently using other tobacco products. Among adults, as 
among youth, patterns of use vary by demographic subgroups—age, 
gender, and race and ethnicity. E-cigarette use is generally greatest among 
young adults and decreases with age in adults. Few adults begin using 
e-cigarettes who are not already using combustible tobacco cigarettes.

Despite their popularity, little is known about their health effects, and 
perceptions of potential risks and bene�ts of e-cigarette use vary widely 
among the public, users of e-cigarettes, health care providers, and the 
public health community. For example, whether e-cigarette use confers 
lower risk of addiction compared with combustible tobacco cigarettes is 
one point of controversy. Electronic cigarettes contain constituents that 
are not inert and are likely to have some negative health effects on their 
own. However, because the known risks of combustible tobacco are so 
great, understanding the net public health effect of e-cigarettes requires 
understanding not only the inherent risks of e-cigarettes, but also the rela-
tionship between e-cigarette use and combustible tobacco cigarette use. 

Furthermore, concerns have been raised that e-cigarettes will induce 
youth to begin using combustible tobacco cigarettes. E-cigarette use 
among youth and young adults is especially worrying if e-cigarettes cause 

1 The committee uses the verb “smoke” to refer to use of combustible tobacco cigarettes 
and “vape” to refer to use of e-cigarettes. Similarly “smoker” refers to someone who uses 
combustible tobacco cigarettes. 
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dependence or the normalization of smoking behavior, and subsequently 
lead youth and young adults to start smoking combustible tobacco ciga -
rettes. This is of particular concern for youth who otherwise would never 
have smoked. Among adult populations, to the extent that e-cigarette 
use promotes either reduction or complete abstinence from combustible 
tobacco smoking, e-cigarettes may help to reduce health risks.

E-cigarettes are regulated as tobacco products2 by the Center for 
Tobacco Products of the Food and Drug Administration (FDA), which 
requested that the National Academies of Sciences, Engineering, and 
Medicine convene a committee of experts to conduct a review of the 
emerging evidence about e-cigarettes and health, make recommendations 
for the improvement of this research, and highlight gaps that are a priority 
for future research. The Statement of Task can be found in Box S-1. 

The committee undertook a comprehensive review of the scienti�c 
literature regarding key constituents in e-cigarettes, human health effects, 
initiation and cessation of combustible tobacco cigarette use, and harm 
reduction. The committee considered the quality of individual studies, 
as well as the totality of the evidence to provide structured and consis -
tent conclusions on the strength of the evidence. See Box S-2 for a sum-
mary of the framework the committee used for those conclusions. The 
committee notes that the framework is a guide, but that a great deal of 
expert judgment—in the evaluation of individual studies and in bodies 
of evidence—is always involved. The Annex to this Summary includes 
a compilation of the conclusions grouped by level of evidence, whereas 
they are listed by type of outcome in the sections that follow.

CONSTITUENTS

E-cigarettes contain liquids (referred to as e-liquids) that are aero-
solized upon operation of the device. E-liquids typically contain nico -
tine (although some users prefer zero-nicotine solutions), �avorings, and 
humectants. Nicotine is a well-understood compound with known central 
and peripheral nervous system effects. It causes dependence and addic-
tion, and exposure to nicotine from e-cigarettes likely elevates the cardio-
vascular disease risk in people with pre-existing cardiovascular disease(s), 
but the cardiovascular risk in people without cardiovascular disease(s) is 
uncertain. Based on studies of long-term users of nicotine replacement 

2 If an e-cigarette manufacturer made a claim in packaging or advertising that the products 
were useful for smoking cessation, the product would be regulated as a drug-delivery device 
under different statutory authorities and not by the Center for Tobacco Products. E-cigarettes 
are regulated as tobacco products because the nicotine in the e-liquids derives from tobacco 
plants. The Food and Drug Administration recently exerted authority over e-cigarettes; those 
that do not contain nicotine may be reviewed on a case-by-case basis.
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BOX S-1 
Statement of Task

The Health and Medicine Division of the National Academies of Sciences, 
Engineering, and Medicine shall convene a committee to evaluate the available 
evidence of the health effects related to the use of electronic nicotine delivery 
systems (ENDS) and identify future federally funded research needs. As part of 
its work, the committee will conduct a comprehensive and systematic assessment 
and review of the literature. The literature review shall include analysis of data on 
both short- and long-term health effects in:

 
�%�� �Users of ENDS, including health effects associated with the use of the full 

range of these devices (e.g., “cig-a-likes,” tank systems, mods).
�%�� �Vulnerable populations of users (e.g., youth, pregnant women, individu-

als with underlying medical conditions [e.g., heart disease, pulmonary 
disease]).

�%�� �Non-users of ENDS exposed to secondhand and thirdhand aerosol gener-
ated by use of these devices.

 
�$���F�R�P�P�L�W�W�H�H���U�H�S�R�U�W���Z�L�O�O���G�R�F�X�P�H�Q�W���W�K�H���À�Q�G�L�Q�J�V���D�Q�G���S�U�R�Y�L�G�H���D���O�L�V�W���R�I���U�H�F�R�P�P�H�Q-

dations for future research. The list of research needs to inform the Food and Drug 
Administration and ENDS regulation will be prioritized with respect to:

 
�%�� �Research to gather information of most importance for the regulation of 

ENDS to protect the population health.
�%�� �Research that should be a priority for federal funding.

therapy or smokeless tobacco, nicotine exposure from e-cigarette use will 
likely pose minimal cancer risk to users. Most �avorings in e-liquids are 
designated as generally recognized as safe (also known as GRAS) by FDA, 
but those designations are for oral consumption in food and do not apply 
to �avorings used in e-cigarettes; most of these were never studied for 
toxicity via the inhalation route. The primary humectants are propylene 
glycol and glycerol, compounds also in widespread use for other pur -
poses and about which signi�cant scienti�c literature exists.

In reviewing the literature about the constituents in and exposures 
from e-cigarettes, the committee made nine conclusions:

Conclusion 3-1. There is conclusive evidence that e-cigarette use 
increases airborne concentrations of particulate matter and nicotine in 
indoor environments compared with background levels. 
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Conclusion 3-2. There is limited evidence that e-cigarette use increases 
levels of nicotine and other e-cigarette constituents on a variety of indoor 
surfaces compared with background levels. 

�Conclusion 4-1. There is conclusive evidence that exposure to nicotine 
from e-cigarettes is highly variable and depends on product characteristics 
(including device and e-liquid characteristics) and how the device is operated. 

�Conclusion 4-2. There is substantial evidence that nicotine intake from 
e-cigarette devices among experienced adult e-cigarette users can be compa-
rable to that from combustible tobacco cigarettes.

BOX S-2 
Levels of Evidence Framework for Conclusions

Conclusive evidence: �7�K�H�U�H���D�U�H���P�D�Q�\���V�X�S�S�R�U�W�L�Y�H���À�Q�G�L�Q�J�V���I�U�R�P���J�R�R�G���T�X�D�O�L�W�\���F�R�Q-
trolled studies (including randomized and non-randomized controlled trials) with 
�Q�R���F�U�H�G�L�E�O�H���R�S�S�R�V�L�Q�J���À�Q�G�L�Q�J�V�����$���À�U�P���F�R�Q�F�O�X�V�L�R�Q���F�D�Q���E�H���P�D�G�H�����D�Q�G���W�K�H���O�L�P�L�W�D�W�L�R�Q�V��
to the evidence, including chance, bias, and confounding factors, can be ruled out 
�Z�L�W�K���U�H�D�V�R�Q�D�E�O�H���F�R�Q�À�G�H�Q�F�H����

Substantial evidence: �� �7�K�H�U�H�� �D�U�H�� �V�H�Y�H�U�D�O�� �V�X�S�S�R�U�W�L�Y�H�� �À�Q�G�L�Q�J�V�� �I�U�R�P�� �J�R�R�G���T�X�D�O�L�W�\��
�R�E�V�H�U�Y�D�W�L�R�Q�D�O���V�W�X�G�L�H�V���R�U���F�R�Q�W�U�R�O�O�H�G���W�U�L�D�O�V���Z�L�W�K���I�H�Z���R�U���Q�R���F�U�H�G�L�E�O�H���R�S�S�R�V�L�Q�J���À�Q�G�L�Q�J�V����
�$���À�U�P���F�R�Q�F�O�X�V�L�R�Q���F�D�Q���E�H���P�D�G�H�����E�X�W���P�L�Q�R�U���O�L�P�L�W�D�W�L�R�Q�V�����L�Q�F�O�X�G�L�Q�J���F�K�D�Q�F�H�����E�L�D�V�����D�Q�G��
�F�R�Q�I�R�X�Q�G�L�Q�J���I�D�F�W�R�U�V�����F�D�Q�Q�R�W���E�H���U�X�O�H�G���R�X�W���Z�L�W�K���U�H�D�V�R�Q�D�E�O�H���F�R�Q�À�G�H�Q�F�H��

Moderate evidence: �7�K�H�U�H���D�U�H���V�H�Y�H�U�D�O���V�X�S�S�R�U�W�L�Y�H���À�Q�G�L�Q�J�V���I�U�R�P���I�D�L�U���T�X�D�O�L�W�\���V�W�X�G-
�L�H�V���Z�L�W�K���I�H�Z���R�U���Q�R���F�U�H�G�L�E�O�H���R�S�S�R�V�L�Q�J���À�Q�G�L�Q�J�V�����$���J�H�Q�H�U�D�O���F�R�Q�F�O�X�V�L�R�Q���F�D�Q���E�H���P�D�G�H����
but limitations, including chance, bias, and confounding factors, cannot be ruled 
�R�X�W���Z�L�W�K���U�H�D�V�R�Q�D�E�O�H���F�R�Q�À�G�H�Q�F�H��

Limited evidence: �7�K�H�U�H���D�U�H���V�X�S�S�R�U�W�L�Y�H���À�Q�G�L�Q�J�V���I�U�R�P���I�D�L�U���T�X�D�O�L�W�\���V�W�X�G�L�H�V���R�U���P�L�[�H�G��
�À�Q�G�L�Q�J�V���Z�L�W�K���P�R�V�W���I�D�Y�R�U�L�Q�J���R�Q�H���F�R�Q�F�O�X�V�L�R�Q�����$���F�R�Q�F�O�X�V�L�R�Q���F�D�Q���E�H���P�D�G�H�����E�X�W���W�K�H�U�H���L�V��
�V�L�J�Q�L�À�F�D�Q�W���X�Q�F�H�U�W�D�L�Q�W�\���G�X�H���W�R���F�K�D�Q�F�H�����E�L�D�V�����D�Q�G���F�R�Q�I�R�X�Q�G�L�Q�J���I�D�F�W�R�U�V��

�,�Q�V�X�I�À�F�L�H�Q�W���H�Y�L�G�H�Q�F�H�����7�K�H�U�H���D�U�H���P�L�[�H�G���À�Q�G�L�Q�J�V���R�U���D���V�L�Q�J�O�H���S�R�R�U���V�W�X�G�\�����1�R���F�R�Q-
clusion can be made because of substantial uncertainty due to chance, bias, and 
confounding factors.

No available evidence:  There are no available studies; health endpoint has not 
been studied at all. No conclusion can be made.
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�Conclusion 5-1. There is conclusive evidence that in addition to nico-
tine, most e-cigarette products contain and emit numerous potentially toxic 
substances. 

�Conclusion 5-2. There is conclusive evidence that, other than nicotine, the 
number, quantity, and characteristics of potentially toxic substances emitted 
from e-cigarettes are highly variable and depend on product characteristics 
(including device and e-liquid characteristics) and how the device is operated. 

�Conclusion 5-3. There is substantial evidence that except for nicotine, 
under typical conditions of use, exposure to potentially toxic substances 
from e-cigarettes is signi�cantly lower compared with combustible tobacco 
cigarettes.

�Conclusion 5-4. There is substantial evidence that e-cigarette aerosol 
contains metals. The origin of the metals could be the metallic coil used to 
heat the e-liquid, other parts of the e-cigarette device, or e-liquids. Product 
characteristics and use patterns may contribute to differences in the actual 
metals and metal concentrations measured in e-cigarette aerosol.

�Conclusion 5-5. There is limited evidence that the number of metals in 
e-cigarette aerosol could be greater than the number of metals in combus-
tible tobacco cigarettes, except for cadmium, which is markedly lower in 
e-cigarettes compared with combustible tobacco cigarettes.

Taken together, the evidence in support of these conclusions suggests 
that e-cigarette aerosol contains fewer numbers and lower levels of toxi -
cants than smoke from combustible tobacco cigarettes. Nicotine expo -
sure can mimic that found with use of combustible tobacco cigarettes, 
but is highly variable. However, the exposure to nicotine and toxicants 
from the aerosolization of �avorings and humectants is dependent on 
user and device characteristics.

HUMAN HEALTH EFFECTS

Combustible tobacco cigarettes pose serious risks to human health; 
these risks are well documented and well understood. Many of those 
health effects emerge only after decades of cigarette smoking. E-cigarettes 
have only been on the market in the United States since 2006, making 
scienti�c comparisons between e-cigarettes and combustible tobacco ciga-
rettes about most health effects dif�cult. However, research on short-term 
exposures to e-cigarettes and effects on disease symptoms and intermedi-
ate outcomes exist. An important distinction when considering these data 
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is whether the effects are seen in an e-cigarette user who had never used 
combustible tobacco cigarettes (usually children or youth) or in a combus -
tible tobacco cigarette user, with and without preexisting tobacco-related 
disease, usually adults. The committee reviewed evidence on the effects 
of e-cigarettes in several health domains: dependence, cardiovascular 
disease, cancer, respiratory diseases, oral diseases, maternal and fetal 
outcomes, and injuries and poisonings. Although the amount of literature 
is relatively scant and complicated by the multiple types of e-cigarettes in 
use even within a given study, the committee made 26 conclusions about 
the effects of e-cigarettes on health. 

�Conclusion 7-1. There is substantial evidence that e-cigarette aerosols 
can induce acute endothelial cell dysfunction, although the long-term con-
sequences and outcomes on these parameters with long-term exposure to 
e-cigarette aerosol are uncertain.

�Conclusion 7-2. There is substantial evidence that components of e-cig-
arette aerosols can promote formation of reactive oxygen species/oxidative 
stress. Although this supports the biological plausibility of tissue injury and 
disease from long-term exposure to e-cigarette aerosols, generation of reac-
tive oxygen species and oxidative stress induction is generally lower from 
e-cigarettes than from combustible tobacco cigarette smoke.

�Conclusion 8-1. There is substantial evidence that e-cigarette use results 
in symptoms of dependence on e-cigarettes.

�Conclusion 8-2. There is moderate evidence that risk and severity of depen-
dence are lower for e-cigarettes than combustible tobacco cigarettes.

�Conclusion 8-3. There is moderate evidence that variability in e-ciga-
rette product characteristics (nicotine concentration, �avoring, device type, 
and brand) is an important determinant of risk and severity of e-cigarette 
dependence.

�Conclusion 9-1. There is no available evidence whether or not e-cigarette 
use is associated with clinical cardiovascular outcomes (coronary heart dis-
ease, stroke, and peripheral artery disease) and subclinical atherosclerosis 
(carotid intima-media thickness and coronary artery calci�cation). 

�Conclusion 9-2. There is substantial evidence that heart rate increases 
shortly after nicotine intake from e-cigarettes. 
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�Conclusion 9-3. There is moderate evidence that diastolic blood pressure 
increases shortly after nicotine intake from e-cigarettes.

�Conclusion 9-4. There is limited evidence that e-cigarette use is associated 
with a short-term increase in systolic blood pressure, changes in biomarkers 
of oxidative stress, increased endothelial dysfunction and arterial stiffness, 
and autonomic control. 

�Conclusion 9-5. There is insuf�cient evidence  that e-cigarette use is asso-
ciated with long-term changes in heart rate, blood pressure, and cardiac 
geometry and function. 

�Conclusion 10-1. There is no available evidence whether or not e-cigarette 
use is associated with intermediate cancer endpoints in humans. This holds 
true for e-cigarette use compared with use of combustible tobacco cigarettes 
and e-cigarette use compared with no use of tobacco products.

�Conclusion 10-2. There is limited evidence from in vivo animal studies 
using intermediate biomarkers of cancer to support the hypothesis that long-
term e-cigarette use could increase the risk of cancer; there is no available 
evidence from adequate long-term animal bioassays of e-cigarette aerosol 
exposures to inform cancer risk. 

�Conclusion 10-3. There is limited evidence that e-cigarette aerosol can be 
mutagenic or cause DNA damage in humans, animal models, and human 
cells in culture.

�Conclusion 10-4. There is substantial evidence that some chemicals pres-
ent in e-cigarette aerosols (e.g., formaldehyde, acrolein) are capable of causing 
DNA damage and mutagenesis. This supports the biological plausibility that 
long-term exposure to e-cigarette aerosols could increase risk of cancer and 
adverse reproductive outcomes. Whether or not the levels of exposure are high 
enough to contribute to human carcinogenesis remains to be determined. 

�Conclusion 11-1. There is no available evidence whether or not e-ciga-
rettes cause respiratory diseases in humans.

�Conclusion 11-2. There is limited evidence for improvement in lung func-
tion and respiratory symptoms among adult smokers with asthma who 
switch to e-cigarettes completely or in part (dual use).

�Conclusion 11-3. There is limited evidence for reduction of chronic obstruc-
tive pulmonary disease (COPD) exacerbations among adult smokers with 
COPD who switch to e-cigarettes completely or in part (dual use).
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�Conclusion 11-4. There is moderate evidence for increased cough and 
wheeze in adolescents who use e-cigarettes and an association with e-cigarette 
use and an increase in asthma exacerbations.

�Conclusion 11-5. There is limited evidence of adverse effects of e-cigarette 
exposure on the respiratory system from animal and in vitro studies.

�Conclusion 12-1. There is limited evidence suggesting that switching to 
e-cigarettes will improve periodontal disease in smokers.

�Conclusion 12-2. There is limited evidence suggesting that nicotine- and 
non-nicotine–containing e-cigarette aerosol can adversely affect cell viability 
and cause cell damage of oral tissue in non-smokers.

�Conclusion 13-1. There is no available evidence whether or not e-cigarettes 
affect pregnancy outcomes. 

�Conclusion 13-2. There is insuf�cient evidence whether or not maternal 
e-cigarette use affects fetal development.

�Conclusion 14-1. There is conclusive evidence that e-cigarette devices can 
explode and cause burns and projectile injuries. Such risk is signi�cantly 
increased when batteries are of poor quality, stored improperly, or modi�ed 
by users.

�Conclusion 14-2. There is conclusive evidence that intentional or acciden-
tal exposure to e-liquids (from drinking, eye contact, or dermal contact) can 
result in adverse health effects including but not limited to seizures, anoxic 
brain injury, vomiting, and lactic acidosis. 

�Conclusion 14-3. There is conclusive evidence that intentionally or unin-
tentionally drinking or injecting e-liquids can be fatal.

Taken together, the evidence reviewed by the committee suggests that 
e-cigarettes are not without physiological activity in humans, but the 
implications for long-term effects on morbidity and mortality are not 
yet clear. Use of e-cigarettes instead of combustible tobacco cigarettes 
by those with existing respiratory disease might be less harmful. 

INITIATION AND CESSATION

The Family Smoking Prevention and Tobacco Control Act of 2009, 
which is the basis for FDA’s regulatory authority over tobacco products, 
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including e-cigarettes, de�ned a unique regulatory standard, the public 
health standard. This requires that tobacco products introduced on the 
market after February 15, 2007, be shown to have a net population health 
bene�t to users and non-users of the product. Operationally, if a product 
caused more people to begin harmful tobacco use and fewer people to 
quit tobacco use, even if the product itself poses less risk to the user than 
other products, it could be determined that the product poses a public 
health burden and would be kept off the market. Thus, the tobacco control 
�eld must pay close attention to the effects of e-cigarette use on initia -
tion and cessation of combustible tobacco use, regardless of the effects 
of e-cigarettes on health outcomes. Although the studies reviewed had 
limitations, the committee was able to make seven conclusions:

�Conclusion 16-1. There is substantial evidence that e-cigarette use 
increases risk of ever using combustible tobacco cigarettes among youth and 
young adults.

�Conclusion 16-2. Among youth and young adult e-cigarette users who 
ever use combustible tobacco cigarettes, there is moderate evidence that 
e-cigarette use increases the frequency and intensity of subsequent combus-
tible tobacco cigarette smoking.

�Conclusion 16-3. Among youth and young adult e-cigarette users who ever 
use combustible tobacco cigarettes, there is limited evidence that e-cigarette 
use increases, in the near term, the duration of subsequent combustible 
tobacco cigarette smoking.

�Conclusion 17-1. Overall, there is limited evidence that e-cigarettes may 
be effective aids to promote smoking cessation.

�Conclusion 17-2. There is moderate evidence from randomized controlled 
trials that e-cigarettes with nicotine are more effective than e-cigarettes 
without nicotine for smoking cessation. 

�Conclusion 17-3. There is insuf�cient evidence  from randomized controlled 
trials about the effectiveness of e-cigarettes as cessation aids compared with 
no treatment or to Food and Drug Administration–approved smoking ces-
sation treatments. 

�Conclusion 17-4. While the overall evidence from observational trials is 
mixed, there is moderate evidence from observational studies that more 
frequent use of e-cigarettes is associated with an increased likelihood of 
cessation.
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Taken together the evidence suggests that while e-cigarettes might 
cause youth who use them to transition to use of combustible tobacco 
products, they might increase adult cessation of combustible tobacco 
cigarettes. 

HARM REDUCTION

The committee reviewed evidence from the sections discussed above 
to speci�cally look at what is known about e-cigarette exposures and 
health effects when compared with combustible tobacco cigarettes. The 
committee reached �ve conclusions.

�Conclusion 18-1. There is conclusive evidence that completely substi-
tuting e-cigarettes for combustible tobacco cigarettes reduces users’ expo-
sure to numerous toxicants and carcinogens present in combustible tobacco 
cigarettes.

�Conclusion 18-2. There is substantial evidence that completely switching 
from regular use of combustible tobacco cigarettes to e-cigarettes results in 
reduced short-term adverse health outcomes in several organ systems.

�Conclusion 18-3. There is no available evidence whether or not long-term 
e-cigarette use among smokers (dual use) changes morbidity or mortality 
compared with those who only smoke combustible tobacco cigarettes.

�Conclusion 18-4. There is insuf�cient evidence  that e-cigarette use changes 
short-term adverse health outcomes in several organ systems in smokers who 
continue to smoke combustible tobacco cigarettes (dual users). 

�Conclusion 18-5. There is moderate evidence that secondhand exposure to 
nicotine and particulates is lower from e-cigarettes compared with combus-
tible tobacco cigarettes. 

The evidence about harm reduction suggests that across a range of 
studies and outcomes, e-cigarettes pose less risk to an individual than 
combustible tobacco cigarettes.

MODELING

The committee used population dynamic modeling to examine the 
possible effects of e-cigarette use at the population level. The speci�c 
time frame and magnitude of population health effects of e-cigarettes will 
depend on their impact on the rates of initiation and cessation of combus-
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tible tobacco cigarettes and on their intrinsic harm. Any population health 
effect includes the possibility of some groups incurring harm (e.g., youth 
who initiate smoking combustible tobacco cigarettes), while others bene�t 
(e.g., adult combustible tobacco cigarette users who completely quit or 
reduce smoking). As with other models of population health effects of 
tobacco use, the effects of changing cessation rates are seen earlier than 
effects of changing initiation rates, due to the lag time for serious chronic 
health effects of combustible tobacco cigarettes to manifest.

Under the assumption that the use of e-cigarettes increases the net 
cessation rate of combustible tobacco cigarette use among adults (i.e., 
the increase in permanent quitting offsets the potential relapse of former 
smokers because of e-cigarettes), the modeling projects that use of these 
products will generate a net public health bene�t, at least in the short run. 
The harms from increased initiation by youth will take time to manifest, 
occurring decades after the bene�ts of increased cessation are seen. How-
ever, for long-range projections (e.g., 50 years out), the net public health 
bene�t is substantially less and is negative under some scenarios. With 
the range of assumptions used, the model projects that there would be 
net public health harm in the short and long terms if the products do not 
increase combustible tobacco cessation in adults. 

Factors that would maximize potential health bene�ts associated with 
these products include determining with more precision whether and 
under which conditions e-cigarettes could serve as an effective smok-
ing cessation aid, discouraging their use among youth through stan -
dard tobacco control strategies such as education and access restrictions, 
and increasing their safety through data-driven product engineering and 
design.

RESEARCH RECOMMENDATIONS

Given the relatively short time that e-cigarettes have been used, it is 
understandable that the evidence base regarding their effects is limited. 
There is a great need for more evidence. Manufacturers will need to pro-
duce this research in a short amount of time if current statutory deadlines 
remain in place. Researchers from academia will also be involved directly 
(in contracts with manufacturers and in grants from government and 
others) in the generation of these data. Some types of research involve 
a long-term horizon; other important and informative research requires 
much less time to conduct. One type of research does not substitute for 
the other; a complete portfolio of research is needed. The committee 
understands that, in any new �eld, researchers struggle to conduct opti -
mal research due to limitations of knowledge. Also, researchers feel the 
urgency to study an important new question and adapt what they know, 
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without complete adjustments in research design or methods suf�cient to 
address the nuances of the problem. Finally, the rapidly changing nature 
of the devices has made comparisons among studies dif�cult.

The committee identi�ed gaps in the literature in every aspect in its 
work and provides overarching categories of research needs and speci�c 
research suggestions within the �nal chapters of each of the three major 
sections of the report. These overarching categories include (1) address-

BOX S-3 
 Research Needs:  

E-Cigarette Devices, Constituents, and Exposures

�7�K�H���I�R�O�O�R�Z�L�Q�J���V�S�H�F�L�À�F���V�X�J�J�H�V�W�L�R�Q�V���L�O�O�X�V�W�U�D�W�H���W�K�H���U�D�Q�J�H���R�I���S�U�L�R�U�L�W�\���U�H�V�H�D�U�F�K���D�U�H�D�V��
provided in the body of the report:

Recommendation 6-1: The committee recommends that the Food and Drug 
Administration and other federal research sponsors and/or device manu -
facturers prioritize e-cigarette research that addresses key gaps regarding 
knowledge about e-cigarette devices, constituents, and exposures. This 
might include rapid response funding opportunities. 

�%�� ��6�W�X�G�\���W�K�H���V�W�D�E�L�O�L�W�\���R�I���H���O�L�T�X�L�G���L�Q�J�U�H�G�L�H�Q�W�V���Z�K�H�Q���K�H�D�W�H�G�����L�G�H�Q�W�L�I�\���S�R�W�H�Q�W�L�D�O���E�\��
products of thermal degradation and of compounds that were not initially 
�S�U�H�V�H�Q�W�� �L�Q�� �W�K�H�� �H���O�L�T�X�L�G���� �D�Q�G�� �D�V�F�H�U�W�D�L�Q�� �G�H�W�H�U�P�L�Q�D�Q�W�V�� �R�I�� �F�K�D�Q�J�H�� �L�Q�� �D�H�U�R�V�R�O��
composition. 

�%�� ��6�W�X�G�\���W�K�H���L�P�S�D�F�W���R�I���H���F�L�J�D�U�H�W�W�H���X�V�H���R�Q���L�Q�G�R�R�U���D�L�U���T�X�D�O�L�W�\���D�Q�G���E�L�R�P�D�U�N�H�U�V���R�I��
secondhand e-cigarette exposure in scenarios and exposure surveys that 
are relevant for the populations exposed, including workers in vape shops 
and vaping convention attendees, children, pregnant women, and patients 
with cardiorespiratory disease who live with adults who use e-cigarettes. 

Recommendation 6-2: The committee recommends that the Food and Drug 
Administration and other federal research sponsors and/or device manufac -
turers prioritize research that improves the quality of e-cigarette research to 
better understand the devices, constituents, and exposures. This includes 
protocol and methods validation and development and use of appropriate 
study design, including the use of the appropriate control groups.

�%�� �Develop and validate methods to produce aerosols and to analyze target 
�F�R�Q�V�W�L�W�X�H�Q�W�V�� �L�Q�� �H���F�L�J�D�U�H�W�W�H�V���� �W�K�H�� �V�W�D�Q�G�D�U�G�L�]�H�G�� �P�H�W�K�R�G�� �V�K�R�X�O�G�� �U�H�Á�H�F�W�� �Q�R�W��
�R�Q�O�\���W�K�H���D�Y�H�U�D�J�H���S�X�I�À�Q�J���F�R�Q�G�L�W�L�R�Q�V���R�E�V�H�U�Y�H�G���D�P�R�Q�J���W�K�H���X�V�H�U�V���L�Q���U�H�D�O���O�L�I�H��
�V�H�W�W�L�Q�J�V�����E�X�W���D�O�V�R���L�Q�W�H�Q�V�L�Y�H���S�X�I�À�Q�J���E�H�K�D�Y�L�R�U�V����

�%�� �Use exposure conditions and animal models that are relevant to real-life 
inhalation exposure in humans.
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ing gaps in substantive knowledge and (2) improving research methods 
and quality through protocol and methods validation and development, 
including the use of appropriate study design. The six speci�c research 
recommendations and select suggestions can be found in Boxes S-3, S-4, 

BOX S-4 
 Research Needs: Effects of E-Cigarettes on Human Health

�7�K�H���I�R�O�O�R�Z�L�Q�J���V�S�H�F�L�À�F���V�X�J�J�H�V�W�L�R�Q�V���L�O�O�X�V�W�U�D�W�H���W�K�H���U�D�Q�J�H���R�I���S�U�L�R�U�L�W�\���U�H�V�H�D�U�F�K���D�U�H�D�V��
provided in the body of the report:

Recommendation 15-1: The committee recommends that the Food and Drug 
Administration and other federal research sponsors and/or device manu -
facturers prioritize e-cigarette research that addresses key gaps regarding 
health effects in individuals. This might include rapid response funding 
opportunities.

�%�� �Particle deposition in the human airways should be evaluated to assess 
where e-cigarette–derived particles impact the upper versus lower airways 
�D�Q�G���D�O�Y�H�R�O�L���D�Q�G���K�R�Z���D�U�H�D���R�I���L�P�S�D�F�W�L�R�Q���L�Q���W�K�H���O�X�Q�J���P�D�\���L�Q�Á�X�H�Q�F�H���K�H�D�O�W�K���H�I-
fects caused by e-cigarettes. Such studies should also include evaluation 
of airway epithelium repair.

�%�� �Studies are needed on the association of secondhand and thirdhand ex-
posures with health outcomes in vulnerable populations, such as pregnant 
women, infants, young children, the elderly, and patients with cardiovascu-
lar and respiratory disease compared with secondhand tobacco smoke and 
the absence of secondhand exposure to both combustible tobacco smoke 
or to e-cigarettes. 

�%�� �Longitudinal cohort studies are needed of youth and young adults to un-
derstand the trajectory of dependence over time in users with little or no 
combustible tobacco product exposure.

Recommendation 15-2: The committee recommends that the Food and Drug 
Administration and other federal research sponsors and/or device manufac -
turers prioritize research that improves the quality of e-cigarette research 
on health outcomes. This includes protocol and methods validation and 
development and use of appropriate study design, including the use of the 
appropriate control groups and relevant biomarkers.

�%�� �In clinical and epidemiological studies, use as comparison groups individu-
�D�O�V���Z�K�R���F�R�Q�W�L�Q�X�H���W�R���V�P�R�N�H�����W�K�R�V�H���Z�K�R���W�U�\���W�R���T�X�L�W���Z�L�W�K���R�W�K�H�U���H�Y�L�G�H�Q�F�H���E�D�V�H�G��
tobacco cessation treatments, and those who are not users of tobacco 
products, including e-cigarettes.

�%�� �Use methods development research to create or adapt existing abuse 
liability testing for e-cigarettes to better understand the development of 
dependence on e-cigarettes. 
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BOX S-5 
Research Recommendations:  

Public Health Implications of E-Cigarettes

�7�K�H���I�R�O�O�R�Z�L�Q�J���V�S�H�F�L�À�F���V�X�J�J�H�V�W�L�R�Q�V���L�O�O�X�V�W�U�D�W�H���W�K�H���U�D�Q�J�H���R�I���S�U�L�R�U�L�W�\���U�H�V�H�D�U�F�K���D�U�H�D�V��
provided in the body of the report:

Recommendation 20-1: The committee recommends that the Food and Drug 
Administration and other federal research sponsors and/or device manu -
facturers prioritize e-cigarette research that addresses key gaps regarding 
harm reduction and the public health implications of e-cigarettes. This might 
include rapid response funding opportunities.

�%�� �Research on the mechanisms through which e-cigarette use affects com-
�E�X�V�W�L�E�O�H���W�R�E�D�F�F�R���F�L�J�D�U�H�W�W�H���V�P�R�N�L�Q�J�����E�R�W�K���H�Y�H�U���X�V�H���D�P�R�Q�J���\�R�X�W�K���D�Q�G���T�X�L�W-
ting among current combustible tobacco cigarette smokers). 

�%�� �Research on potential harm reduction to bystanders exposed involuntarily 
to tobacco smoke after secondhand or thirdhand exposure to combustible 
tobacco smoke is replaced by secondhand or thirdhand exposure to emis-
sions of e-cigarettes. 

Recommendation 20-2: The committee recommends that the Food and Drug 
Administration and other federal research sponsors and/or device manufac -
turers prioritize research on the public health implications of e-cigarettes 
that improves the quality of e-cigarette research. This includes protocol and 
methods validation and development and use of appropriate study design, 
including the use of appropriate control groups. 

�%�� �Studies that build on existing nationally representative population surveys 
of adults to monitor patterns of e-cigarette use in detail on an ongoing 
basis to include characterization of patterns of e-cigarette use such as the 
�I�U�H�T�X�H�Q�F�\���D�Q�G���G�X�U�D�W�L�R�Q���R�I���X�V�H�����W�\�S�H���R�I���G�H�Y�L�F�H���X�V�H�G�����D�Q�G���U�H�D�V�R�Q���I�R�U���X�V�H����

and S-5. The speci�c suggestions illustrate the range of priority research 
areas provided in the body of the report.

FINAL OBSERVATIONS

Much of the research on e-cigarettes suffers from methodological 
�aws, and many important areas have not yet been researched. Nonethe-
less, the committee found suf�cient literature to suggest that, while there 
are risks associated with e-cigarettes, compared with combustible tobacco 
cigarettes, e-cigarettes contain fewer toxicants; can deliver nicotine in a 
manner similar to combustible tobacco cigarettes; show signi�cantly less 



Public Health Consequences of E-Cigarettes

Copyright National Academy of Sciences. All rights reserved.

16	 PUBLIC HEALTH CONSEQUENCES OF E-CIGARETTES

biological activity in a number of in vitro, animal, and human systems; 
and might be useful as a cessation aid to smokers who use e-cigarettes 
exclusively. However, youth who begin with e-cigarettes are more likely to 
transition to combustible tobacco cigarette use and become smokers who 
may be at risk to suffer the known health burdens of combustible tobacco 
cigarettes. Moreover, although infrequent, e-cigarettes can explode, lead-
ing to burns and other injuries, and consumption of or dermal exposure 
to e-liquids is dangerous, even fatal. 

More and better research on short- and long-term health effects of 
e-cigarettes, as well as their effects on initiation and cessation of combus-
tible tobacco product use, will bring clarity to the question of whether 
e-cigarettes will prove to reduce harm or induce harm at the individual 
and the population levels. Given how rapidly the e-cigarette product 
marketplace and user population are changing, there will undoubtedly be 
many new issues, which are currently unknown and will require careful 
surveillance and scienti�c scrutiny. The approach taken by the committee 
to evaluate the health effects of e-cigarettes in this report is anticipated to 
provide a generalizable template for future evaluations of the evidence.
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Summary Annex

Report Conclusions by Level of Evidence

CONCLUSIVE EVIDENCE

�%�� Conclusion 3-1. There is conclusive evidence  that e-cigarette use 
increases airborne concentrations of particulate matter and nico-
tine in indoor environments compared with background levels.

�%�� Conclusion 4-1. There is conclusive evidence  that exposure to 
nicotine from e-cigarettes is highly variable and depends on prod -
uct characteristics (including device and e-liquid characteristics) 
and how the device is operated. 

�%�� Conclusion 5-1. There is conclusive evidence  that in addition to 
nicotine, most e-cigarette products contain and emit numerous 
potentially toxic substances. 

�%�� Conclusion 5-2. There is conclusive evidence  that, other than 
nicotine, the number, quantity, and characteristics of potentially 
toxic substances emitted from e-cigarettes are highly variable and 
depend on product characteristics (including device and e-liquid 
characteristics) and how the device is operated. 

�%�� Conclusion 14-1. There is conclusive evidence  that e-cigarette 
devices can explode and cause burns and projectile injuries. Such 
risk is signi�cantly increased when batteries are of poor quality, 
stored improperly, or modi�ed by users.

�%�� Conclusion 14-2. There is conclusive evidence  that intentional or 
accidental exposure to e-liquids (from drinking, eye contact, or 
dermal contact) can result in adverse health effects including but 

17
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not limited to seizures, anoxic brain injury, vomiting, and lactic 
acidosis. 

�%�� Conclusion 14-3. There is conclusive evidence  that intentionally 
or unintentionally drinking or injecting e-liquids can be fatal.

�%�� Conclusion 18-1. There is conclusive evidence  that completely 
substituting e-cigarettes for combustible tobacco cigarettes 
reduces users’ exposure to numerous toxicants and carcinogens 
present in combustible tobacco cigarettes.

SUBSTANTIAL EVIDENCE

�%�� Conclusion 4-2. There is substantial evidence  that nicotine intake 
from e-cigarette devices among experienced adult e-cigarette users 
can be comparable to that from combustible tobacco cigarettes.

�%�� Conclusion 5-3. There is substantial evidence  that except for 
nicotine, under typical conditions of use, exposure to potentially 
toxic substances from e-cigarettes is signi�cantly lower compared 
with combustible tobacco cigarettes.

�%�� Conclusion 5-4. There is substantial evidenc e that e-cigarette 
aerosol contains metals. The origin of the metals could be the 
metallic coil used to heat the e-liquid, other parts of the e-cigarette 
device, or e-liquids. Product characteristics and use patterns may 
contribute to differences in the actual metals and metal concentra-
tions measured in e-cigarette aerosol. 

�%�� Conclusion 7-1. There is substantial evidence  that e-cigarette 
aerosols can induce acute endothelial cell dysfunction, although 
the long-term consequences and outcomes on these parameters 
with long-term exposure to e-cigarette aerosol are uncertain.

�%�� Conclusion 7-2. There is substantial evidence  that components 
of e-cigarette aerosols can promote formation of reactive oxygen 
species/oxidative stress. Although this supports the biological 
plausibility of tissue injury and disease from long-term exposure 
to e-cigarette aerosols, generation of reactive oxygen species and 
oxidative stress induction is generally lower from e-cigarettes 
than from combustible tobacco cigarette smoke.

�%�� Conclusion 8-1. There is substantial evidence  that e-cigarette use 
results in symptoms of dependence on e-cigarettes.

�%�� Conclusion 9-2. There is substantial evidence  that heart rate 
increases shortly after nicotine intake from e-cigarettes. 

�%�� Conclusion 10-4. There is substantial evidence  that some chemi-
cals present in e-cigarette aerosols (e.g., formaldehyde, acrolein) 
are capable of causing DNA damage and mutagenesis. This 
supports the biological plausibility that long-term exposure to 
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e-cigarette aerosols could increase risk of cancer and adverse 
reproductive outcomes. Whether or not the levels of exposure are 
high enough to contribute to human carcinogenesis remains to be 
determined.

�%�� Conclusion 16-1. There is substantial evidence  that e-cigarette 
use increases risk of ever using combustible tobacco cigarettes 
among youth and young adults. 

�%�� Conclusion 18-2. There is substantial evidence  that completely 
switching from regular use of combustible tobacco cigarettes to 
e-cigarettes results in reduced short-term adverse health out-
comes in several organ systems.

MODERATE EVIDENCE

�%�� Conclusion 8-2. There is moderate evidence that risk and severity 
of dependence are lower for e-cigarettes than combustible tobacco 
cigarettes.

�%�� Conclusion 8-3. There is moderate evidence that variability in 
e-cigarette product characteristics (nicotine concentration, �avor -
ing, device type, and brand) is an important determinant of risk 
and severity of e-cigarette dependence.

�%�� Conclusion 9-3. There is moderate evidence that diastolic blood 
pressure increases shortly after nicotine intake from e-cigarettes.

�%�� Conclusion 11-4. There is moderate evidence for increased cough 
and wheeze in adolescents who use e-cigarettes and an associa-
tion with e-cigarette use and an increase in asthma exacerbations.

�%�� Conclusion 16-2. Among youth and young adult e-cigarette users 
who ever use combustible tobacco cigarettes, there is moderate 
evidence that e-cigarette use increases the frequency and inten-
sity of subsequent combustible tobacco cigarette smoking.

�%�� Conclusion 17-2. There is moderate evidence from randomized 
controlled trials that e-cigarettes with nicotine are more effective 
than e-cigarettes without nicotine for smoking cessation.

�%�� Conclusion 17-4. While the overall evidence from observational 
trials is mixed, there is moderate evidence from observational 
studies that more frequent use of e-cigarettes is associated with 
an increased likelihood of cessation.

�%�� Conclusion 18-5. There is moderate evidence that secondhand 
exposure to nicotine and particulates is lower from e-cigarettes 
compared with combustible tobacco cigarettes. 
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LIMITED EVIDENCE

�%�� Conclusion 3-2. There is limited evidence  that e-cigarette use 
increases levels of nicotine and other e-cigarette constituents on 
a variety of indoor surfaces compared with background levels.

�%�� Conclusion 5-5. There is limited evidence that the number of 
metals in e-cigarette aerosol could be greater than the number 
of metals in combustible tobacco cigarettes, except for cadmium, 
which is markedly lower in e-cigarettes compared with combus -
tible tobacco cigarettes.

�%�� Conclusion 9-4. There is limited evidence  that e-cigarette use is 
associated with a short-term increase in systolic blood pressure, 
changes in biomarkers of oxidative stress, increased endothelial 
dysfunction and arterial stiffness, and autonomic control. 

�%�� Conclusion 10-2. There is limited evidence  from in vivo animal 
studies using intermediate biomarkers of cancer to support the 
hypothesis that long-term e-cigarette use could increase the risk 
of cancer; there is no available evidence  from adequate long-term 
animal bioassays of e-cigarette aerosol exposures to inform cancer 
risk. 

�%�� Conclusion 10-3. There is limited evidence  that e-cigarette aero-
sol can be mutagenic or cause DNA damage in humans, animal 
models, and human cells in culture.

�%�� Conclusion 11-2. There is limited evidence  for improvement in 
lung function and respiratory symptoms among adult smokers 
with asthma who switch to e-cigarettes completely or in part 
(dual use).

�%�� Conclusion 11-3. There is limited evidence  for reduction of 
chronic obstructive pulmonary disease (COPD) exacerbations 
among adult smokers with COPD who switch to e-cigarettes 
completely or in part (dual use).

�%�� Conclusion 11-5. There is limited evidence  of adverse effects of 
e-cigarette exposure on the respiratory system from animal and 
in vitro studies.

�%�� Conclusion 12-1. There is limited evidence  suggesting that switch-
ing to e-cigarettes will improve periodontal disease in smokers.

�%�� Conclusion 12-2. There is limited evidence suggesting that 
nicotine- and non-nicotine–containing e-cigarette aerosol can 
adversely affect cell viability and cause cell damage of oral tissue 
in non-smokers.

�%�� Conclusion 16-3. Among youth and young adult e-cigarette users 
who ever use combustible tobacco cigarettes, there is limited evi -
dence that e-cigarette use increases, in the near term, the duration 
of subsequent combustible tobacco cigarette smoking.
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�%�� Conclusion 17-1. Overall, there is limited evidence  that e-ciga-
rettes may be effective aids to promote smoking cessation.

INSUFFICIENT EVIDENCE

�%�� Conclusion 9-5. There is insuf�cient evidence  that e-cigarette use 
is associated with long-term changes in heart rate, blood pressure, 
and cardiac geometry and function. 

�%�� Conclusion 13-2. There is insuf�cient evidence whether or not 
maternal e-cigarette use affects fetal development.

�%�� Conclusion 17-3. There is insuf�cient evidence  from randomized 
controlled trials about the effectiveness of e-cigarettes as cessation 
aids compared with no treatment or to Food and Drug Adminis -
tration–approved smoking cessation treatments. 

�%�� Conclusion 18-4. There is insuf�cient evidence  that e-cigarette 
use changes short-term adverse health outcomes in several organ 
systems in smokers who continue to smoke combustible tobacco 
cigarettes (dual users). 

NO AVAILABLE EVIDENCE

�%�� Conclusion 9-1. There is no available evidence whether or not 
e-cigarette use is associated with clinical cardiovascular outcomes 
(coronary heart disease, stroke, and peripheral artery disease) and 
subclinical atherosclerosis (carotid intima-media thickness and 
coronary artery calci�cation).

�%�� Conclusion 10-1. There is no available evidence  whether or not 
e-cigarette use is associated with intermediate cancer endpoints 
in humans. This holds true for e-cigarette use compared with use 
of combustible tobacco cigarettes and e-cigarette use compared 
with no use of tobacco products.

�%�� Conclusion 11-1. There is no available evidence  whether or not 
e-cigarettes cause respiratory diseases in humans.

�%�� Conclusion 13-1. There is no available evidence whether or not 
e-cigarettes affect pregnancy outcomes. 

�%�� Conclusion 18-3. There is no available evidence whether or not 
long-term e-cigarette use among smokers (dual use) changes mor-
bidity or mortality compared with those who only smoke com -
bustible tobacco cigarettes.
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Introduction

Millions of Americans use e-cigarettes. Despite their popularity, little 
is known about their health effects, and perceptions of potential risks 
and bene�ts of e-cigarette use vary widely among the public, users of 
e-cigarettes, health care providers, and the public health community. For 
example, whether e-cigarette use confers lower risk of addiction compared 
with combustible tobacco cigarettes is one point of controversy. Likewise, 
there are uncertainties about the harm of e-cigarettes themselves, because 
of the exposure to potentially toxic substances contained in e-cigarette 
emissions, especially in individuals, such as youth and young adults, 
who have never used tobacco products. Furthermore, concerns have been 
raised that e-cigarettes will induce youth to begin using combustible 
tobacco cigarettes. Given their relatively recent introduction, there has 
been little time for a scienti�c body of evidence to develop on the health 
effects of e-cigarettes. The purpose of this report is to (1) conduct a criti-
cal, objective, and evidence-based review of the scienti�c evidence that 
addresses the various competing views on the public health consequences 
of e-cigarettes; (2) make recommendations for the improvement of this 
research; and (3) highlight gaps that are a priority for future research.

STATEMENT OF TASK

The Consolidated Appropriations Act of 2016 includes language 
directing the Center for Tobacco Products (CTP) of the Food and Drug 

23



Public Health Consequences of E-Cigarettes

Copyright National Academy of Sciences. All rights reserved.

24	 PUBLIC HEALTH CONSEQUENCES OF E-CIGARETTES

Administration (FDA) to “contract with the Institute of Medicine 1 to con-
duct an in-depth evaluation of available evidence of health effects from 
e-cigarettes and recommendations for future federally funded research” 
(U.S. Congress, 2016, p. 31). In accordance with this directive, CTP con-
tracted with the National Academies of Sciences, Engineering, and Medi-
cine to convene an ad hoc committee to conduct such an evaluation. (See 
Box 1-1 for the complete Statement of Task and Appendix A for a list of 
questions CTP provided for the committee to consider in addition to the 
Statement of Task.) The Committee on the Review of the Health Effects 
of Electronic Nicotine Delivery Systems includes experts in toxicology, 
nicotine pharmacology, adolescent and adult tobacco use patterns, epi-
demiology, public health, inhalation toxicology/pulmonology, cardiology, 

1 As of March 2016, the Health and Medicine Division continues the consensus studies and 
convening activities previously undertaken by the Institute of Medicine (IOM).

BOX 1-1 
Statement of Task

The Health and Medicine Division of the National Academies of Sciences, 
Engineering, and Medicine shall convene a committee to evaluate the available 
evidence of the health effects related to the use of electronic nicotine delivery 
systems (ENDS) and identify future federally funded research needs. As part of 
its work, the committee will conduct a comprehensive and systematic assessment 
and review of the literature. The literature review shall include analysis of data on 
both short- and long-term health effects in:

 
�%�� �Users of ENDS, including health effects associated with the use of the full 

range of these devices (e.g., “cig-a-likes,” tank systems, mods).
�%�� �Vulnerable populations of users (e.g., youth, pregnant women, individu-

als with underlying medical conditions [e.g., heart disease, pulmonary 
disease]).

�%�� �Non-users of ENDS exposed to secondhand and thirdhand aerosol gener-
ated by use of these devices.

 
�$���F�R�P�P�L�W�W�H�H���U�H�S�R�U�W���Z�L�O�O���G�R�F�X�P�H�Q�W���W�K�H���À�Q�G�L�Q�J�V���D�Q�G���S�U�R�Y�L�G�H���D���O�L�V�W���R�I���U�H�F�R�P�P�H�Q-

dations for future research. The list of research needs to inform the Food and Drug 
Administration and ENDS regulation will be prioritized with respect to:

 
�%�� �Research to gather information of most importance for the regulation of 

ENDS to protect the population health.
�%�� �Research that should be a priority for federal funding.
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pediatrics, obstetrics, and oncology (see Appendix F for the committee 
biosketches). The committee held �ve meetings, including a public work -
shop (see Appendix E for the public workshop agenda).

A NOTE ON TERMINOLOGY: WHAT ARE E-CIGARETTES?

E-cigarette products, their components, and their use lack standard 
nomenclature, and thus even manufacturers and users refer to them 
using different terms (Alexander et al., 2016). Throughout this report the 
committee uses the terms “electronic cigarettes” and “e-cigarettes” inter -
changeably to refer to any device with a heating element that produces an 
aerosol from a liquid that users can inhale. Characteristics of e-cigarette 
devices and products are described in more detail in Chapter 3. During 
a discussion at the �rst meeting, Mitchell Zeller, director of CTP, clari�ed 
that the use of the term “ENDS” in the Statement of Task does not refer 
exclusively to nicotine-containing e-cigarettes. Rather, CTP used the term 
to capture a heterogeneous group of products that are referred to using 
widely variable terminology. Thus, Zeller urged the committee to inter -
pret the term broadly and not to limit the committee’s scope to nicotine-
containing products, as e-liquids that do not contain nicotine or other 
substances made or derived from tobacco may still be subject to FDA’s 
tobacco control authorities. At the same time, a representative from CTP 
also noted that because CTP does not have regulatory authority over con-
trolled substances such as marijuana, the committee should not focus on 
the effects of other controlled substances that could be consumed via an 
e-cigarette. Finally, Zeller also clari�ed that this class of products excludes 
electronic devices that do not contain liquids and instead heat tobacco, 
such as those referred to as “heat-not-burn” products. The committee’s 
use of the term e-cigarettes encompasses all products envisioned by CTP 
in the Statement of Task. 

THE RAPID RISE OF E-CIGARETTE USE IN THE UNITED STATES

Several nationally representative surveys reported patterns of elec-
tronic cigarette use in the United States. These include three cross-sectional 
surveys with data on youth use, the National Youth Tobacco Survey 
(NYTS), Monitoring the Future (MTF), and Youth Risk Behavioral Surveil -
lance (YRBS), and two cross-sectional surveys of adult use, the National 
Adult Tobacco Survey (NATS) and the National Health Interview Survey 
(NHIS). In addition, the Population Assessment of Tobacco and Health 
(PATH) study of youth and adults and the Tobacco Use Supplement 
to the Current Population Survey (TUS-CPS) also provide longitudinal 
surveillance data. These surveys usually capture several measures of 
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e-cigarette use. Typical measures include ever use, current use, and fre-
quent use. Ever or lifetime use captures whether an individual has used 
an electronic cigarette, even once or twice. Current use or use within the 
past 30 days typically captures whether someone has used an electronic 
cigarette on at least 1 day in the past 30 days. Frequent use generally 
describes e-cigarette use on 20 or more days of the past 30 days. Ever use 
is the most sensitive, but least speci�c, measure of use. Ever use collapses 
across low levels of use, such as experimentation (a temporary period of 
use that does not progress to regular or established use) and higher levels 
of use, including current, past 30-day, and frequent use. Cross-sectional 
data using such measures do not monitor patterns of use progression over 
time (trajectories), which leaves unclear whether people classi�ed in one 
of these use patterns are on increasing, decreasing, or stable trajectories 
of use. 

This section summarizes rates of electronic cigarette use as reported 
in these sources, including rates among subpopulations. Of note, although 
e-cigarettes entered the U.S. market in the middle of the �rst decade of 
the 2000s, little data on their use at a national level are available before 
2011. Thus, little trend data are available even among surveys that collect 
data on e-cigarettes across multiple years. The lack of standard terminol-
ogy also contributes to this problem because different surveys use dif-
ferent terms and de�nitions, and the terminology and de�nitions used 
to describe e-cigarettes across multiple years of the same survey change 
over time. 

Youth Electronic Cigarette Use 

Youth (age 17 and younger) have rapidly taken up e-cigarette use. The 
2015 NYTS reported that 27.1 percent of middle and high school students 
ever used e-cigarettes (HHS, 2016b). Rates of ever use were similar in the 
2016 MTF survey, ranging from 17.5 percent among 8th grade students 
to 29.0 percent among 10th graders, and 33.8 percent among high school 
seniors (Schulenberg et al., 2017). The most recent youth rates reported 
from the PATH survey (Wave 1 in 2013–2014) indicate much lower rates 
of ever use, with only 10.7 percent of youth ages 12 to 17 reporting ever 
using an e-cigarette even once or twice (Backinger, 2017). Conversely, 
rates in the 2015 YRBS are substantially higher, with 44.9 percent of high 
school students reporting ever using “electronic vapor products” (Kann 
et al., 2016). As can be seen, the proportion of youth who reported ever 
using e-cigarettes varies substantially across surveys. With respect to use 
in the past 30 days, the 2016 NYTS reported that 4.3 percent of middle 
school students and 11.3 percent of high school students reported any 
e-cigarette use in the past 30 days (Jamal et al., 2017). Table 1-1 shows 
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the percentage of high school and middle school students who have ever 
used e-cigarettes, 2011 to 2016, in NYTS. MTF rates for 2016 are similar, 
with 6.2 percent of 8th graders, 11.0 percent of 10th graders, and 12.5 
percent of 12th grade students reporting e-cigarette use in the past 30 
days (Schulenberg et al., 2017). Again, youth use rates reported in the 
PATH Wave 1 survey in 2013–2014 are the lowest, with only 3.1 percent 
of youth age 12 to 17 reporting current use (Backinger, 2017), while rates 
among high school students in the 2015 YRBS are again the highest, at 24.1 
percent (Kann et al., 2016). 

Rates of frequent e-cigarette use among youth are quite low overall. 
The 2015 NYTS reported that 0.6 percent of all middle school students 
(comprising 11.7 percent of current middle school users) and 2.5 percent 
of all high school students (comprising 15.5 percent of current high school 
users) use e-cigarettes frequently (HHS, 2016b). Rates in PATH Wave 1 
(2013–2014) among all youth age 12 to 17 are similarly low overall, at just 
0.1 percent (Backinger, 2017).

As described above, little trend data are available. NYTS reports an 
increase in current use among middle schoolers from 0.6 percent in 2011 
to a high of 5.3 percent in 2015, and among high schoolers from 1.5 per-
cent in 2011 to 16.0 percent in 2015 (HHS, 2016b). Current use declined in 
2016 to 4.3 percent among middle schoolers and 11.3 percent among high 
schoolers (Jamal et al., 2017). Due to changing terminology and de�nitions 
in MTF, it was only able to report trends from 2015 to 2016, but similar 
to NYTS, MTF reported a statistically signi�cant decline in current use 
between these 2 years (Johnston et al., 2017). Trend data are not available 
for the YRBS or PATH. 

Electronic cigarette use varies substantially across demographic 
subgroups, including age, gender, and race and ethnicity. In terms of 
age, e-cigarette use tends to increase with age among youth across all 
measures of use. For example, rates of ever, past 30-day, and frequent 
e-cigarette use are lower for middle school students compared with high 
school students in NYTS (HHS, 2016b; Jamal et al., 2017). Similarly, both 
ever and past 30-day use are lower in 8th compared with 10th and 12th 
and 10th compared with 12th grade students in MTF (Schulenberg et al., 
2017). E-cigarette use also varies by gender, with typically greater use 
among boys than girls (Jamal et al., 2017). E-cigarette use also varies by 
race and ethnicity and generally is highest among youth who identify as 
Hispanic and non-Hispanic white (HHS, 2016b; Jamal et al., 2017). 

In 2016, among youth who reported using tobacco, e-cigarettes were 
the most common form used. The 2016 MTF shows that 6.2 percent of 
8th graders, 11.0 percent of 10th graders, and 12.5 percent of 12th graders 
reported e-cigarette use in the past 30 days (Schulenberg et al., 2017). This 
compares with 2.6 percent of 8th graders, 4.9 percent of 10th graders, and 
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10.5 percent of 12th graders reporting past 30-day combustible tobacco 
cigarette smoking (Schulenberg et al., 2017). Similarly, according to the 
2016 NYTS, nearly double the number of middle school students (4.3 per-
cent) reported currently using e-cigarettes compared with the next three 
products—combustible tobacco cigarettes, cigars, and smokeless tobacco 
(each at 2.2 percent), which were followed by hookah (2.0 percent), pipe 
tobacco (0.7 percent), and trailed by bidis (0.3 percent) (Jamal et al., 2017). 
Among high school students, 11.3 percent reported using e-cigarettes in 
the past 30 days, compared with only 8.0 percent combustible tobacco 
cigarette use, 7.7 percent cigar use, 5.8 percent smokeless tobacco use, 4.8 
percent hookah use, 1.4 percent pipe tobacco use, and 0.5 percent bidi use. 
This pattern holds for all subgroups by race and ethnicity except among 
black middle and high school males who reported highest rates of cigar 
smoking followed by e-cigarette use (4.5 percent compared with 4.0 per-
cent among middle schoolers and 9.5 percent compared with 6.2 percent 
among high schoolers) (Jamal et al., 2017). 

Among those who reported having ever used an e-cigarette, youth 
most commonly reported using rechargeable/re�llable tank-style devices, 
with more than half (53.4 percent) of middle and high school students 
reporting using only this kind of device (Singh et al., 2016). A total of 14.5 
percent reported using only disposable models, and nearly one-third (32.1 
percent) reported using both (Singh et al., 2016). 

Even given the patterns of use described above, it remains unclear 
what precisely youth are vaping. Substantial proportions of youth report 
using non-nicotine electronic cigarettes. Among middle and high school 
students in the 2015 NYTS, nearly one-third (32.5 percent) of ever users 
of electronic cigarettes reported ever using an electronic cigarette device 
for any other substance other than for nicotine (Singh et al., 2016). Rates 
were similar among middle school students (33.7 percent) and high school 
students (32.2 percent). By contrast, analysis of the 2015 MTF found that 
nearly two-thirds of e-cigarette–ever users reported vaping “just �avor -
ing” at last use. Again, rates were similar among 8th (66.0 percent), 10th 
(65.2 percent), and 12th (64.7 percent) grade students (CTP, 2017c). After 
“just �avoring,” e-cigarette–ever users of all ages next most commonly 
reported last vaping nicotine (22.2 percent among 12th grade students, 
19.9 percent among 10th grade students, and 13.3 percent among 8th 
graders). Among ever users of all ages, roughly 6 percent reported vap-
ing marijuana, and 13.7 percent of 8th graders, 7.7 percent of 10th grad-
ers, and 6.3 percent of 12th graders reported not knowing what they last 
vaped. Rates of last vaping just �avoring among past 30-day users are 
slightly lower compared with ever users, but still most common, except 
among 12th grade students who reported vaping six or more times in the 
past 30 days who most commonly vaped nicotine; 62.7 percent of 8th, 
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59.5 percent of 10th, and 59.2 percent of 12th graders reported last vaping 
just �avoring. After “just �avoring,” past 30-day vapers most commonly 
reported vaping nicotine (16.2 percent in 8th grade, 27.4 percent in 10th 
grade, 30.7 percent in 12th grade), followed by marijuana (10.6 percent in 
8th grade, 8.75 percent in 10th grade, 5.2 percent in 12th grade), and don’t 
know (7.9 percent in 8th grade, 3.7 percent in 10th grade, 4.0 percent in 
12th grade) (Miech et al., 2017).

Adults

Rates of e-cigarette use among adults (age 18 and older) are relatively 
low when compared with youth e-cigarette use and to adult combustible 
tobacco cigarette smoking. The 2014 NHIS survey reported that 12.6 per-
cent of adults ever used e-cigarettes (Schoenborn and Gindi, 2015). The 
2014–2015 TUS-CPS reported a substantially lower rate of ever use among 
adults, at 8.5 percent (Zhu et al., 2017). In terms of current (past 30-day) 
use, the PATH Wave 1 survey in 2013–2014 reported the highest rates of 
current use of e-cigarettes, at 5.5 percent (Coleman et al., 2017). NHIS 
data from 2014 show that 3.7 percent of adults reported currently using 
e-cigarettes (Schoenborn and Gindi, 2015). The rate of current use was 
lowest in the 2014–2015 TUS-CPS, at 2.4 percent (Zhu et al., 2017). Accord-
ing to PATH Wave 1 data, among current users, 21.3 percent reported 
daily use, 36.5 percent reported moderate use (more than 2 of the past 30 
days), and 42.2 percent reported infrequent use (0 to 2 of the past 30 days) 
(Coleman et al., 2017).

Most adult e-cigarette users report currently using other tobacco 
products. According to data from Wave 1 of the PATH survey, among 
current users of e-cigarettes, 69.7 percent were current smokers, 8.6 per-
cent quit smoking combustible tobacco cigarettes within the past year, and 
5.7 percent were former smokers (abstained from smoking for more than 
1 year) (Coleman et al., 2017). Interestingly, 16 percent of adult current 
users of e-cigarettes reported having never smoked combustible tobacco 
cigarettes. Additionally, 39.2 percent of current e-cigarette users reported 
current use of other combustible tobacco products (�ltered cigars, cigaril -
los, traditional cigars, hookahs, and pipes) and 8.9 percent reported cur-
rent use of non-combustible tobacco products (smokeless tobacco [snus 
pouches, loose snus, moist snuff, dip, spit, or chewing tobacco] and dis-
solvable tobacco) (Coleman et al., 2017).

As with data on youth use, limited trend data are available on 
e-cigarette use among adults. MTF reported no signi�cant change in ever 
use among college students from 2015 to 2016 (26.0 percent to 26.8 per-
cent), a non-signi�cant decrease in ever use among all young adults ages 
19 to 30 (30.3 percent to 26.9 percent), a non-signi�cant decrease in past 
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30-day use among college students from 8.8 percent to 6.9 percent, and a 
signi�cant decrease in past 30-day use among all young adults (9.2 per-
cent to 6.0 percent) (Schulenberg et al., 2017). These MTF data for young 
adults echo the decreases in youth use.

Among adults as among youth, patterns of use vary by demographic 
subgroups—age, gender, and race and ethnicity. With respect to age, 
e-cigarette use is generally greatest among young adults, and decreases 
with increasing  age. According to 2016 MTF data, 26 percent of college 
students and young adults reported ever using electronic cigarettes, and 
5.8 percent reported past 30-day use (Schulenberg et al., 2017). Past 30-day 
use is highest among those age 19 to 22 (8 percent) and declines steadily 
by age groups through those age 25 to 30 (Schulenberg et al., 2017). Simi-
larly, the rate of ever use is highest among adults age 18 to 24 (21.6 per-
cent), declining steadily with increased age in the 2014 NHIS (Schoenborn 
and Gindi, 2015). According to the 2013–2014 NATS, 35.8 percent of young 
adults age 18 to 24 reported ever using an electronic cigarette and 13.6 
percent reported current use (HHS, 2016b). This compares with 16.4 per-
cent of adults age 25 and older who reported ever using an e-cigarette 
and 5.7 percent who reported current use (HHS, 2016b). The PATH Wave 
1 data on e-cigarette use also differ signi�cantly by age for all use groups 
(daily, moderate, and frequent users) (Coleman et al., 2017). However, the 
PATH data show a slightly different pattern, with the highest use rates 
among adults age 25 to 34 (26.4 percent), followed by young adults age 18 
to 24 (20.9 percent), and then decreasing with age among those 35 years 
and older.

Similar to youth use, differences in e-cigarette use among adults by 
gender typically show greater use among men compared with women. Sig -
ni�cantly more men (14.2 percent) reported ever using electronic cigarettes 
compared with women (11.2 percent) in the 2014 NHIS data (Schoenborn 
and Gindi, 2015). In the PATH Wave 1 survey, current e-cigarette use was 
higher for men compared with women overall (53.5 percent compared with 
46.5 percent, respectively). Among current users, use was also higher for 
men compared with women when strati�ed by intensity of use  (daily, mod -
erate, and infrequent use), but differences were not signi�cant (Coleman et 
al., 2017). Similarly, according to the 2013–2014 NATS, among adults age 
25 years and older, more men reported ever (18.3 percent), currently (6.6 
percent), and frequently (23.0 percent among current users, 1.5 percent 
among all adults) using e-cigarettes than women (14.7 percent ever use, 5.0 
percent current use, 20.6 percent frequent use among current users, and 1.0 
percent current use among all adults) (HHS, 2016b).

Adult e-cigarette use also varies by racial and ethnic group. Data from 
the 2014 NHIS show that a signi�cantly greater percentage of non-Hispanic 
whites (14.8 percent) reported ever using electronic cigarettes, followed by 



Public Health Consequences of E-Cigarettes

Copyright National Academy of Sciences. All rights reserved.

32	 PUBLIC HEALTH CONSEQUENCES OF E-CIGARETTES

Hispanic (8.6 percent), black (7.1 percent), and Asian (6.2 percent) adults. 
American Indian or Alaska Native (AI/AN) adults reported the high -
est rates of ever use, with greater than one in �ve reporting ever using 
e-cigarettes (Schoenborn and Gindi, 2015). Ever use of e-cigarettes was 
signi�cantly higher among AIs/ANs compared with Hispanic, black, and 
Asian subgroups. PATH Wave 1 data (2013–2014) on current e-cigarette 
users show similar patterns by race and ethnicity. Among adult current 
users, signi�cantly higher proportions of non-Hispanic whites (71.0 per -
cent) currently use e-cigarettes, followed by Hispanics (12.7 percent), blacks 
(9.3 percent), those identifying as other race or multiracial (3.8 percent), and 
Asians (2.7 percent) (Coleman et al., 2017). Interestingly, in contrast to the 
highest rates of ever use among AIs/ANs in the NHIS data, rates of AI/AN 
current use from the PATH data are the lowest among all racial and ethnic 
subgroups, at only 0.6 percent (Coleman et al., 2017). 

Among adults, device characteristics vary signi�cantly by frequency 
of use. Among daily users, 73.6 percent used a re�llable device and 91.6 
percent used a rechargeable device (Coleman et al., 2017). Among those 
daily users who reported using a rechargeable device, only 42.3 per-
cent reported use of cartridges. Among moderate e-cigarette users, 51.4 
percent reported using a re�llable device, 78.0 percent reported using a 
rechargeable device, and 61.5 percent of those using rechargeable devices 
reported using cartridges. By contrast, fewer than one-third (32.4 per-
cent) of infrequent e-cigarette users reported using a re�llable device 
and 58.6 percent reported using a rechargeable device; among those 
using rechargeable devices, 71.0 percent reported using cartridges. With 
respect to what substance adults are vaping, most adults reported vaping 
e-cigarettes that contain nicotine—91.2 percent of daily users, 88.2 percent 
of non-daily users, and 89.5 percent of both daily and non-daily users 
overall (Coleman et al., 2017). Approximately two-thirds of current users 
also reported using a non-tobacco �avored brand; these �avors include 
menthol, mint, clove, spice, candy, fruit, chocolate, alcohol (e.g., wine or 
cognac), or other sweet �avors (Coleman et al., 2017).

POTENTIAL PUBLIC HEALTH RISKS AND 
BENEFITS OF E-CIGARETTES

Electronic cigarettes contain constituents that are not inert and are 
likely to have some negative health effects on their own. Although toxic 
combustion products associated with cancers are less likely to be present, 
e-cigarettes emit potentially toxic substances including �ne particulate 
matter, metals, and nicotine. These substances are known to cause adverse 
health consequences such as cardiovascular and respiratory illnesses. 
However, understanding the public health consequences of electronic 
cigarettes requires an understanding of the context of tobacco control 
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in the United States. Because e-cigarette use is understood not as a uni-
tary and isolated phenomenon and because the known risks of combus-
tible tobacco are so great, the net public health impact of e-cigarettes 
is expected to result from the effects of e-cigarette use on combustible 
tobacco cigarette smoking. Therefore, understanding the net public health 
effect of e-cigarettes requires understanding not only the inherent risks of 
e-cigarettes, but also the relationship between e-cigarette use and combus-
tible tobacco cigarette use. 

A central issue addressed in this report is the use of e-cigarettes 
as a harm-reduction tool, with a thorough evaluation of the evidence 
base for the hypothesis that electronic cigarettes are substantially less 
harmful and are a less toxic alternative to combustible tobacco cigarettes, 
because combustion, which produces substantial toxic substances, does 
not occur. Thus, among adult populations, to the extent that e-cigarette 
use promotes either reduction or complete abstinence from combustible 
tobacco smoking, e-cigarettes may help to reduce health risks. E-cigarettes 
could similarly reduce risks to youth who take up e-cigarettes instead of 
combustible tobacco cigarettes. This may be especially bene�cial for cer-
tain vulnerable populations, such as pregnant women or smokers with 
physical (e.g., chronic respiratory or cardiovascular illness) or mental 
health comorbidities. Pregnancy is a vulnerable life stage because deleteri-
ous exposures to women during pregnancy may negatively impact child 
development (Bruin et al., 2010). Some evidence suggests that pregnant 
women increasingly switch from smoking combustible tobacco cigarettes 
to e-cigarettes because of their perceived lower harm (Bruin et al., 2010). 
This may bear out, but e-cigarettes also typically contain nicotine, which is 
known to harm child development (Bruin et al., 2010). Thus, the possible 
health effects of maternal e-cigarette exposure on the developing fetus 
remain unclear. Similarly, smokers with illnesses that could be caused or 
worsened by smoking, such as asthma, chronic obstructive pulmonary 
disease, cardiovascular disease, and cancer already experience height-
ened health risks of continued cigarette use. If e-cigarettes are effective 
for reducing or abstaining from combustible tobacco cigarette smoking, 
those with medical comorbidities may experience the greatest bene�ts 
from reducing their overall tobacco-related risks (Kruse et al., 2017). In 
these scenarios, the concern is the health effects of e-cigarettes compared 
with combustible tobacco cigarette use. 

 To the extent that laboratory tests of e-cigarette ingredients, in vitro 
toxicological tests, and short-term human studies suggest that e-cigarettes 
are likely less harmful than combustible tobacco cigarettes, due to lack of 
long-term epidemiological studies and large clinical trials, the implica -
tions for long-term effects on morbidity and mortality are not yet clear and 
the absolute safety of the products cannot be unambiguously assessed at 
this time and  concerns about the uptake of e-cigarettes among youth and 
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young adults remain. Youth are a particularly vulnerable group, as they 
may be more likely to engage in risky behavior and experiment with illicit 
drugs and alcohol, and are differentially affected by nicotine or other toxi -
cants throughout development (IOM, 2015). Thus, e-cigarette use among 
youth and young adults is especially worrying if e-cigarettes cause depen-
dence or the normalization of smoking behavior, and subsequently lead 
youth and young adults to start smoking combustible tobacco cigarettes. 
This is of particular concern for youth who otherwise would never have 
smoked. Furthermore, concerns have been raised that e-cigarettes may 
deter current combustible tobacco cigarette smokers from quitting smok -
ing or cause them to relapse. In these scenarios, the concern is the health 
effect of e-cigarettes (including transition to combustible tobacco cigarette 
use) compared with no use of either product. 

In short, understanding the potential health risks and bene�ts of 
e-cigarettes requires an understanding of the risks of e-cigarettes relative 
to both cigarette smoke as well as never using any tobacco. Future regula-
tory strategies will determine whether the risks associated with electronic 
cigarettes (i.e., their potential to cause harm on their own, or through 
initiation of combustible tobacco cigarette smoking among individuals 
and populations) are suf�ciently balanced with bene�ts (e.g., positive 
harm-reduction potential among individuals and populations). 

REGULATORY BACKGROUND

The Family Smoking Prevention and Tobacco Control Act of 2009 (the 
Tobacco Control Act) granted FDA authority to regulate tobacco products 
manufactured, marketed, and distributed in the United States. While this 
included cigarettes, cigars, loose tobacco, and smokeless tobacco prod-
ucts, it did not include provisions speci�cally for electronic cigarettes. 
Rather, the law stated that any other tobacco products that the Secretary 
of Health and Human Services deems as relevant to the law may be 
included under FDA’s regulatory jurisdiction. Importantly, the Tobacco 
Control Act considers any product a “tobacco product” if it includes 
any constituent “made or derived from tobacco,” but is not otherwise 
regulated as a “drug,” “device,” or “combination product.” 2 To regulate 
electronic cigarettes as tobacco products, FDA was required to undertake 
the rulemaking process. In May 2016, FDA published the �nal “deeming 
rule” (HHS, 2016a). Major provisions of the rule are listed in Box 1-2.

Given the possibility of pending product standards, marketing restric -
tions, and other regulations, the deeming rule has received both praise 

2 Family Smoking Prevention and Tobacco Control Act of 2009, Public Law 111-31 § 906, 
111th Cong. (June 22, 2009).
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and criticism. Some scienti�c researchers believe the deeming rule can set 
in motion more rigorous and thoughtful research practices on e-cigarettes, 
thereby providing a strong evidence base for regulation and eventually 
reducing mortality from combustible tobacco product use (Backinger et 
al., 2016). Yet various stakeholders, including manufacturers, retailers, 
and consumers, are likely to hold different opinions about provisions 
in the deeming rule. For instance, under the deeming rule, anyone who 
“makes, modi�es, mixes, manufactures, fabricates, assembles, processes, 
labels, repacks, relabels, or imports” any electronic cigarette product qual-
i�es as a tobacco product “manufacturer,” and is therefore subject to the 
existing rules governing tobacco products (CTP, 2017c). Manufacturers 
will need to bear the burden of proof for their products to remain on the 
market after August 8, 2022, undergoing the premarket application sub -
mission process to obtain FDA authorization. 

Given the regulatory hurdle, many independent manufacturers may 
not have the capital to remain in the market, whereas larger companies 

BOX 1-2 
Major Provisions of the Food and Drug Administration 

Deeming Tobacco Products to Be Subject to the Federal 
Food, Drug, and Cosmetic Act, as Amended by the 

Family Smoking Prevention and Tobacco Control Act

�%�� �Restricts adulterated and misbranded products
�%�� ��5�H�T�X�L�U�H�V���G�L�V�F�O�R�V�X�U�H���R�I���L�Q�J�U�H�G�L�H�Q�W���O�L�V�W�V���D�Q�G���G�R�F�X�P�H�Q�W�H�G���K�H�D�O�W�K���H�I�I�H�F�W�V
�%�� ��5�H�T�X�L�U�H�V���U�H�J�L�V�W�U�D�W�L�R�Q���R�I���P�D�Q�X�I�D�F�W�X�U�H�U�V
�%�� ��5�H�T�X�L�U�H�V���G�L�V�F�O�R�V�X�U�H���R�I���D���O�L�V�W���R�I���D�O�O���W�R�E�D�F�F�R���S�U�R�G�X�F�W�V�����L�Q�F�O�X�G�L�Q�J���L�Q�I�R�U�P�D�W�L�R�Q��

related to labeling and advertising
�%�� ��5�H�T�X�L�U�H�V���S�U�H�P�D�U�N�H�W���U�H�Y�L�H�Z���R�I���Q�H�Z���W�R�E�D�F�F�R���S�U�R�G�X�F�W�V�����R�U���W�K�R�V�H���Q�R�W���R�Q���W�K�H��

market as of February 15, 2007
�%�� �Restricts products marketed with claims about harm reduction 
�%�� �Prohibits sales to minors
�%�� �Prohibits products without a nicotine warning
�%�� �Prohibits vending machine sales of electronic cigarette products, except in 

facilities that never admit youth
�%�� �Grants the Food and Drug Administration the authority to:
	 o	�  �,�Q�V�W�L�W�X�W�H�� �S�U�R�G�X�F�W�� �V�W�D�Q�G�D�U�G�V���� �L�Q�F�O�X�G�L�Q�J�� �R�Q�� �G�H�Y�L�F�H�� �V�S�H�F�L�À�F�D�W�L�R�Q�V���� �Á�D-

voring, other constituents, package sizes, child-resistant packaging, 
health warnings, and nicotine levels.

	 o	� Restrict marketing and advertising, including the promotion of prod-
ucts on self-service displays and sponsorship of events by electronic 
cigarette manufacturers.
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will more easily overcome these �nancial barriers (Russell, 2016). Simi-
larly, retailers may also feel encumbered by regulation, including restric -
tions on selling from vending machines, providing free samples, or selling 
any e-cigarette products or posting advertisements without visible and 
clear health warnings (CTP, 2017d). These regulatory changes may affect 
consumer behaviors. It has been suggested, for instance, that consumers 
may buy their current product of choice in bulk before it is removed from 
the market. Some may continue to buy products from an unlicensed ven-
dor. Others still may begin mixing their own e-liquids at home, or begin 
smoking combustible tobacco cigarettes (Russell, 2016). Determining how 
manufacturers, retailers, and consumers will react to government policies 
is an important element in designing regulation and in predicting subse -
quent public health impacts. 

The U.S. regulatory approach toward e-cigarettes is grounded in and 
shaped by its past regulation of tobacco, and other countries have fol-
lowed different paths and arrived at very different approaches. Table 
1-2 summarizes key events in the history of e-cigarette regulation in the 
United States. At least 68 different countries currently regulate e-cigarettes 

TABLE 1-2  Summary of the Key Events in the History of 
E-Cigarette Regulation

Year Event

1964 Luther L. Terry, Surgeon General, releases first report of the Surgeon 
General’s Advisory Committee on Smoking and Health. a

1965 Herbert A. Gilbert’s patent request for an early approximation of an 
e-cigarette is approved on August 17.b

1992 Passage of the Synar Amendment to Alcohol, Drug Abuse, and Mental 
Health Administration Reorganization Act on July 10 requires states to 
restrict sale and distribution of tobacco products to minors. c

Prescription nicotine patches are introduced to the U.S. market as 
smoking cessation aids.d

1995 FDA declares cigarettes “drug delivery devices” and proposes marketing 
and sales restrictions to reduce youth initiation. e

2000 On March 21, the Supreme Court affirms the 1998 court case ruling that 
FDA lacks the jurisdiction under the Federal Food, Drug, and Cosmetic 
Act to regulate tobacco. FDA subsequently revokes the final rule issued 
in 1995 as it is invalid.f

2003 Chinese pharmacist Hon Lik develops modern e-cigarette as it is 
currently known. It is entered into the market under the company 
Ruyan.g
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Year Event

2006 On August 22, the first import ruling in the U.S. Customs database 
appears. Electronic cigarettes have been officially introduced to the 
United States.h

2009 In April, FDA denies import of e-cigarettes and accessories, as products 
appear to be unapproved drug-delivery devices. i

In June, President Barack Obama signs the Family Smoking Prevention 
and Tobacco Control Act into law, giving FDA the authority to regulate 
tobacco products to protect public health. CTP is established; FDA 
announces a ban on combustible tobacco cigarettes with fruit, candy, or 
clove flavorings. j

2010 U.S. District Court for the District of Columbia enters judgment in favor 
of Smoking Everywhere and NJOY, ruling that e-cigarettes are not drug-
delivery devices, as the intended use of e-cigarettes is to encourage 
nicotine use, not discourage, prevent, or mitigate.k

2011 On April 25, CTP issues a press release announcing its intention to 
regulate e-cigarettes as tobacco products.l

2016 On May 10, FDA issues final deeming rule: all products that meet 
definition of tobacco product (including e-cigarettes) are subject to CTP 
regulation. m

HHS releases the report E-Cigarette Use Among Youth and Young Adults: A 
Report of the Surgeon General.n

2017 On July 28, FDA announces intentions to regulate nicotine levels in 
tobacco products.o

NOTE: CTP = Center for Tobacco Products; FDA = Food and Drug Administration; HHS = 
Department of Health and Human Services.
SOURCES: 
	 a CDC, 2009.
	 b Gilbert, 1965.
	 c Alcohol, Drug Abuse, and Mental Health Administration Reorganization Act of 1992, 
Public Law 102-321, 102nd Cong. (July 10, 1992).
	 d Pastore et al., 2015.
	 e FDA, 2014.
	 f CDC, 2015.
	 g HHS, 2016b.
	 h CBP, 2006.
	 i Smoking Everywhere, Inc., Sottera, Inc. and d/b/a NJOY v. U.S. Food and Drug Administration 
et al., 680 F. Supp. 2d 62 (D.C. Cir. 2010).
	 j FDA, 2014.
	 k Smoking Everywhere, Inc., Sottera, Inc. and d/b/a NJOY v. U.S. Food and Drug Administration 
et al., 680 F. Supp. 2d 62 (D.C. Cir. 2010).
	 l CTP, 2011.
	 m CTP, 2017a.
	 n HHS, 2016b.
	 o CTP, 2017b.

TABLE 1-2  Continued
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in some fashion (Kennedy et al., 2017). Some policies are more permissive, 
such as in the United Kingdom, while others are more restrictive, such as 
in Australia. Implicit in many of the policies is an underlying assumption 
about the health effects of e-cigarette use, with the more permissive poli-
cies often based on the goal of maximizing the assumed health bene�ts of 
e-cigarette use and the more restrictive policies based on the goal of mini-
mizing their assumed harm. An evaluation of the evidence on the health 
effects of e-cigarettes offers the opportunity to identify which harms and 
bene�ts are scienti�cally proven, which in turn would ultimately be the 
key outcomes to consider in evaluation of different e-cigarette policies 
and their population impact.  

An important provision of the Tobacco Control Act is what is known 
as the public health standard. Unlike FDA regulation of pharmaceuticals 
under the standard of “safe and effective,” FDA regulates tobacco prod -
ucts based on a public health standard that considers the risks and ben-
e�ts of the tobacco product on the population as a whole. 3 Functionally, 
this means that FDA considers the effect of a tobacco product not only on 
those who use the product (e.g., smokers), but also on those who do not 
(e.g., people who have quit smoking combustible tobacco cigarettes but 
might relapse due to the presence on the market of a newly introduced 
product, or people who might begin to use tobacco who would not have 
otherwise). Products introduced onto the market after February 15, 2007 
(such as most e-cigarettes) and products with a modi�ed-risk claim must 
be shown to have a net population health bene�t, for users and non-users 
of the product. 

OUTLINE OF THE REPORT

Chapter 2 outlines the committee’s approach to identifying, review -
ing, and assessing evidence on the effects of e-cigarettes on individual 
and population health. The report is then organized into three sections. 
The same standards of evidence assessment were applied to any outcome 
assessed, in all three sections of the report, so as not to give preference 
to harms or bene�ts. Section I includes three chapters reviewing the 
evidence on e-cigarette devices, constituents, and exposures. Section I 
ends with research recommendations related to those chapters. Section II 
begins with a chapter on modes of action of e-cigarette constituents and 
their relevance to human health. Seven chapters follow describing the 
evidence regarding the effects of e-cigarettes on human health, rang-
ing from dependence to cardiovascular disease to burns from exploding 

3 Family Smoking Prevention and Tobacco Control Act of 2009, Public Law 111-31 § 906, 
111th Cong. (June 22, 2009).
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device batteries. As shown in Appendix B, the committee did not limit 
its literature search to health outcomes that were “negative” or “harm -
ful.” These chapters are not limited to comparisons with the effects of 
combustible tobacco cigarettes, and much of the literature assesses the 
effects of e-cigarette exposure independent of combustible tobacco expo-
sure. Section II concludes with research recommendations. Section III 
addresses the public health implications of e-cigarettes, including chap-
ters reviewing the evidence on the effects of e-cigarettes on youth initia-
tion of combustible tobacco cigarettes, on adult cessation of combustible 
tobacco cigarettes, and on harm reduction, that is, a comparison between 
the effects of e-cigarettes and combustible tobacco cigarettes. A chapter 
using population dynamic modeling presents the results of a range of 
scenarios of the possible effects of e-cigarettes on a population measure of 
mortality (years of life lost) and re�ects the range of conclusions relevant 
to the public health standard FDA is statutorily obligated to use in its 
regulatory decision making about tobacco products. Section III concludes 
with a chapter on research needs. The report ends with a chapter of brief 
concluding observations. 
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Committee Approach

The Statement of Task charges the committee with conducting a 
“comprehensive and systematic assessment and review of the literature” 
on the health effects of electronic cigarettes. The committee’s approach to 
this task was informed by published guidelines for conducting systematic 
reviews, as well as the approaches taken by prior National Academies 
committees (CRD, 2009; Higgins and Green, 2011; IOM, 2011a, pp. 10–24, 
2011b, 2016, pp. 8–10; NASEM, 2017; NRC, 2014; OHAT, 2015; Sena et al., 
2014; Whiting et al., 2016). Notably, the committee’s approach incorpo-
rated major attributes of systematic reviews. The committee systemati-
cally located, screened, and selected studies for review (including use of 
multiple databases to identify studies, prede�ned criteria to select studies 
for inclusion and exclusion, and systematically collecting data); evaluated 
individual studies for strengths and limitations; and synthesized �ndings 
into an assessment of the overall body of literature. The committee aims 
to be transparent about its process and thus describes its methods in this 
chapter and Appendix B with an eye to this goal.

The committee did not treat all bodies of evidence equally, and priori -
tized human studies (including studies on health effects as well as effects 
on combustible tobacco cigarette smoking initiation and cessation), which 
most relevantly bear on the committee’s charge for its most structured 
assessments. The chapter begins with brief overviews of the committee’s 
methods for identifying, reviewing, and assessing literature (more discus -
sion of these methods is found in Appendix B). The chapter next describes 
the committee’s approach to assessing causality and integrating data from 
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human, animal, and in vitro studies. The chapter closes by presenting 
the standardized language the committee used to describe the weight of 
evidence assigned to its conclusions.

LITERATURE SEARCH

Working with a professional research librarian, the committee con -
ducted a series of searches in six databases—PubMed, Scopus, World of 
Science, PsycINFO (ProQuest), MEDLINE (Ovid), and Embase (Ovid)—
between February 1, 2017, and August 31, 2017,1 to identify all literature 
on e-cigarettes. In all databases, the committee used the following key 
terms: e-cigarette, e-cigarettes, electronic cigarette, electronic cigarettes, 
electronic nicotine delivery, electronic nicotine device, vape, vaping, and 
e-liquid. 2 Searches in PubMed and MEDLINE also used the Medical Sub-
ject Headings (MeSH) term “electronic cigarettes.” Special searches fur-
ther restricting the results from the original searches were conducted to 
more precisely identify literature on e-cigarettes and dependence out-
comes as well as combustible tobacco smoking initiation and cessation 
outcomes. The committee’s literature search strategy is described compre-
hensively in Appendix B. After identifying literature, titles and abstracts 
of the search results were reviewed to identify studies for inclusion in 
the review. Inclusion criteria are listed in Appendix B. Studies that met 
the inclusion criteria were sorted by population (human, in vivo, animal, 
and in vitro) and outcomes for committee review and quality assessment.

LITERATURE REVIEW AND QUALITY ASSESSMENT

Health Effects Literature

For the assessment of studies on disease endpoints, in general, one 
committee member conducted an initial review of all literature identi -
�ed pertaining to a set of outcomes. In its assessment of study strengths 
and limitations, the committee considered study design, elements of the 
design (e.g., sample size, setting, study population, exposure variables 
and methods of assessment, relevant controls or comparison groups, sta-
tistical methods, outcome measures assessed), other potential sources of 

1 Due to e-pub ahead of print and online �rst articles, 2018 citations were captured. 
In addition, a few 2016 and 2017 studies may not have been captured due to lags and 
discrepancies in database indexing. 

2 The committee excluded the term “e-liquid” from searches in Scopus and Web of 
Science, which are multidisciplinary databases, where the term produced results related to 
geothermal energy.
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con�ict of interest or bias, 3 and study results. After the initial review, a 
full committee discussion evaluated the �rst assessment, with particular 
attention to the strengths and weaknesses of individual studies. More 
information on the committee’s qualitative assessment procedures can 
be found in Appendix B; special considerations for speci�c disease out -
comes are discussed in Section II in the chapters on the relevant disease 
outcomes.

The committee used a modi�ed approach to assess evidence from 
case studies, which are typically considered a weaker form of evidence. 
The committee looked for data on the patient (and patient characteristics 
where available), the exposure (including dose and other characteristics), 
and the conditions of the injury, accident, or other adverse outcome. 

The committee also used a modi�ed approach to assess in vivo animal 
and in vitro studies. The committee considered research design, conduct, 
analysis, and other sources of bias when assessing study strengths and 
weaknesses as it did for human studies. 

Smoking Transitions Literature

The largest body of evidence was available on questions of e-cigarette 
use in relation to combustible tobacco cigarette smoking transitions (ini -
tiation and cessation). Not only are epidemiological studies available, but 
high-quality systematic reviews and meta-analyses also exist. Rather than 
replicating the efforts of these existing reviews, the committee began by 
assessing the quality of the existing reviews and then examined additional 
literature not included in the reviews. This supplemental literature was 
published after the search dates of the reviews or the committee judged 
that they contributed in some other way to the committee’s ability to 
draw causal inferences about the relationship between e-cigarette use 
and subsequent smoking behavior. The committee’s approach to causality 
is detailed in the next section. Methods to assess reviews were adapted 
from published guidelines and prior National Academies committees 
(NASEM, 2017; Whiting et al., 2016). Assessment of primary literature 
followed methods described above for assessment of literature on the 

3 The committee recognizes a range of non-scienti�c in�uences on research, including 
but not limited to the research sponsorship and source of employment. The committee also 
acknowledges particular concerns in literature on the health effects of tobacco products 
due to the tobacco industry’s past involvement in manipulating evidence to support their 
interests. For completeness, the committee documented the source of research sponsorship 
(including the provision of e-cigarette products for use in trials), noting whether each study 
was funded by industry, a federal research agency, or other (e.g., university or foundation), 
or was not stated, as well as other industry participation in a table available as an online 
supplement at https://www.nap.edu/catalog/24952.
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effects of e-cigarettes on health outcomes. Additional details and special 
considerations regarding the committee’s approach to assessing causality 
for these combustible tobacco cigarette smoking outcomes are provided 
in Chapters 16 and 17.

The committee did not systematically or comprehensively review 
the health effects of known constituents and contaminants of e-cigarette 
devices or their re�ll solutions (e.g., nicotine, humectants, and certain 
metals). Because many of these constituents have been widely studied 
in other settings, the committee draws on existing bodies of evidence to 
describe the known health risks of these constituent parts. 

APPROACH TO ASSESSING CAUSALITY

The committee faced some unique issues given the very recent intro-
duction of e-cigarettes and limited empirical evidence for assessing their 
health effects. While there is a general consensus that high-quality epi-
demiological studies backed by solid toxicology and other mechanistic 
biological evidence provide the strongest basis for making �rm inferences 
regarding causality, that simply does not exist for these devices. With only 
a few exceptions, the epidemiological literature is quite limited, and even 
where it is strongest (assessing short-term cardiovascular and respira-
tory effects), it does not address the etiology of chronic diseases. In other 
cases, such as cancer and reproductive health, there is simply no credible 
epidemiological research to consider. 

Given this challenge, the committee drew upon indirect evidence 
based on knowledge of the health effects of some of the constituents of 
e-cigarette products, notably nicotine and humectants. While the nature 
of the devices makes the inferences based on analogy speculative, it does 
provide one line of evidence relevant to assessment of health effects 
of e-cigarettes. Another important source of evidence is from toxicol -
ogy and other evidence with implications for biological mechanisms of 
e-cigarettes. The certainty, magnitude, and health relevance of these path-
ways bear on the value of such information for making causal inferences. 
For example, in vivo animal evidence may be more pertinent to inferences 
regarding human health effects than in vitro �ndings. Nevertheless, this 
toxicological and mechanistic literature provides evidence supporting the 
plausibility of various mechanisms by which e-cigarette exposure could 
in�uence health.

Tying these diverse threads of indirectly relevant evidence together 
to draw a summary conclusion is necessarily somewhat subjective, bring-
ing together the knowledge and judgment of the committee as a whole 
to reach a consensus. To provide comparable inferences across the full 
array of health concerns, the committee modi�ed approaches used in 
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other National Academies reports and published guidelines on evidence 
synthesis (e.g., IOM, 2011a; NRC, 2007, 2014) to reach conclusions based 
on human evidence, animal evidence, and their integration. 

Conceptual Framework

The committee developed a conceptual framework illustrating poten -
tial causal pathways by which e-cigarettes could affect health to help 
integrate and present evidence on known and likely e-cigarette exposures, 
potential mechanisms, intermediate outcomes, and disease endpoints. 
Figure 2-1 presents a simpli�ed schematic of a generic plausible path-
way between e-cigarettes and a health outcome. The committee presents 
modi�ed frameworks applied to speci�c exposures, mechanisms, and 

FIGURE 2-1  General and simpli�ed conceptual framework of potential causal 
pathways by which e-cigarettes could affect health.
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outcomes that represent plausible disease pathways for speci�c disease 
outcomes in Section II. 

In Figure 2-1, the e-cigarette products used are shown at the top of 
the causal chain (Box A). Although e-cigarette devices and their compo-
nents are not exposures per se, characteristics of e-cigarette products (e.g., 
nicotine concentration, power, etc.) in�uence the quantity and level of 
potential toxic substances emitted from the device. This emission, moder-
ated by how the device is used (Box B), in turn in�uences users’ exposure 
to potentially toxic substances in e-cigarette aerosols (i.e., what is inhaled, 
Box C). These exposures in�uence intermediate health outcomes (Box D) 
proximally before affecting disease endpoints more distally (Box E). Inter -
mediate outcomes include biomarkers of exposure, mechanisms, and 
biomarkers or risk factors of disease; they also capture short-term effects 
of e-cigarettes on organ systems, such as short-term increases in blood 
pressure. Distal disease consequences relevant to e-cigarette exposure 
examined in this report include cardiovascular, respiratory, oral, cancer, 
developmental and reproductive, and dependence outcomes.

Because the committee is primarily concerned about distal health out-
comes, evidence on the effects of e-cigarette exposure on these outcomes 
is most relevant for the committee’s assessment of the health effects of 
e-cigarettes. In the absence of high-quality epidemiological evidence on 
these outcomes, the committee drew upon data further up the causal 
chain as additional evidence supportive of hypothesized disease path-
ways. Thus, to assess a given health risk, after examining evidence on 
long-term health outcomes, the committee looked to literature on inter -
mediate or short-term outcomes, mechanisms, modes of action, and expo-
sures from which it could draw inferences about potential health risk. 

The committee considered data from humans to be most relevant for 
assessing human health risks of e-cigarettes, whereas additional animal 
data provide supporting evidence. For example, evidence of short-term 
effects of e-cigarette aerosol exposure from animal studies was considered 
weaker evidence compared with evidence of similar effects in humans. 
Although useful for hypothesis generation and critical for understanding 
mechanisms of health outcomes, because of important differences such as 
those pertaining to dose, duration of exposure, and changes in particles 
and constituents with aging, the relevance of in vitro data for establishing 
human health risk is uncertain. 

Evidence Synthesis

The committee’s assessment of data aimed to establish causation 
between e-cigarettes and a given health endpoint, not merely a statisti-
cal association. In the absence of high-quality epidemiological studies, 
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the committee took into account several considerations to draw causal 
inferences from the evidence available. These considerations draw from 
criteria typically used to interpret and establish causation based on epi -
demiological data, and which are adapted from the approach taken in the 
2014 Surgeon General’s report on smoking and health (HHS, 2014; Hill, 
1965). First, the committee sought to identify the strength of an association 
between e-cigarettes and any given outcome. The committee began by 
identifying a statistical association or a point estimate of an effect. Rel-
evant studies to determine such an association include experimental and 
observational studies examining an e-cigarette exposure and a health out-
come. In general, randomized controlled trials (RCTs) provide the stron -
gest evidence, but in some cases are infeasible for ethical reasons—for 
example, assessing risks of e-cigarette use among never smokers. Where 
randomized studies were not possible, prospective longitudinal studies 
provided the next strongest evidence. Well-documented case reports and 
case series provide evidence for the committee’s conclusion on injuries 
and poisonings. After establishing an association, the committee then 
considered the magnitude (strength)  of the association, whereby effects 
of greater magnitude were considered stronger evidence than evidence 
of smaller effects. Relatedly, the committee looked for evidence of a dose–
response relationship, meaning that increases in health risk correspond 
with increases in exposure. Across multiple studies, the committee con-
sidered the consistency of an observed association—for example, the rep-
lication of �ndings across multiple studies, especially those with different 
designs or populations, or those conducted by different investigators. Evi -
dence from multiple epidemiological studies would provide the strongest 
evidence of a consistent effect. 

The committee took into account several considerations of particular 
importance to assessing observational studies, including temporality and 
speci�city. Establishing a temporal relationship, or that e-cigarette exposure 
occurred before the outcome was particularly relevant for effects on com-
bustible tobacco cigarette smoking initiation, where reverse causation is 
plausible; temporality is less relevant for health effects because the likeli-
hood that a disease endpoint or even an intermediate outcome would 
cause an individual to use cigarettes is unlikely. Establishing temporal -
ity is especially important in assessing observational data; longitudinal 
studies with multiple follow-up periods provide the strongest evidence 
of temporal precedence, whereas cross-sectional studies are considered 
weaker because they cannot exclude the possibility of reverse causation. 
Speci�city of observed relationships describes whether the association 
was unique to e-cigarette exposure. For observational studies, statisti-
cally controlling for potential confounders could increase con�dence in a 



Public Health Consequences of E-Cigarettes

Copyright National Academy of Sciences. All rights reserved.

50	 PUBLIC HEALTH CONSEQUENCES OF E-CIGARETTES

speci�c effect. For RCTs, because both known and unknown confounders 
are randomized, they would affect all trial arms equally. 

Finally, the committee looked for coherence across the body of evi-
dence. For example, the committee draws analogies from exposure to 
e-liquid constituents as well as other tobacco products. The committee 
also uses animal and in vitro data as well as evidence on intermediate 
outcomes to establish the biological plausibility of a hypothesized disease 
pathway. Evidence of effects from animal and in vitro populations that 
were similar to and in the same direction as observed effects in human 
populations would be coherent with human studies. Therefore, if such 
research provided evidence of potential mechanisms or otherwise sup-
porting biological plausibility, the committee considered it to bolster in 
vivo animal or epidemiological studies. However, animal or in vitro evi -

BOX 2-1 
Levels of Evidence Framework for Conclusions

Conclusive evidence: �7�K�H�U�H���D�U�H���P�D�Q�\���V�X�S�S�R�U�W�L�Y�H���À�Q�G�L�Q�J�V���I�U�R�P���J�R�R�G���T�X�D�O�L�W�\���F�R�Q-
trolled studies (including randomized and non-randomized controlled trials) with 
�Q�R���F�U�H�G�L�E�O�H���R�S�S�R�V�L�Q�J���À�Q�G�L�Q�J�V�����$���À�U�P���F�R�Q�F�O�X�V�L�R�Q���F�D�Q���E�H���P�D�G�H�����D�Q�G���W�K�H���O�L�P�L�W�D�W�L�R�Q�V��
to the evidence, including chance, bias, and confounding factors, can be ruled out 
�Z�L�W�K���U�H�D�V�R�Q�D�E�O�H���F�R�Q�À�G�H�Q�F�H����

Substantial evidence: �� �7�K�H�U�H�� �D�U�H�� �V�H�Y�H�U�D�O�� �V�X�S�S�R�U�W�L�Y�H�� �À�Q�G�L�Q�J�V�� �I�U�R�P�� �J�R�R�G���T�X�D�O�L�W�\��
�R�E�V�H�U�Y�D�W�L�R�Q�D�O���V�W�X�G�L�H�V���R�U���F�R�Q�W�U�R�O�O�H�G���W�U�L�D�O�V���Z�L�W�K���I�H�Z���R�U���Q�R���F�U�H�G�L�E�O�H���R�S�S�R�V�L�Q�J���À�Q�G�L�Q�J�V����
�$���À�U�P���F�R�Q�F�O�X�V�L�R�Q���F�D�Q���E�H���P�D�G�H�����E�X�W���P�L�Q�R�U���O�L�P�L�W�D�W�L�R�Q�V�����L�Q�F�O�X�G�L�Q�J���F�K�D�Q�F�H�����E�L�D�V�����D�Q�G��
�F�R�Q�I�R�X�Q�G�L�Q�J���I�D�F�W�R�U�V�����F�D�Q�Q�R�W���E�H���U�X�O�H�G���R�X�W���Z�L�W�K���U�H�D�V�R�Q�D�E�O�H���F�R�Q�À�G�H�Q�F�H��

Moderate evidence: �7�K�H�U�H���D�U�H���V�H�Y�H�U�D�O���V�X�S�S�R�U�W�L�Y�H���À�Q�G�L�Q�J�V���I�U�R�P���I�D�L�U���T�X�D�O�L�W�\���V�W�X�G-
�L�H�V���Z�L�W�K���I�H�Z���R�U���Q�R���F�U�H�G�L�E�O�H���R�S�S�R�V�L�Q�J���À�Q�G�L�Q�J�V�����$���J�H�Q�H�U�D�O���F�R�Q�F�O�X�V�L�R�Q���F�D�Q���E�H���P�D�G�H����
but limitations, including chance, bias, and confounding factors, cannot be ruled 
�R�X�W���Z�L�W�K���U�H�D�V�R�Q�D�E�O�H���F�R�Q�À�G�H�Q�F�H��

Limited evidence: �7�K�H�U�H���D�U�H���V�X�S�S�R�U�W�L�Y�H���À�Q�G�L�Q�J�V���I�U�R�P���I�D�L�U���T�X�D�O�L�W�\���V�W�X�G�L�H�V���R�U���P�L�[�H�G��
�À�Q�G�L�Q�J�V���Z�L�W�K���P�R�V�W���I�D�Y�R�U�L�Q�J���R�Q�H���F�R�Q�F�O�X�V�L�R�Q�����$���F�R�Q�F�O�X�V�L�R�Q���F�D�Q���E�H���P�D�G�H�����E�X�W���W�K�H�U�H���L�V��
�V�L�J�Q�L�À�F�D�Q�W���X�Q�F�H�U�W�D�L�Q�W�\���G�X�H���W�R���F�K�D�Q�F�H�����E�L�D�V�����D�Q�G���F�R�Q�I�R�X�Q�G�L�Q�J���I�D�F�W�R�U�V��

�,�Q�V�X�I�À�F�L�H�Q�W���H�Y�L�G�H�Q�F�H�����7�K�H�U�H���D�U�H���P�L�[�H�G���À�Q�G�L�Q�J�V���R�U���D���V�L�Q�J�O�H���S�R�R�U���V�W�X�G�\�����1�R���F�R�Q-
clusion can be made because of substantial uncertainty due to chance, bias, and 
confounding factors.

No available evidence:  There are no available studies; health endpoint has not 
been studied at all. No conclusion can be made.
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dence was not necessary to draw causal conclusions. Additionally, the 
committee did not consider null, mixed, or negative in vitro �ndings to 
downgrade �ndings from robust, high-quality animal or human studies.

Additional considerations regarding these factors speci�c to organ 
systems or smoking transitions are discussed in the relevant chapters of 
Sections II and III.

CONCLUSIONS

Informed by reports of previous Institute of Medicine and National 
Academies committees (IOM, 2011a, 2016; NASEM, 2017), the committee 
developed standardized language to categorize the weight of evidence as 
described in the committee’s conclusions. Box 2-1 presents the conclusion 
categories and describes the types of evidence that correspond to each 
conclusion category. Stronger evidence implies that observed associations 
between e-cigarette use and a given outcome are more likely to be causal, 
whereas weaker evidence is less supportive of causality. Of note, conclu-
sions of moderate, substantial, conclusive, or limited evidence describe a 
direction of effect (i.e., increased risk of a health outcome), whereas con-
clusions of no available or insuf�cient evidence do not imply a direction. 
The level of evidence does not indicate the size, magnitude, or importance 
of the effect. The committee notes that the framework is a guide, but that 
a great deal of expert judgment—in the evaluation of individual studies 
and in bodies of evidence—is always involved.
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Section I

E-Cigarette Devices, Constituents, and Exposures

E-cigarette aerosol contains fewer numbers and lower levels of toxi-
cants than smoke from combustible tobacco cigarettes. Nicotine exposure 
can mimic that found with use of combustible tobacco cigarettes, but is 
highly variable. However, exposure to nicotine and toxicants from the 
aerosolization of �avorings and humectants is dependent on user and 
device characteristics.

3	 E-CIGARETTE DEVICES, USES, AND EXPOSURES 	 55
	
4	 NICOTINE 	 89
	
5	 TOXICOLOGY OF E-CIGARETTE CONSTITUENTS 	 155
	
6	� RESEARCH NEEDS: E-CIGARETTE DEVICES, 
	 CONSTITUENTS, AND EXPOSURES 	 217 

53



Public Health Consequences of E-Cigarettes

Copyright National Academy of Sciences. All rights reserved.



Public Health Consequences of E-Cigarettes

Copyright National Academy of Sciences. All rights reserved.

3

E-Cigarette Devices, Uses, and Exposures

CHARACTERISTICS OF E-CIGARETTE DEVICES

Electronic cigarettes are a diverse group of products that produce a 
heated aerosol, typically containing nicotine, which users inhale via a 
mouthpiece. E-cigarettes range widely in design, appearance, and com-
plexity, but generally contain similar components and operate in a similar 
manner (Brown and Cheng, 2014). Common components of e-cigarettes 
include a battery, heating coil, atomizer that transforms the e-liquid to 
an aerosol, cartridge that contains the e-liquid, and mouthpiece. Each 
component has the potential to affect health outcomes independently. 
They may also interact to create an in�uence different from the sum of 
their individual parts, posing a challenge for research in this �eld. The 
basic operation of e-cigarettes generally follows several steps and includes 
drawing on the e-cigarette, activation of a heating element, which aerosol-
izes the contained liquid, and inhalation of the liquid aerosol. 

Currently, a diverse and non-standardized terminology is used to 
refer to e-cigarette devices, their components, and their use. Terms used 
differ in non-systematic ways, often simply due to user preference. This 
non-standard nomenclature presents a key challenge for e-cigarette prod-
uct surveillance and examining patterns of use (Alexander et al., 2016). 
Appendix C lists some commonly used terms related to e-cigarette devices 
and their use, along with their de�nitions. 

The e-liquids typically contain nicotine, �avorings, and a humec -
tant. The health effects of nicotine are well documented, although much 
remains unknown about the speci�c health effects of nicotine when deliv -
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ered as an aerosol as compared with a constituent in combusted smoke. 
Many of the �avoring constituents have been thoroughly evaluated for 
safety when included in food, but their effects when they enter the blood -
stream through the lungs are less well known. Similarly, much remains 
unknown about the effects of inhaling aerosolized humectants such as 
propylene glycol (PG) and glycerol. Chapter 5 presents a comprehensive 
discussion on the toxicology of e-liquid constituents and other contami -
nants found in e-cigarette aerosols.

The battery design and type may put the device at risk for a �re 
or in rare cases for an explosion, and in combination with the heating 
coils, the battery also in�uences the aerosol properties (discussed in more 
detail in the following paragraph). The majority of e-cigarette devices 
are powered by a rechargeable battery (a manufacturer-supplied unit), a 
non-rechargeable battery, or a user-replaceable battery (rechargeable or 
non-rechargeable). Portable chargeable carrying cases are available for 
remote e-cigarette charging for some brands. Nickel-cadmium (NiCad), 
nickel metal-hydride (NiMh), lithium ion (Li-ion), alkaline and lithium 
polymer (Li-poly), and lithium manganese (LiMn) batteries may be used 
to power e-cigarettes (Brown and Cheng, 2014). Many e-cigarettes use 
lithium batteries because they can store a large amount of energy in a 
compact space. However, the inherent characteristics of lithium batteries 
can pose a risk of �re and explosion. Poor design, use of low-quality mate -
rials, manufacturing �aws and defects, and improper use and handling 
can all contribute to a condition known as “thermal runaway,” whereby 
the internal battery temperature can increase to the point of causing a bat-
tery �re or even an explosion. The use of overcharging protection circuits, 
thermal power cutoffs, and internal overpressure relief mechanisms can 
help prevent and mitigate thermal runaway. 

The heating coils and atomizer in�uence the aerosol properties, and 
therefore potential health effects. When aerosolization settings are not 
optimal (e.g., when the heating power is too high), it creates a negative 
sensation called a “dry hit” in users. This unpleasant sensation may be 
related to the formation of thermal decomposition by-products of PG and 
glycerol, including toxic carbonyl compounds (Farsalinos et al., 2015b; 
Geiss et al., 2016). Of note, nicotine undergoes pyrolytic degradation at 
temperatures above 600ºC (Schmeltz et al., 1979), which no studies on 
e-cigarettes have reported reaching, so the potential pyrolytic degrada-
tion of nicotine is very unlikely in e-cigarettes.  The amount of power 
applied to the atomizer also affects the mass of aerosol produced from 
the e-cigarette device, with more power typically creating denser aerosol 
per puff (Gillman et al., 2016). 

The characteristics of the heating coils and atomizer can be custom-
ized by users. They may add more coils and/or lower the standard resis -
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tance of the heating coils to generate more heat and create denser aerosols. 
In some devices it is possible for e-liquids to come into direct contact with 
the heating coils in a process known as “dripping,” which may introduce 
metals and other constituents into the aerosol that users inhale.

Classi�cation of E-Cigarettes

For the purpose of this report, e-cigarette devices are classi�ed as �rst, 
second, and third generation based on their product characteristics and 
operational features. Figure 3-1 shows typical �rst-, second-, and third- 
generation e-cigarette devices. 

First-generation devices refer to e-cigarettes devices designed to 
mimic the smoking experience as close as possible. These products 
served as stand-ins for cigarettes among users who wished to quit smok-
ing or sought out an alternative product to a cigarette. First-generation 
e-cigarettes are often designed to look like a combustible tobacco cigarette, 
but some are designed to simulate a cigar or pipe. They are also called 
cigalikes (cig-a-likes) or “vape sticks.” Other cigalikes are slightly longer 
or narrower than a combustible tobacco cigarette (so called “pen style”). 

Second-generation e-cigarettes are characterized by a clearomizer—a 
transparent cartridge that holds e-liquid and an atomizer—and a thin 
battery. Second-generation devices include products that are shaped like 
pens, are comparatively larger and cylindrical, and are often referred to as 
“tank systems” in reference to the transparent reservoir that holds larger 
amounts of e-liquid than previous cartridge-containing models.

FIGURE 3-1  First-, second-, and third-generation e-cigarette devices.
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Third-generation devices represent a diverse set of products and rep-
resent the greatest departure from combustible tobacco cigarettes. Often 
these devices are advertised as “vaping” products and the associated 
marketing makes no reference to cigarettes (Zhu et al., 2014). Aesthetically 
they bear little resemblance to cigarettes, as many are square or rectangu-
lar and feature customizable and rebuildable atomizers and batteries. In 
addition, since the beginning of the availability of e-cigarettes and their 
component parts, users have been modifying the devices or building 
their own devices, which are often referred to as “mods.” The differences 
in design and engineering of the products are key factors in the size, 
distribution, and amount of aerosol particles. The variability in levels of 
chemicals and nicotine present in the e-liquid/aerosol determines the 
composition of the aerosol delivered to the user (Brown and Cheng, 2014).

E-CIGARETTE USE

The basic operation of e-cigarettes generally follows several steps. 
First, the user draws upon the e-cigarette. Then, a user either manually 
presses a switch button to activate a heating element, or draws upon the 
e-cigarette and an air�ow sensor automatically activates it. In automati -
cally activated devices, the air�ow sensor detects pressure changes and 
prompts the �ow of power to a heating element and (optionally) an 
LED. The e-liquid contained in the device saturates a wick via capillary 
action, which the heating element then aerosolizes. This process is com-
monly called “vaporization.” Aerosolized droplets of liquid subsequently 
�ow into the user’s mouth and are inhaled into the lungs. Although 
e-cigarette use is commonly referred to as vaping, technically the device 
emits and the user inhales an aerosol, composed of a suspension of a 
mixture of gases, vapors, and aqueous particles, and not a vapor, which 
is a substance in gas phase. The exposure of a user to potentially hazard-
ous chemicals depends on how the user inhales the aerosol, the physical 
characteristics of that aerosol, where the aerosol ends up in the respiratory 
tract, and the concentration of toxicants in the aerosol at different loca-
tions in the respiratory tract. The following sections review information 
about how to assess those exposures and illustrative results from the lit-
erature. The pharmacology and toxicology of those exposures is discussed 
in Chapters 4 and 5. 

Puff Topography

For combustible tobacco cigarettes, smoking is understood to be a 
complex process that allows smokers to titrate their desired dose of nico-
tine and nicotine brain level on a puff-by-puff basis. The intake of nicotine 
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during smoking depends on what are referred to as topography variables, 
such as puff volume, the depth of inhalation, the rate of puf�ng, and the 
intensity of puf�ng, as well as the extent of smoke dilution with room air 
(Hukkanen et al., 2005). Puf�ng patterns in�uence nicotine intake and 
exposure to hazardous substances in tobacco smoke. Similarly, puf�ng 
behavior or topography may also be an important determinant of nicotine 
intake and exposure to potentially toxic substances in e-cigarette aerosol, 
with implications for disease risks. (An examination of the relationship 
between puff topography and nicotine exposure in e-cigarette users is 
presented in Chapter 4.). Furthermore, understanding user puff topogra -
phy is also useful to inform animal, in vitro, and machine-based studies 
of e-cigarette aerosol exposures that are relevant to human exposures. 

Fourteen studies were identi�ed that described e-cigarette puf�ng 
topography. A summary of the studies is presented in Table 3-1, including 
the e-cigarette(s) used, nicotine concentration of the e-liquids consumed, 
study population (whether experienced e-cigarette users or e-cigarette–
naïve smokers), the study conditions and vaping protocol, and averages 
of vaping topography variables. 

The methods or instruments used to measure e-cigarette puf�ng 
topography varied across studies. Four of the studies used a modi-
�ed Clinical Research Support System (CReSS Pocket, Borgwaldt Ltd., 
Germany) (Behar et al., 2015; Goniewicz et al., 2013; Lee et al., 2015; 
Norton et al., 2014). Three studies from one research group used a device 
developed and manufactured by collaborators at the American University 
of Beirut (Lopez et al., 2016; Spindle et al., 2015, 2017). Two other studies, 
led by the same author, used a wireless personal use monitor (wPUM) 
designed by researchers at Rochester Institute of Technology (Robinson 
et al., 2015, 2016). Other studies used video recordings (St.Helen et al., 
2016a), an e-cigarette that tracks puff number and puff duration (eVic) 
(Dawkins et al., 2016; Farsalinos et al., 2015a), or a modi�ed SA7 (British 
American Tobacco [Investments]) (Cunningham et al., 2016). Differences 
in instruments/methods of measurement likely introduce variability 
among study �ndings. 

One question of interest is whether e-cigarette puf�ng topography 
is comparable to that of combustible tobacco cigarette use. Three studies 
examined this question. Norton and colleagues (2014) conducted a pilot 
study to examine initial reactions to e-cigarette use and puf�ng behaviors 
among combustible tobacco cigarette smokers. Puf�ng topography was 
measured on day 1 while participants smoked a combustible tobacco 
cigarette and about 24 hours later during ad libitum (ad lib) use of a �rst- 
generation e-cigarette. Participants had been asked to use the e-cigarette 
exclusively over the previous 24 hours. The study found that e-cigarette–
naïve smokers (n = 18) took more puffs when smoking a combustible 
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TABLE 3-1  Summary of E-Cigarette Puffing Topography Studies

Reference
Study  
Product

Nicotine 
Content Sample Size

Study 
Conditions Method

Puff Count
Mean 
(SD or SE)

Puff Duration 
Mean 
(SD or SE), 
seconds

Interpuff 
Interval
Mean  
(SD or SE), 
seconds

Flow Rate 
Mean  
(SD or SE),  
ml/second

Puff Volume 
Mean  
(SD or SE), ml

Norton et 
al., 2014

Smoke 51 
TRIO (1st 
generation)

11 mg/ml 18 Lab; ad 
libitum  
(ad lib) 

CReSS 8.7 (SE = 1.6) 3.0 (SE = 0.8) 29.6 (SE = 11.7) 52.0 (SE = 4.7) 118.2 (SE = 13.3)

Usual 
combustible 
tobacco 
cigarette

n/a Lab; 1 
cigarette

13.2 (SE = 1.1) 3.0 (SE = 1.0) 21.3 (SE = 6.2) 36.1 (SE = 1.8) 67.5 (SE = 6.3)

Farsalinos et 
al., 2015a

eVic by 
Joyetech 
(2nd 
generation)

18 mg/ml E-cigarette–
naïve, 
combustible 
tobacco 
smokers: 23

Experienced 
e-cigarette 
users: 24 

Lab; 10 puffs 
in 5 minutes 
followed by 
ad lib use in 
60 minutes

eVic n/a E-cigarette–
naïve, 
combustible 
tobacco 
smokers: 2.3 
(SE = 0.2)

Experienced 
e-cigarette 
users: 3.5  
(SE = 0.2)

n/a n/a n/a

Lee et al., 
2015

M201 (1st 
generation)

18 mg (11.0 
± 1.5 mg 
measured)

20 Lab; 
baseline,  
ad lib 

CReSS 19.3 (SE = 2.5) 2.2 (SE = 0.1) 19.2 (SE = 2.7) 30.6 (SE= 2.3) 64.0 (SE = 4.8)

Lab; week 2, 
ad lib 

21.3 (SE = 2.4) 2.9 (SE = 0.2) 22.1 (SE = 4.9) 24.8 (SE = 1.9) 63.3 (SE = 5.2)

Lopez et al., 
2016

eGO 3.3-
V battery 
with 1.5- �1 
Smoktech 
cartomizer

0 mg/ml 16 Lab; two 
10-puff 
standardized 
sessions, 
30-second 
interval, 
sessions 
were 1 hour 
apart

in-house 
device

n/a 3.00 (SD = 1.38) n/a 30.0 (SD = 25.7) 83.2 (SD = 62.6)

8 mg/ml n/a 2.80 (SD = 1.41) n/a 30.9 (SD = 20.1) 80.3 (SD = 53.8)

18 mg/ml n/a 2.85 (SD = 1.49) n/a 27.1 (SD = 13.1) 70.2 (SD = 28.8)

36 mg/ml n/a 2.27 (SD = 0.99) n/a 31.8 (SD = 33.1) 66.7 (SD = 55.9)
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TABLE 3-1  Summary of E-Cigarette Puffing Topography Studies

Reference
Study  
Product

Nicotine 
Content Sample Size

Study 
Conditions Method

Puff Count
Mean 
(SD or SE)

Puff Duration 
Mean 
(SD or SE), 
seconds

Interpuff 
Interval
Mean  
(SD or SE), 
seconds

Flow Rate 
Mean  
(SD or SE),  
ml/second

Puff Volume 
Mean  
(SD or SE), ml

Norton et 
al., 2014

Smoke 51 
TRIO (1st 
generation)

11 mg/ml 18 Lab; ad 
libitum  
(ad lib) 

CReSS 8.7 (SE = 1.6) 3.0 (SE = 0.8) 29.6 (SE = 11.7) 52.0 (SE = 4.7) 118.2 (SE = 13.3)

Usual 
combustible 
tobacco 
cigarette

n/a Lab; 1 
cigarette

13.2 (SE = 1.1) 3.0 (SE = 1.0) 21.3 (SE = 6.2) 36.1 (SE = 1.8) 67.5 (SE = 6.3)

Farsalinos et 
al., 2015a

eVic by 
Joyetech 
(2nd 
generation)

18 mg/ml E-cigarette–
naïve, 
combustible 
tobacco 
smokers: 23

Experienced 
e-cigarette 
users: 24 

Lab; 10 puffs 
in 5 minutes 
followed by 
ad lib use in 
60 minutes

eVic n/a E-cigarette–
naïve, 
combustible 
tobacco 
smokers: 2.3 
(SE = 0.2)

Experienced 
e-cigarette 
users: 3.5  
(SE = 0.2)

n/a n/a n/a

Lee et al., 
2015

M201 (1st 
generation)

18 mg (11.0 
± 1.5 mg 
measured)

20 Lab; 
baseline,  
ad lib 

CReSS 19.3 (SE = 2.5) 2.2 (SE = 0.1) 19.2 (SE = 2.7) 30.6 (SE= 2.3) 64.0 (SE = 4.8)

Lab; week 2, 
ad lib 

21.3 (SE = 2.4) 2.9 (SE = 0.2) 22.1 (SE = 4.9) 24.8 (SE = 1.9) 63.3 (SE = 5.2)

Lopez et al., 
2016

eGO 3.3-
V battery 
with 1.5- �1 
Smoktech 
cartomizer

0 mg/ml 16 Lab; two 
10-puff 
standardized 
sessions, 
30-second 
interval, 
sessions 
were 1 hour 
apart

in-house 
device

n/a 3.00 (SD = 1.38) n/a 30.0 (SD = 25.7) 83.2 (SD = 62.6)

8 mg/ml n/a 2.80 (SD = 1.41) n/a 30.9 (SD = 20.1) 80.3 (SD = 53.8)

18 mg/ml n/a 2.85 (SD = 1.49) n/a 27.1 (SD = 13.1) 70.2 (SD = 28.8)

36 mg/ml n/a 2.27 (SD = 0.99) n/a 31.8 (SD = 33.1) 66.7 (SD = 55.9)

continued
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Reference
Study  
Product

Nicotine 
Content Sample Size

Study 
Conditions Method

Puff Count
Mean 
(SD or SE)

Puff Duration 
Mean 
(SD or SE), 
seconds

Interpuff 
Interval
Mean  
(SD or SE), 
seconds

Flow Rate 
Mean  
(SD or SE),  
ml/second

Puff Volume 
Mean  
(SD or SE), ml

Strasser et 
al., 2016

Five brands: 
NJOY, 
V2, Green 
Smoke,  
blu, White 
Cloud

NJOY: 18 
mg; V2: 18 
mg; Green 
Smoke: 
18.9–20.7 
mg; blu: 
20–24 mg; 
White 
Cloud: 
23–24 mg

28 Lab; ad 
lib over 10 
minutes 
(day 5)

videotape 16.1 (SD = 11.9) 1.99 (SE = 0.7) 11.2 (SD = 5.2) n/a n/a

Lab; ad 
lib over 10 
minutes 
(day 10)

13.2 (SD = 9.4) 2.06 (SE = 0.7) 11.2 (SD = 5.2)

Usual 
combustible 
tobacco 
cigarette

n/a Lab; 1 
cigarette 
(day 1)

13.6 (SD = 4.0) 1.64 (SD = 0.3) 25.3 (SD = 13.3)

Goniewicz 
et al., 2013

Usual 
e-cigarette 
brands

n/a 10 Lab; ad lib CReSS 15 (SD = 6) 1.8 (SD = 0.9) 10 (SD = 13) n/a 70 (SD = 68)

Behar et al., 
2015

blu and 
V2 (1st 
generation)

blu: 16 mg/
ml; V2: 18 
mg/ml

20 Lab; ad lib 
use for 10 
minutes

CReSS 32 (SD = 8) 2.65 (SD = 0.98) 17.9 (SD = 7.5) 20 (SD = 6) 51 (SD = 21)

Robinson et 
al., 2015

blu (1st 
generation)

16 mg 22 Naturalistic 
environment, 
ad lib, 1 day

wPUM 24-hours: 225 
(SD = 272); per 
session: 15  
(SD = 25)

3.5 (SD = 1.8) n/a 37 (SD = 16) 133 (SD = 90)

Spindle et 
al., 2015

Usual 
battery 
with 1.5- �1 
SmokTech 
cartomizer

Usual 
e-liquid: 
mean = 
21.7 (SD = 
3.9; range = 
12–24) mg/
ml 

13 Lab; 10-puff 
standardized 
session, 30 
seconds 
between 
puffs

in-house 
device

n/a 4.16 (SE = 1.06) n/a 24.17  
(SE = 10.66)

101.37  
(SE = 50.01)

TABLE 3-1  Continued
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Reference
Study  
Product

Nicotine 
Content Sample Size

Study 
Conditions Method

Puff Count
Mean 
(SD or SE)

Puff Duration 
Mean 
(SD or SE), 
seconds

Interpuff 
Interval
Mean  
(SD or SE), 
seconds

Flow Rate 
Mean  
(SD or SE),  
ml/second

Puff Volume 
Mean  
(SD or SE), ml

Strasser et 
al., 2016

Five brands: 
NJOY, 
V2, Green 
Smoke,  
blu, White 
Cloud

NJOY: 18 
mg; V2: 18 
mg; Green 
Smoke: 
18.9–20.7 
mg; blu: 
20–24 mg; 
White 
Cloud: 
23–24 mg

28 Lab; ad 
lib over 10 
minutes 
(day 5)

videotape 16.1 (SD = 11.9) 1.99 (SE = 0.7) 11.2 (SD = 5.2) n/a n/a

Lab; ad 
lib over 10 
minutes 
(day 10)

13.2 (SD = 9.4) 2.06 (SE = 0.7) 11.2 (SD = 5.2)

Usual 
combustible 
tobacco 
cigarette

n/a Lab; 1 
cigarette 
(day 1)

13.6 (SD = 4.0) 1.64 (SD = 0.3) 25.3 (SD = 13.3)

Goniewicz 
et al., 2013

Usual 
e-cigarette 
brands

n/a 10 Lab; ad lib CReSS 15 (SD = 6) 1.8 (SD = 0.9) 10 (SD = 13) n/a 70 (SD = 68)

Behar et al., 
2015

blu and 
V2 (1st 
generation)

blu: 16 mg/
ml; V2: 18 
mg/ml

20 Lab; ad lib 
use for 10 
minutes

CReSS 32 (SD = 8) 2.65 (SD = 0.98) 17.9 (SD = 7.5) 20 (SD = 6) 51 (SD = 21)

Robinson et 
al., 2015

blu (1st 
generation)

16 mg 22 Naturalistic 
environment, 
ad lib, 1 day

wPUM 24-hours: 225 
(SD = 272); per 
session: 15  
(SD = 25)

3.5 (SD = 1.8) n/a 37 (SD = 16) 133 (SD = 90)

Spindle et 
al., 2015

Usual 
battery 
with 1.5- �1 
SmokTech 
cartomizer

Usual 
e-liquid: 
mean = 
21.7 (SD = 
3.9; range = 
12–24) mg/
ml 

13 Lab; 10-puff 
standardized 
session, 30 
seconds 
between 
puffs

in-house 
device

n/a 4.16 (SE = 1.06) n/a 24.17  
(SE = 10.66)

101.37  
(SE = 50.01)

TABLE 3-1  Continued

continued
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Reference
Study  
Product

Nicotine 
Content Sample Size

Study 
Conditions Method

Puff Count
Mean 
(SD or SE)

Puff Duration 
Mean 
(SD or SE), 
seconds

Interpuff 
Interval
Mean  
(SD or SE), 
seconds

Flow Rate 
Mean  
(SD or SE),  
ml/second

Puff Volume 
Mean  
(SD or SE), ml

Cunningham 
et al., 2016

Vype 
Reload (1st 
generation)

4.5% 
nicotine (45 
mg/ml)

32 Lab; ad lib 
over self-
determined 
length; 
mean = 6:54 
(SD = 3:43) 
minutes 

modifed SA7 21.1 (SD = 14.9) 2.0 (SD = 0.7) 23.2 (SD = 10.6) Peak: 39.0  
(SD = 10.3) 

52.2 (SD = 21.6)

Vype 
ePen (2nd 
generation)

3.0% 
nicotine (30 
mg/ml)

28 Lab; ad lib 
over self-
determined 
length; 
mean = 7:41 
(SD = 6:17) 
minutes 

16.1 (SD = 8.0) 2.2 (SD = 0.9) 29.3 (SD = 19.2) Peak: 60.6 (SD 
= 19.8) 

83.0 (SD = 44.3)

Dawkins et 
al., 2016

eVic by 
Joyetech 
(2nd 
generation)

6 mg/ml 11 Lab; ad lib 
over 60 min

eVic 70.73 (SD = 
34.45) 

5.20 (SD = 1.39) n/a n/a n/a

24 mg/ml 48.36 (SD = 
22.86)

3.84 (SD = 1.02)

Robinson et 
al., 2016

Usual 
device (1st 
generation)

Usual 
nicotine 
level

20 Naturalistic 
environment, 
ad lib, 1 day

wPUM 78 (SD = 81) 2.0 (0.6) n/a 30.4 (SD = 9.2) 65.4 (SD = 24.8)

St.Helen et 
al., 2016a

Usual 
brands

Usual 
e-liquid: 
mean = 
9.4 (SD = 
4.1; range 
= 5.0–15.3) 
mg/ml

13 Lab; ad 
lib over 90 
minutes

videotape 64 (SD = 38) 3.5 (SD = 1.4) 118 (SD = 141) n/a n/a

Spindle et 
al., 2017

Usual 
battery 
with 1.5- �1 
SmokTech 
cartomizer

Usual 
e-liquid: 
mean = 18.9 
(SD = 5.9) 
mg/ml 

29 Lab; 10-
puff session 
(30-second 
interpuff 
interval)

in-house 
device

9.97 (SD = 0.12) 4.51 (SD = 1.55) 25.19 (SD = 
1.55)

27.78  
(SD = 19.48)

124.56  
(SD = 89.13)

Lab; ad 
lib over 90 
minutes

62.55 (SD = 
32.34) 

5.29 (SD = 2.08) 102.77 (SD = 
63.07)

27.47  
(SD = 22.63)

148.52  
(SD = 119.6)

NOTE: SD = standard deviation; SE = standard error.

TABLE 3-1  Continued
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Reference
Study  
Product

Nicotine 
Content Sample Size

Study 
Conditions Method

Puff Count
Mean 
(SD or SE)

Puff Duration 
Mean 
(SD or SE), 
seconds

Interpuff 
Interval
Mean  
(SD or SE), 
seconds

Flow Rate 
Mean  
(SD or SE),  
ml/second

Puff Volume 
Mean  
(SD or SE), ml

Cunningham 
et al., 2016

Vype 
Reload (1st 
generation)

4.5% 
nicotine (45 
mg/ml)

32 Lab; ad lib 
over self-
determined 
length; 
mean = 6:54 
(SD = 3:43) 
minutes 

modifed SA7 21.1 (SD = 14.9) 2.0 (SD = 0.7) 23.2 (SD = 10.6) Peak: 39.0  
(SD = 10.3) 

52.2 (SD = 21.6)

Vype 
ePen (2nd 
generation)

3.0% 
nicotine (30 
mg/ml)

28 Lab; ad lib 
over self-
determined 
length; 
mean = 7:41 
(SD = 6:17) 
minutes 

16.1 (SD = 8.0) 2.2 (SD = 0.9) 29.3 (SD = 19.2) Peak: 60.6 (SD 
= 19.8) 

83.0 (SD = 44.3)

Dawkins et 
al., 2016

eVic by 
Joyetech 
(2nd 
generation)

6 mg/ml 11 Lab; ad lib 
over 60 min

eVic 70.73 (SD = 
34.45) 

5.20 (SD = 1.39) n/a n/a n/a

24 mg/ml 48.36 (SD = 
22.86)

3.84 (SD = 1.02)

Robinson et 
al., 2016

Usual 
device (1st 
generation)

Usual 
nicotine 
level

20 Naturalistic 
environment, 
ad lib, 1 day

wPUM 78 (SD = 81) 2.0 (0.6) n/a 30.4 (SD = 9.2) 65.4 (SD = 24.8)

St.Helen et 
al., 2016a

Usual 
brands

Usual 
e-liquid: 
mean = 
9.4 (SD = 
4.1; range 
= 5.0–15.3) 
mg/ml

13 Lab; ad 
lib over 90 
minutes

videotape 64 (SD = 38) 3.5 (SD = 1.4) 118 (SD = 141) n/a n/a

Spindle et 
al., 2017

Usual 
battery 
with 1.5- �1 
SmokTech 
cartomizer

Usual 
e-liquid: 
mean = 18.9 
(SD = 5.9) 
mg/ml 

29 Lab; 10-
puff session 
(30-second 
interpuff 
interval)

in-house 
device

9.97 (SD = 0.12) 4.51 (SD = 1.55) 25.19 (SD = 
1.55)

27.78  
(SD = 19.48)

124.56  
(SD = 89.13)

Lab; ad 
lib over 90 
minutes

62.55 (SD = 
32.34) 

5.29 (SD = 2.08) 102.77 (SD = 
63.07)

27.47  
(SD = 22.63)

148.52  
(SD = 119.6)

NOTE: SD = standard deviation; SE = standard error.

TABLE 3-1  Continued
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tobacco cigarette, but per-puff volume, �ow rate, and peak �ow rate 
were signi�cantly higher with e-cigarettes; puff duration was not signi� -
cantly different. The relatively short period of e-cigarette use (~24 hours) 
before the lab session was likely inadequate to stabilize e-cigarette puf�ng 
behavior; the �ndings may not be generalizable to experienced e-cigarette 
users. Spindle and colleagues (2015) measured puf�ng topography of 13 
experienced second-generation e-cigarette users during a 10-puff session 
in which puf�ng characteristics such as duration were not standardized. 
The authors compared the �ndings with a previously published study 
on combustible tobacco cigarette smokers (Kleykamp et al., 2008). By 
comparison, experienced e-cigarette users took larger volumes per puff 
and longer puffs, but �ow rate with e-cigarettes was lower. Given that 
these comparisons are not within subject, the �ndings should be treated 
cautiously. In another study, Strasser and colleagues (2016) measured 
puff topography of combustible tobacco cigarette smokers who switch 
to �rst-generation e-cigarettes. Puff topography when smoking one com -
bustible tobacco cigarette was measured on the �rst day and e-cigarette 
puff topography was measured on days 5 and 10 during a 10-minute ad 
lib session. The number of puffs taken did not differ when smoking the 
combustible tobacco cigarette compared with using the e-cigarettes. How-
ever, puff duration increased with e-cigarette use while interpuff interval 
decreased. Because the study used video analysis, other variables such as 
puff volume and �ow rate were not reported. Based on these three stud -
ies, it appears that puff duration is longer and puff volume larger with 
e-cigarette use compared with combustible tobacco cigarette use. The 
�ndings on �ow rate were less consistent. 

Another question is whether e-cigarette puf�ng topography of expe -
rienced users differs from that of e-cigarette–naïve users. In other words, 
does puf�ng topography change as e-cigarette–naïve users gain expe-
rience with e-cigarettes? Four of the studies enrolled e-cigarette–naïve 
combustible tobacco cigarette smokers, nine studies enrolled experienced 
e-cigarette users, and one enrolled both groups. Farsalinos and colleagues 
(2015a) compared the number of puffs taken and puff duration between 
24 experienced e-cigarette users and 23 e-cigarette–naïve users. Partici-
pants were given a second-generation e-cigarette (eVic by Joyetech) and 
were asked to take 10 puffs in 5 minutes followed by 60 minutes of ad 
lib use. The number of puffs and puff duration were recorded by the 
e-cigarette (eVic by Joyetech). The study found that while the number 
of puffs taken during the 65-minute period did not differ between the 
two groups, experienced e-cigarette users took signi�cantly longer puffs 
than the e-cigarette–naïve users. Two studies examined changes in puff-
ing topography in e-cigarette–naïve combustible tobacco smokers over 
time. Lee and colleagues (2015) found that puff duration increased and 
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puff �ow rate decreased signi�cantly after e-cigarette–naïve smokers (n = 
20) used a �rst-generation e-cigarette for one week compared with base-
line (�rst use of the e-cigarette); these differences were sustained after 2 
weeks of e-cigarette use. Strasser and colleagues (2016) reported similar 
average number of puffs, puff duration, and interpuff interval during a 
10-minute ad lib session 5 and 10 days after switching from combustible 
tobacco cigarettes to e-cigarettes. Based on Table 3-1, in general, puff dura-
tion appears to be longer among experienced e-cigarette users (range of 
means = 1.8 to 5.29 seconds) compared with e-cigarette–naïve users (range 
of means = 1.64 to 3.0 seconds). Puff volume also appears to be larger 
with experienced e-cigarette users (range of means = 51.0 to 148.5 ml) 
compared with e-cigarette–naïve users (range of means = 63.0 to 118.2 ml). 

A third question is whether e-cigarette device characteristics in�uence 
puf�ng topography. Device characteristics include the type of e-cigarette 
(�rst generation versus advanced models), voltage or power, and nicotine 
strength of e-liquids. In one study, Cunningham and colleagues (2016) 
assigned experienced e-cigarette users to either a �rst-generation device 
(Vype Reload, classic �avor bold containing 4.5 percent nicotine by vol -
ume) (n = 32) or to a button-activated, variable-voltage e-cigarette that 
uses pre�lled cartridges containing e-liquid  (Vype ePen with 3.0 percent 
nicotine by volume) (n = 28). Vaping topography was measured during 
ad lib sessions of self-determined durations during two lab visits. Partici -
pants used the same devices during each visit, but those with the variable-
voltage Vype ePen alternated between a low or high voltage during each 
visit. No signi�cant differences in puff topography were reported between 
different days of use of the �rst-generation e-cigarette or voltage of the 
advanced-model e-cigarette. However, compared with the �rst-generation 
e-cigarette (Vype Reload), average number of puffs taken was fewer, 
average puff volume was larger, mean interpuff interval was longer, and 
mean peak �ow rate was higher with the advanced-model e-cigarette. 
These �ndings suggest that e-cigarette puf�ng topography is different 
among types of e-cigarettes. One likely explanation is the difference in 
power between types of devices, as more advanced e-cigarettes are oper-
ated at higher power (voltage) than �rst-generation e-cigarettes. However, 
this study found no differences in topography variables when the same 
participants switched between low and high voltage (the exact voltages 
were not stated), implying that, while plausible, power did not in�uence 
vaping topography in this study. Another plausible explanation for dif -
ferences in puf�ng topography among types of devices is the nicotine 
concentration of the e-liquid. The �rst-generation had higher nicotine 
concentration compared with the second-generation e-cigarette.

Lopez and colleagues (2016) examined the effect of e-liquid nicotine 
concentration on puf�ng topography. Sixteen e-cigarette–naïve smokers 
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crossed over among second-generation e-cigarettes with 0, 8, 18, and 36 
mg/ml nicotine over 4 days. Participants engaged in two 10-puff sessions 
in which puff parameters were not standardized. Puff volume and puff 
duration tended to decrease with increasing nicotine concentration, while 
there was no clear trend with �ow rate. In a similar study, Dawkins et al. 
(2016) found that experienced e-cigarette users took fewer and shorter 
puffs at high nicotine concentration (24 mg/ml) compared with low nico -
tine concentration (6 mg/ml) over a 60-minute period of ad lib access to 
a second-generation e-cigarette. Based on these studies, it appears that 
nicotine concentration of the e-liquid used is a major determinant of 
e-cigarette puf�ng topography (Cunningham et al., 2016; Dawkins et al., 
2016; Lopez et al., 2016). 

Most of the studies (12 of 14) measured puf�ng topography in con -
trolled environments, where puf�ng behavior may or may not represent 
e-cigarette use behavior in the “real world.” Two observational stud -
ies characterized puf�ng topography of experienced e-cigarette users 
of �rst-generation devices in their naturalistic environments. In the �rst 
study, Robinson and colleagues (2015) described puf�ng topography of 
e-cigarette users over a 24-hour period. Participants (n = 21) were given 
a day’s supply of blu rechargeable e-cigarettes (a �rst-generation device), 
which was used in conjunction with a wPUM (Robinson et al., 2015). 
Average puff duration, �ow rate, and puff volume were within the range 
of reported values from studies of experienced e-cigarette users in con-
trolled environments (see Table 3-1). In addition, the researchers identi�ed 
what they characterized as three representative puff topographies: “many 
short” puffs (1.4-second puff duration); “typical” puffs (3.7-second puff 
duration); and “fewer long” puffs (6.9-second puff duration). The average 
number of puffs taken was 225 (SD = 272). Given that the study enrolled 
only users of �rst-generation e-cigarettes, the �ndings may not be gener -
alizable to users of more advanced models. 

Robinson and colleagues (2016) conducted a second observational 
study of experienced �rst-generation e-cigarette users in their naturalistic 
environment, but over a 7-day period. Participants (n = 20) used their 
usual e-cigarettes in conjunction with the topography device (wPUM). 
Average puff duration was at the lower end of the range of values 
observed among experienced e-cigarette users in controlled settings and 
also lower than the �rst study by Robinson and colleagues (2015). Three 
groups of puffs based on duration were identi�ed: “short” puff dura -
tion (1.8 seconds), “moderate” puff duration (2 seconds), and “long” 
puff duration (2.5 seconds). These groups were different from the three 
representative topographies identi�ed in the �rst study. In addition, the 
study found that participants engaged in an average of 6 distinct vaping 
sessions (activation of a wireless personal use monitor, taking puffs, and 



Public Health Consequences of E-Cigarettes

Copyright National Academy of Sciences. All rights reserved.

E-CIGARETTE DEVICES, USES, AND EXPOSURES	 69

turning the device off)  per day, and took an average of 78 puffs per day. 
The average number of puffs taken per day was drastically lower than the 
average number of puffs taken per day in the �rst study. The lower num -
ber of puffs per day in the 7-day study compared with the 1-day study 
likely re�ects variability in use patterns among days within subjects. In 
addition, it was uncertain to what extent participants complied with the 
study protocol by using the wPUM for every puff taken. Although studies 
of e-cigarette users in their naturalistic environments may offer realistic 
information on user behaviors, compliance with study protocol cannot be 
guaranteed, thus limiting the reliability of study �ndings. 

In summary, puf�ng topography seems to differ between users of 
e-cigarettes and combustible tobacco cigarettes. E-cigarette users tend to 
take puffs of longer duration and larger volume. Furthermore, puf�ng 
topography changes as e-cigarette–naïve users become more experienced. 
Puff duration and puff volume increase with experience. Also, device 
characteristics such as type of device (�rst generation versus advanced 
models) and nicotine strength of e-liquids in�uence puf�ng topography. 
Number of puffs taken and puff duration tend to decrease as nicotine 
strength of the e-liquid increases. Finally, puf�ng topography of experi -
enced e-cigarette users measured in their naturalistic environment was in 
the range of values measured in experienced users in controlled settings. 

EXPOSURE TO AEROSOLS AND PARTICULATES

E-cigarette aerosol is best described as a mist, which is an aerosol 
formed by the condensation of spherical liquid droplets in the submi -
crometer to 200-µm size range. Methods for particle measurement have 
included spectral transmission using an electrical mobility analyzer. Pratte 
and colleagues (2016) used a light scattering methodology for droplet siz -
ing of e-cigarette aerosols. Yet others have used the cascade impactors to 
determine the mass of various particle sizes.

Ingebrethsen and colleagues (2012) demonstrated particle size distri-
bution of aerosols produced by electronic cigarettes in an undiluted state 
using a spectral transmission procedure after high dilution with an electri -
cal mobility analyzer. They found particle diameters of average mass in 
the 250- to 450-nm size range with particle number concentrations of 109 
particles/cm 3. These measurements are comparable to those observed for 
combustible tobacco cigarette smoke in prior studies and also measured 
in the current study with the spectral transmission method and with the 
electrical mobility procedure. Total particulate mass for the e-cigarettes 
calculated from the size distribution parameters measured by spectral 
transmission were in good agreement with replicate determinations of 
total particulate mass by gravimetric �lter collection. By contrast, average 
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particle diameters determined for e-cigarettes by the electrical mobility 
method were in the 50-nm range, and total particulate masses calcu-
lated based on the suggested diameters are orders of magnitude smaller 
than those determined gravimetrically. These small particle diameters 
observed are thought to arise from e-cigarette aerosol particle evaporation 
at the dilution levels and conditions of the electrical mobility analysis. By 
contrast, a smaller degree, approximately 20 percent by mass, of particle 
evaporation has been observed for combustible tobacco cigarette smoke. 

Alderman and colleagues (2014) did follow-up studies using a cas-
cade impactor to determine particle size distribution by collecting eight 
puffs total (four per e-cigarette) with a 30-second interpuff interval. Three 
e-cigarette brands were evaluated. E-cigarette 1 and e-cigarette 2 were 
both rechargeable models, with cartomizer-type cartridges, while the 
e-cigarette 3 was a disposable model. All components were connected 
by conductive silicone rubber tubing to minimize particle loss during 
sampling. Figure 3-2 presents the representative impactor-collected data, 

FIGURE 3-2  Mass frequency and cumulative mass distributions derived from 
impactor particle size distribution measurement of e-cigarette 1.
NOTE: The data shown here are representative of each e-cigarette brand evaluated.
SOURCE: Alderman et al., 2014.
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namely a mass frequency distribution curve and corresponding lognor -
mal �t to the data, as well as the corresponding cumulative mass distribu -
tion. The data provided in Figure 3-2 are for e-cigarette 1 and are generally 
representative of each e-cigarette brand sampled. Figure 3-2 indicates that 
essentially all (95 percent) aerosol mass is con�ned to the particle size 
range of 280–1,420 nm. Further analysis of the particle size distribution 
from the cascade impactor analysis is shown in Table 3-2. Further analysis 
demonstrated that although the distribution of particle sizes represented 
by the mass median aerodynamic diameter and count mean diameter is 
heterogeneous, all particles are highly respirable throughout the respira -
tory tract.

Table 3-2 is a particle size summary for all products evaluated in 
the Alderman and colleagues (2014) study. The particle size distribution 
parameters in Table 3-2 are derived by �tting the mass frequency data to a 
lognormal function. In addition, the puff mass in Table 3-2 is based on the 
cumulative mass of particulate matter collected on the various impactor 
stages. Both curves from Figure 3-2 indicate that essentially all (95 per-
cent) aerosol mass is con�ned to the particle size range of 280–1,420 nm, 
or in other words, highly respirable within the respiratory tract.

Fuoco and colleagues (2014) observed similar �ndings with differ -
ent types of e-cigarettes, while also showing the total particle number 
concentration peak (using a 2-second puff), averaged across the differ-
ent electronic cigarette types and liquids, at 4.4 ± 0.4 × 109 particles/
cm3, compared with the combustible tobacco cigarette at 3.1 ± 0.6 × 109 
particles/cm 3. Puf�ng times and nicotine contents were found to in�u -
ence the particle concentration, whereas no signi�cant differences were 
recognized in terms of �avors and types of combustible tobacco cigarettes 
used. Particle number distribution modes of the e-cigarette–generated 
aerosol were in the 120- to 165-nm range. Marini and colleagues (2014) 

TABLE 3-2  Particle Size Distribution Parameters Determined from 
Cascade Impactor Analysis

E-Cigarette MMAD (nm) CMD (nm) GSD
Puff Mass  
(mg/puff)

1 631 319 1.50 2.16

2 487 262 1.52 3.07

3 534	 261 1.52 1.95

NOTE: CMD = count mean diameter; GSD = geometric standard deviation; MMAD = mass 
mean aerodynamic diameter.
SOURCE: Alderman et al., 2014.
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further con�rmed similar particle concentrations. This striking contrast in 
particle size between Alderman and Fuoco might suggest the generation 
of different particle sizes due to the wattage and temperature used to gen-
erate the e-cigarette aerosol, as well as possible differences in e-cigarette 
composition.

Ji and colleagues (2016) generated and characterized e-cigarette aero-
sols using advanced technologies. In the gas phase, the particle number 
concentration (PNC) of e-cigarette aerosols was found to be positively 
correlated with puff duration, whereas the PNC and size distribution 
may vary with different �avors and nicotine concentration. In the liquid 
phase (water or cell culture media), the size of e-cigarette aerosol particles 
appeared to be signi�cantly larger than those in the gas phase, which 
might be due to aggregation of aerosol particles in the liquid phase. 

While the particle count in e-cigarette aerosols may not be substan-
tially different than mainstream combustible tobacco smoke, the nature 
of the particles is substantially different. E-cigarette aerosol particulates 
consist largely of aqueous droplets and vapors of humectants, either PG 
or glycerol, whereas particulates in combustible tobacco smoke are com-
plex, largely organic constituents that contain polycyclic aromatic hydro -
carbons and a variety of other known or suspected carcinogens. Thus, it 
would be incorrect to assume that the long-term health risks of the two 
aerosols were similar just because particle count was similar. 

Particle Deposition

Deposition by e-cigarette vaping within the human respiratory tract 
is essential to better understand the biological dosing of gases, aerosols, 
and aqueous particles generated during e-cigarette use. To address par-
ticle dosing, Pichelstorfer and colleagues (2016) implemented the aerosol 
dynamics in containments (ADiC) model to describe the dynamic changes 
of both inhaled combustible tobacco cigarette smoke as well as aerosols 
generated by e-cigarette vaping. The model involved particles present 
during puffing, mouth-hold, inspiration, and expiration. The authors 
included consideration of coagulation, phase transition, conductive heat 
and diffusive/convective vapor transport, as well as dilution/mixing 
into a single-path representation of the stochastic lung dosimetry model 
IDEAL (inhalation, deposition, and exhalation of aerosols in the lungs) to 
compute particulate-phase deposition as well as vapor-phase deposition 
in the airway generations of the human lung. 

The ADiC model applied to the inhalation of combustible and elec -
tronic cigarette aerosols is a means to understand those aerosol dynamics 
processes that in�uence the physical properties of the particle and vapor 
phases in the human respiratory tract with the following observations: 
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(1) reduced inhaled aerosol particle number is caused primarily by coagu-
lation and less by deposition for both types of aerosols; (2) hygroscopic 
growth rates are higher for e-cigarettes than for combustible tobacco ciga-
rettes; (3) the effect of particle growth on deposition leads to a lower total 
deposition in the case of combustible tobacco cigarette smoke particles 
and a higher total deposition in the case of e-cigarette droplets relative to 
their initial size distributions; and (4) most of the nicotine is deposited by 
the vapor phase for both aerosols (Pichelstorfer et al., 2016).

Because of the complexity of the model and the resulting extensive 
computational time, Pichelstorfer and colleages used a single-path ver-
sion of the IDEAL airway geometry. Average airway dimensions for each 
airway generation were derived for the particle and vapor transport in 
the lungs, while average deposition fractions for each airway generation 
were based on the full stochastic deposition model. 

Figure 3-3 illustrates the number/size distribution of inhaled particles 
of combustible tobacco cigarette smoke (panel A) and e-cigarette droplets 
(panel B) across time. These time points include after-puf�ng, mouth-
hold, inhalation, and exhalation phases. The �gure shows most particles 
in both aerosols are removed after the puf�ng and mouth-hold stages, 
eliminating initial size distribution disparities between the two aerosols 
(Pichelstorfer et al., 2016). This can largely be attributed to coagulation, 
which decreases particle concentration and increases particle diameter. 
For example, nicotine is almost eliminated in the alveolar region (as seen 
in that peak’s split in panel B). Evaporation of water and glycerol in 
smaller e-cigarette particles also occurs in the mouth during the puf�ng 
and mouth-hold periods (as shown in the peak of particles near 40 nm 
in panel B). 

Size-selective deposition by Brownian motion in the lungs and hygro -
scopic growth, which becomes greater as particle size increases (Winkler-
Heil et al., 2014), remove additional particles in the respiratory tract. These 
three processes (coagulation, size-selective deposition, and hygroscopic 
growth) result in particles with larger diameters by the expiration phase. 
Indeed, e-cigarette droplets’ higher hygroscopic growth rates make this 
change to larger diameters by the end stage more distinct than alterations 
to combustible tobacco cigarette smoke particle diameters. Furthermore, 
unlike combustible tobacco cigarettes, e-cigarette particles will not reach 
equilibrium with their surroundings because they have more volatile 
substances; combustible tobacco cigarettes’ tar content helps stabilize the 
particles. Therefore, smaller particles are removed by processes such as 
coagulation, resulting in a larger median particle diameter. E-cigarette 
aerosols’ higher growth rates increase total deposition in the lung. This 
deposition is powered mainly by inertia in bronchial airways and via 
gravity in alveolar spaces. 
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Finally, puff topography (Evans and Hoffman, 2014; Norton et al., 
2014), on average, will not alter these results; the effects of longer puff 
duration with e-cigarettes on deposition fractions will be offset in general 
by their higher puff volume (Evans and Hoffman, 2014; Fuoco et al., 2014; 
Norton et al., 2014; Winkler-Heil et al., 2014).

FIGURE 3-3  Temporal evolution of the number/size distribution of inhaled com -
bustible tobacco cigarette smoke particles (panel A) and e-cigarette droplets (panel 
B) during puf fi ng, mouth-hold (MH), inhalation, and exhalation, based on the 
same initial size distribution.
SOURCE: Pichelstorfer et al., 2016.
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Measurements of Constituents Found in E-Cigarettes

E-liquids generally contain four main components: nicotine, �avors, 
water, and carrier liquids (humectants). The carrier liquid dissolves �a -
vors and nicotine and aerosolizes at a certain temperature on the atomizer 
of the e-cigarette. PG and glycerol, the principal carriers used in e-liquids, 
undergo partial decomposition in contact with the atomizer heating coil, 
forming volatile carbonyls. Some of these, such as formaldehyde, acet-
aldehyde, and acrolein, are of concern due to their adverse impact on 
human health when inhaled at suf�cient concentrations. Physical, chemi -
cal, and toxicological characteristics of e-cigarette liquids and aerosols are 
discussed in Chapter 5.

Analytical methodology for qualitative and/or quantitative determi -
nation of a constituent in e-cigarette aerosol generally encompasses two 
areas of effort: sample preparation and instrumental analysis. Sample 
preparation involves aerosol generation, sample extraction, and sample 
collection. Instrumental analysis involves analyzing the sample to identify 
and quantify analytes of interest. The instrument is commonly selected 
based on the chemical characteristics of the target analyte, the applicable 
features of the instrument, and the instrument accessibility (Cheng, 2014).

Currently, there is no standardized method for generating and col -
lecting aerosol from e-cigarettes for analytical purposes and laboratory 
studies. Factors in�uencing e-cigarette aerosol generation include the 
e-cigarette device and setup, puf�ng topography, machine aerosol gen -
eration parameters, and aerosol generation techniques. As described in 
the beginning of this chapter, the design and composition of e-cigarette 
devices (including e-liquid composition, device battery power, activa -
tion voltage, and coil resistance) vary considerably, and these variations 
in�uence the e-cigarette aerosol produced. Thus, it is crucial to under -
stand each unique setup and test article prior to chemical analysis and 
in vitro biological exposure. Human puf�ng topography, described in 
detail above, is important in determining true levels of human exposure 
to constituents in e-cigarettes. Smoking machine parameters for labora-
tory studies are important in understanding the way that constituent 
yields delivered by a product can change over a range of different smok-
ing conditions. With respect to aerosol generation techniques, current 
machine-based aerosol generation techniques pose several challenges for 
assessing different product aerosols because many smoking machines 
and exposure systems were originally designed for use with combustible 
tobacco cigarettes and do not easily translate to the standard production 
of e-cigarette aerosols. For example, e-cigarettes require a higher air�ow 
rate and longer puff durations to produce aerosols than combustible 
tobacco cigarettes require to produce smoke. Furthermore, pressure drop 
(mmH 2O across e-cigarettes during each puff) varies greatly, including 
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across cartridges used in the same models, across brands, and even within 
brands (Goniewicz et al., 2013, 2014; Trehy et al., 2011; Trtchounian et al., 
2010; Williams and Talbot, 2011). Other important differences between 
e-cigarette aerosols and combustible tobacco cigarette smoke in such sys-
tems include aerosols condensing in transit tubing (possibly restricting 
aerosol �ow and impeding syringe function) and some concerns with 
device button activation synchrony (either manually, or automated with 
a separate robot) with the syringe puf�ng to ensure the entire puff is 
activated and delivered (Goniewicz et al., 2014; Havel et al., 2016). These 
important methodological issues with generating e-cigarette aerosol for 
analytical and toxicological testing have important implications for ana -
lyzed dose and biological effects. A standardized protocol for evaluating 
emissions (particulate and gas phase) of e-cigarettes would facilitate inter-
pretation of study results reported in literature. 

Novel devices may help overcome the challenges of using smoking 
machines. For example, Herrington and Myers (2015) developed a simple 
sampling device to draw e-cigarette aerosol into a multisorbent thermal 
desorption tube, which was then thermally extracted and analyzed via gas 
chromatography (GC)–mass spectrometry (MS) methodology. The investi-
gators found that this novel device was effective at providing detectable 
levels of numerous compounds from e-cigarette aerosol, including many 
not listed by the manufacturers and those not present in the e-liquid.

After producing aerosols, most studies conduct a multistep chemical 
analysis of emissions in e-cigarette aerosols. High performance liquid 
chromatography and GC-MS are analytical techniques commonly used 
for separation, identi�cation, and measurement of chemicals in e-liquids. 
Aerosols also commonly require sample pretreatment such as extraction 
and/or derivatization (Geiss et al., 2015; Goniewicz et al., 2014; Ohta et 
al., 2011; Papousek et al., 2014; Schripp et al., 2013; Uchiyama et al., 2010). 
The instrument is typically selected based on the chemical characteristics 
of the target analyte, the applicable features of the instrument, and the 
instrument accessibility. For the identi�cation of the major ingredients 
(PG and glycerol) and their relative concentrations, GC with �ame ion -
ization detector or with MS is usually used. For the identi�cation and 
quantitative analysis of nicotine, GC with nitrogen-selective detector or 
with MS are typically used. Flavorings are commonly identi�ed using GC 
with headspace sample delivery interface and tandem MS (GC-MS/MS) 
or time-of-�ight mass spectrometer. Chromatography methods provide 
adequate sensitivity, but a main challenge includes a signi�cant matrix 
effect, which results in peak suppression of analytes (Geiss et al., 2016; 
Herrington and Myers, 2015).



Public Health Consequences of E-Cigarettes

Copyright National Academy of Sciences. All rights reserved.

E-CIGARETTE DEVICES, USES, AND EXPOSURES	 77

SECONDHAND EXPOSURE TO E-CIGARETTE AEROSOL

In 2006, the report of the Surgeon General on the health consequences 
of involuntary exposure to tobacco smoke concluded there is no risk-free 
level of exposure to secondhand tobacco smoke (Moritsugu, 2007). Con-
sistently, the guidelines for the implementation of Article 8 of the World 
Health Organization (WHO) Framework Convention on Tobacco Control 
(FCTC) indicated there is no safe level of exposure to secondhand smoke, 
and the only effective measure to prevent exposure is the total elimina-
tion of smoking in indoor environments (WHO, 2003). Following those 
evidence-based conclusions, many cities and states in the United States 
and countries around the world have enacted comprehensive legislation 
banning smoking in all indoor public places. Many of those laws also 
include outside areas near the entrances to indoor areas. The spreading 
of the smoke-free movement and the banning of smoking indoors is prob -
ably one of the biggest achievements in public health in the �rst decade 
of the 21st century, protecting hundreds of millions of people from invol -
untary exposure to secondhand smoke around the world. Many people 
remain exposed, in venues that have been excluded from legislations 
(e.g., casinos), in states and countries that have not enacted legislation, 
and especially in private settings. While interventions rely mostly on 
educational and voluntary measures to eliminate secondhand tobacco 
smoke exposure in private spaces, legislation banning smoking in private 
places, such as in motor vehicles when children are present and in public 
housing, is increasing. For example, in 2016, the Department of Housing 
and Urban Development issued a mandate requiring housing authorities 
to adopt smoke-free policies, affecting 1.2 million households nationwide 
(PIH, 2016).

E-cigarettes were initially advertised as a form of tobacco that could 
circumvent existing smoke-free legislation (Paradise, 2014). Their increas-
ing popularity brought initial confusion as to whether existing smoke-free 
legislation also applies to e-cigarettes (Stillman et al., 2015). Increasingly, 
legislation banning combustible tobacco cigarette smoking in indoor pub -
lic places has been amended to expand coverage to e-cigarettes (Paradise, 
2014). Many exceptions exist. For instance, vaping is allowed in e-cigarette 
shops and also in venues that hold vaping conventions (even if the use of 
e-cigarettes is banned in those venues during other events) (Jarmul et al., 
2017) (see Figure 3-4). Overall, relatively few studies have investigated the 
characteristics and health effects of secondhand exposure to e-cigarette 
aerosol.

In this section, the committee reviews the evidence available on sec-
ondhand e-cigarette aerosol, its characteristics, and its possible health 
effects, compared with ambient air. Comparisons between secondhand 
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FIGURE 3-4  Photograph taken during a cloud competition at about 2 pm at a 
vaping convention, April 2016, Maryland.
SOURCE: Chen et al., 2017.

exposure from e-cigarettes and combustible tobacco cigarettes are dis-
cussed in Chapter 18 on harm reduction.

Characteristics and Chemical Composition 
of Secondhand E-Cigarette Aerosol

For combustible tobacco cigarettes, secondhand smoke is de�ned as 
the combination of mainstream (exhaled by the smoker) and sidestream 
(emitted from the burning cigarette) smoke, with sidestream smoke rep -
resenting more than 80 percent of the total amount of secondhand tobacco 
smoke. Secondhand aerosol from e-cigarettes is very different from sec-
ondhand combustible tobacco smoke. First, e-cigarette aerosol is com-
posed in large part by small liquid droplets while tobacco smoke contains 
mostly solid and semi-solid materials, resulting in different half-lives and 
deposition behavior in the environment. Second, the e-cigarette aerosol 
is directly inhaled by the user from the battery-powered device with -
out generation of sidestream smoke. The secondhand aerosol from the 
e-cigarette thus originates from the aerosol that is exhaled by the vaper 
and is almost 100 percent mainstream. Multiple studies have character-
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ized the inhaled secondhand smoke using smoking machines or other 
systems to generate the e-cigarette aerosol, and described it as an aerosol 
formed by the condensation or atomization of spherical liquid droplets in 
the submicrometer to 200-µm range. Those studies are not directly rele-
vant for understanding the characteristics and health risks of secondhand 
aerosol from e-cigarettes as it has not been exhaled by a vaper. In this part 
of the report the committee only reviews studies in which the aerosol 
under study has been originated by a person vaping an e-cigarette, and 
thus re�ects the exposure to bystanders. The number of such studies is 
relatively small, despite its potential impact on indoor air quality and the 
involuntary nature of exposure. Those studies have been conducted in 
exposure chambers or rooms that tried to recreate a room where vaping 
is occurring (Czoga�a et al., 2014; Liu et al., 2017; Melstrom et al., 2017; 
Protano et al., 2017; Schober et al., 2014), in a real-life setting in the homes 
of e-cigarette users (Ballbè et al., 2014; Fernández et al., 2015), and during 
vaping conventions (Chen et al., 2017; Soule et al., 2016). 

In a study conducted in an exposure chamber with �ve dual users 
who used their personal e-cigarette devices (no details provided regarding 
type of device) ad lib twice for 5 minutes with a 30-minute interval, mean 
(standard deviation [SD]) 1-hour air nicotine concentration measured 
using active sampling was 3.32 (2.49) µg/m3 compared with undetectable 
for 1-hour measure collected at baseline (p < 0.05) (Czoga�a et al., 2014). 
Real-time PM2.5 concentrations increased shortly after the beginning of 
vaping. The mean (SD) PM2.5 concentration was also higher following 
vaping (152 [86.8] µg/m 3) compared with baseline (32.4 µg/m 3) (p < 0.05). 
No differences were observed for CO (1.40 [0.55] versus 1.40 [0.55]). For 
volatile organic compounds (VOCs), toluene was the only one detected in 
the exposure chamber and the levels remained similar after vaping (3.79 
[2.16] versus 4.09 [2.21]; p = 0.85) (Czoga�a et al., 2014). Another chamber 
study with four volunteers vaping e-cigarettes for 12 puffs with Smooke 
E-SMART device con�rmed that particles increased in real time, although 
the concentrations were lower compared with secondhand tobacco smoke 
(Protano et al., 2017). In a chamber study with 37 volunteers using ciga-
likes and tank-style devices under controlled conditions and 4-hour ad lib 
use, nicotine, PG, and glycerol increased, but were several-fold below the 
time-weighted average limits used in workplace settings (Liu et al., 2017). 
The tank device produced the highest difference from baseline in the level 
of PG and glycerol. For nicotine, the air levels ranged from 0.38 to 2.83 
µg/m 3. Of the 15 carbonyls measured, only hexaldehyde and acetalde-
hyde were signi�cantly higher with either cigalikes or tank-style devices, 
respectively. Of the 12 VOCs measured, benzene, isoprene, and toluene 
increased with the use of cigalikes or tank-style devices. This study did 
not measure particulate matter.
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In a study of nine volunteers using e-cigarettes (with a re�llable tank) 
for 2 hours in groups of three trying to recreate a real-life scenario (café-
like setting) and using different e-liquids with and without nicotine, the 
mean airborne concentration of PM2.5 during the vaping sessions was 
197 µg/m 3 versus 6 µg/m 3 for the control periods (Schober et al., 2014). 
PM10 (mean 229 versus 47 µg/m3), particle number concentrations (61,682 
versus 4,466 particles/cm3), nicotine (2.2 versus less than 0.04 µg/m3), 
total polycyclic aromatic hydrocarbons (PAHs) (515 versus 350 ng/m 3), 
and aluminum (483 versus 203 ng/m 3) also increased during the vaping 
sessions. 

In real-life settings, studies in homes found small real-time increases 
in PM 2.5 concentrations in the home of an e-cigarette user that coincided 
with vaping use during a 60-minute sampling, although the median con -
centration (9.88 µg/m 3) was similar (8.32 µg/m 3) to the levels found in 
the home of the non-vaper (Fernández et al., 2015). In another study in 
homes by the same research team, median air nicotine (0.11 versus 0.01 
µg/m 3; p = 0.007), salivary cotinine (0.24 versus 0.05 ng/ml; p = 0.003), 
and urinary cotinine (2.64 versus 0.72 ng/ml; p = 0.008) concentrations 
were higher in homes of participants who lived with somebody who 
vaped more than 2 hours/day versus control homes (Ballbè et al., 2014).

Two studies measured indoor air quality in e-cigarette conven -
tion events (Chen et al., 2017; Soule et al., 2016). Those events are often 
attended by tens to hundreds of e-cigarette users who often vape at the 
same time. In both studies levels of particulate matter (PM10 in one study, 
PM2.5 in the other study) were markedly elevated, reaching levels that are 
typical of bars and hookah venues. One of the studies measured PM2.5 the 
day before, during, and the day after the event (see Figure 3-5), showing 
that even on the day after, PM2.5 concentrations were still markedly higher 
compared with the day before the event (Soule et al., 2016). 

In the other study in a vaping convention, in addition to real-time 
PM10, real-time CO2 (a marker of how many people were in the room) and 
total volatile organic compounds (TVOCs) were measured, as well as a 
7-hour nicotine concentration (Chen et al., 2017). The estimated 24-hour 
time-weighted average PM10 was 1,800 µg/m3, 12 times higher than the 
Environmental Protection Agency 24-hour standard (150 µg/m 3). Median 
indoor TVOC concentration was 0.13 (range = 0.04–0.3) ppm. TVOC and 
PM10 were highly correlated with CO 2, indicating the high number of 
people using e-cigarettes and exposed to poor air quality. The concentra-
tions of TVOC also increased markedly during a cloud competition (for 
PM10 the monitor stopped shortly after the beginning of the competition 
and the comparison is limited) (see Figure 3-6). The picture in Figure 3-6 
shows a high moment during the cloud competition. Air nicotine concen -
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tration was 125 µg/m 3, similar to concentrations measured in bars and 
nightclubs. 

The �ndings from these two studies indicate that e-cigarette aerosol 
in vaping conventions where many e-cigarette users congregate is a major 
source of particulate matter, air nicotine, and VOCs, impairing air quality. 
These exposures can also be a concern for e-cigarette vendors and other 
venue workers who spend many hours in those places (Chen et al., 2017).

In addition to these studies based primarily on exposure assessment 
and environmental sampling, two studies have developed models to 
evaluate the secondhand aerosol generated by e-cigarettes under differ-
ent conditions (Logue et al., 2017; Rostami et al., 2016). For instance, one 
model assessed real-life settings, such as a residential setting where a 
non-user lives with a user and a bar that allows vaping indoors (Logue 
et al., 2017). The contribution of secondhand e-cigarette aerosols to air 
pollutant concentrations in the home did not exceed the California Of�ce 
of Environmental Health Hazard Assessment 8-hour reference exposure 
levels (RELs), except when a high-emitting device was used (4.8 V). In 
that extreme scenario, the contributions from vaping amounted to as 
much as 12 μg m�3   formaldehyde and 2.6 μg m�3   acrolein. In the bar 
scenario, the contributions from vaping to indoor air levels were mark -
edly higher than those in the home scenario. Formaldehyde (mean 135 

FIGURE 3-5  Event room PM2.5 concentrations before, during, and after an e-
cigarette convention.
NOTE: PM2.5 = particulate matter 2.5 micrometers or less in diameter. 
SOURCE: Soule et al., 2016.
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μg m�3 ) and acrolein (28 μg m�3 ) exceeded the acute 1-hour exposure 
REL for the highest emitting vaporizer/voltage combination. Predictions 
for these compounds also exceeded the 8-hour REL in several bars when 
less intense vaping conditions were considered. Benzene concentrations 
in a few bars approached the 8-hour REL, and diacetyl levels were near 
the lower limit for occupational exposures. These �ndings support the 
evidence that e-cigarettes can contribute to substantial air pollution, espe-
cially in places with a large number of e-cigarette users. The committee 
did not identify any studies evaluating health effects or early biomarkers 
of disease resulting from secondhand exposure to e-cigarette aerosols per 
se. One study conducted a health impact assessment based on computing 
disability-adjusted life-years (DALYs) lost due to exposure to secondhand 
e-cigarette aerosol (Logue et al., 2017). DALYs were estimated for residen-
tial and hospitality industry scenarios based on the recent incorporation 
of DALYs into health impact assessments of exposures to indoor pollut -
ants, including tobacco smoke and particles, and estimating, on a com-
pound-by-compound basis, the population-averaged health damage per 
year of exposure. The toxicants included were formaldehyde, acetalde-
hyde, benzene, acrolein, and glycidol. Formaldehyde, acetaldehyde, and 
benzene are established carcinogens and glycidol is a probable carcinogen 
according to the International Agency for Research on Cancer. Acrolein 
is not yet classi�ed as a carcinogen but it was the dominant contributor 
to the aggregate harm (see Figure 3-7). DALYs for different combinations 
of device/voltage characteristics were lower, but in some instances com-
parable to those estimated for exposure to secondhand tobacco smoke.

FIGURE 3-6  Real-time changes of PM10, CO2, and TVOC concentrations during 
a vaping convention in Maryland.  
NOTES: 1 = outside the venue; 2 = inside the venue; 3 = trick competition; 4 = 
vaping competition. PM 10 = particulate matter 10 micrometers or less in diameter; 
TVOC = total volatile organic compound.
SOURCE: Chen et al., 2017.
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Synthesis

Several studies have measured airborne concentrations of particulate 
matter, nicotine, and other constituents in indoor environments, either in 
exposure chambers, rooms trying to recreate real-life settings, or real-life 

FIGURE 3-7  Estimated disability-adjusted life-years (DALYs) lost due to expo -
sure to secondhand e-cigarette aerosol.
NOTES: The boxes show the median and 95th percentile range of predicted health 
damage. Panel A shows toxicant-speci�c impact estimated for the residential 
scenario in which the vaper consumes CT e-liquid using the EGO device at 3.8 V. 
Panel B shows aggregated damage for six scenarios of home and bar exposures 
using three device/voltage combinations. In all cases, emission rates correspond 
to typical vaping sessions of 25 puffs each. The �gure includes the estimated 
damage due to second- and thirdhand smoke from combustible tobacco ciga-
rettes as calculated in a previous study from St.Helen et al. (2016b). The DALYs 
are presented for full smoke and for the VOCs alone (excluding PM2.5). DALY = 
disability-adjusted life-year; SHS/THS = secondhand smoke/thirdhand smoke; 
VOC = volatile organic compound. 
SOURCE: Logue et al., 2017.
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settings such as homes and conventions where vaping takes place. All 
studies measuring particulate matter and nicotine (for experiments with 
nicotine e-liquids) found statistically signi�cant increases of those chemi -
cals as compared with background. The levels of both particulate matter 
and nicotine were higher in experiments with more than one vaper, and 
they were extremely high in studies of vaping conventions, where levels 
of particulate matter and nicotine concentrations were comparable to 
those founds in bars and nightclubs. Among the other constituents, two 
studies detected airborne toluene and other VOCs in the air following 
vaping experiments. Total VOCs were markedly high and increased with 
increasing levels of vaping, during a vaping cloud competition, support -
ing the hypothesis that VOCs are released from the e-cigarettes into the 
environment during the exhalation of the e-cigarette aerosol. Overall, 
these exposure studies indicate that e-cigarette vaping contributes to 
some level of indoor air pollution, which, although lower than what 
has been observed from secondhand combustible tobacco cigarettes, is 
above the smoke-free level recommended by the Surgeon General and 
the WHO FCTC. As with secondhand smoke, children, pregnant women, 
the elderly, and patients with cardiorespiratory diseases may be at special 
risk. The e-cigarette convention studies also suggest that e-cigarette aero-
sol exposure could be substantial for workers in these venues, especially 
those who are exposed during multiple events. No available studies have 
evaluated health effects (either clinical effects or early biomarkers of dis-
ease) of secondhand e-cigarette exposure. 

Conclusion 3-1. There is conclusive evidence that e-cigarette use 
increases airborne concentrations of particulate matter and nicotine in 
indoor environments compared with background levels. 

This conclusion is supported by chamber experiments, real-setting 
experiments, and observational studies in homes and convention centers. 
In experiments with one single e-cigarette user, levels are markedly lower 
than for secondhand tobacco smoke. Levels increase markedly with the 
increase in the number of vapers, in particular at vaping conventions. 

Conclusion 3-2. There is limited evidence that e-cigarette use increases 
levels of nicotine and other e-cigarette constituents on a variety of indoor 
surfaces compared with background levels. 
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4

Nicotine

Electronic cigarettes are designed to deliver a nicotine-containing 
aerosol to the user. According to the 1988 Surgeon General’s report The 
Health Consequences of Smoking: Nicotine Addiction, “Nicotine is the drug 
in tobacco that causes addiction” (HHS, 1988, p. 9). Because dependence 
on tobacco is produced primarily through the pharmacological effects of 
nicotine (Benowitz, 2009), an understanding of the pharmacology (i.e., 
disposition kinetics, metabolism, and pharmacodynamics) of nicotine, 
concentration of nicotine in commercial e-cigarette liquids and aerosols, 
systemic nicotine exposure among users, and factors that may affect nico-
tine exposure are essential to understanding the potential addictiveness 
of e-cigarettes. In addition, although most of the harm caused by tobacco 
smoking is attributed to combustion products, nicotine contributes to 
health outcomes such as cardiovascular disease in smokers (HHS, 2014). 
Therefore it is important to understand mechanisms of action of nicotine 
to understand its role in the overall health effects of e-cigarettes. 

CONCENTRATION OF NICOTINE IN 
COMMERCIAL E-CIGARETTES

Although some e-cigarettes/e-liquids do not contain nicotine, most 
do, and the nicotine contents of e-cigarettes are variable. Based on vap-
ing machine studies, higher nicotine concentration of e-liquids results 
in higher nicotine yield of any given e-cigarette (Talih et al., 2015). As 
with combustible tobacco cigarettes, machine-derived nicotine yield of 
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e-cigarettes is not necessarily predictive of users’ systemic exposures to 
nicotine. Other factors such as power of the e-cigarette and user behavior 
and use patterns are also critical. Nevertheless, e-liquid nicotine concen-
tration may be a determinant of systemic nicotine exposure. Here, the 
committee reviews current evidence related to the range of nicotine con-
centrations in commercially available e-cigarettes, whether cartridges of 
�rst-generation and closed-tank e-cigarettes or re�ll liquids used in other 
open-system e-cigarettes. The committee also discusses labeling accuracy 
of nicotine content. 

There is no consensus in the way nicotine strength is reported on 
labels of products or in studies. The nicotine strength on the label of 
some products is qualitative (e.g., zero, low, medium, high, super high) 
or quantitative on others. The unit of quantitative measure of nicotine 
strength is often reported on labels or in studies as amount per cartridge 
(mg), percentage per volume (e.g., 2.4 percent nicotine), concentration 
(mg/ml), or amount of nicotine per amount of e-liquid (µg/mg or mg/g). 

A previous systematic review of the evidence evaluating chemicals 
in re�ll solutions and cartridges included studies published between 
January 2007 and September 2013 (Cheng, 2014). Based on 10 of the 29 
studies included in this review, which reported on nicotine concentra -
tion of e-liquids, the review found that nicotine levels in e-liquids varied 
considerably, with a range of 0–87.2 mg/ml. For example, one study 
assessed the level of nicotine in popular brands of re�ll liquids from 
the United States and Western Europe (Etter et al., 2013). Among the 20 
samples from 10 different brands, the range of nicotine on the labels was 
6–30 mg. The range of measured nicotine concentration was 6–29.0 mg/
ml; the measured concentration ranged from 85 to 107 percent of the 
labeled nicotine content. Another study assessed the nicotine content of 16 
e-cigarette brands (20 cartridges and 15 re�ll liquids) based on high popu -
larity in markets in Poland, the United Kingdom, and the United States 
(Goniewicz et al., 2013). Measured nicotine in cartridges ranged from 0.3 
to 19 mg (per cartridge) and 0 to 25 mg in re�ll liquids. In another study, 
nicotine concentration was measured in a convenience sample of seven 
e-cigarette re�ll liquids (Cameron et al., 2014). Measured mean nicotine 
concentration across the seven brands ranged from 8.5 to 22.2 mg/ml, and 
were equivalent to or lower than labeled concentrations. 

A number of studies have assessed nicotine concentration in e-liquids 
since the 2014 review by Cheng. Goniewicz and colleagues (2015) mea-
sured nicotine in 32, 29, and 30 popular brands of e-liquids purchased 
between 2013 and 2014 in the United States, South Korea, and Poland, 
respectively. In samples from the United States, nicotine in the e-liquid 
ranged from below limit of quantitation (BLQ) to 36.6 mg/ml. Of 32 
samples, 9 (28 percent) had measured nicotine levels that deviated from 
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the labeled nicotine strength by more than 20 percent. In South Korea, 
two-thirds of the products tested did not have detectable levels of nicotine 
while the higher concentration was 150 mg/ml (this product was labeled 
“Pure Nicotine”). The range of nicotine strength in Polish samples was 
BLQ to 24.7 mg/ml. Ten percent of the Polish products tested showed 
deviations from the label of greater than 20 percent, while none of the 
products labeled nicotine-free contained detectable amounts of nicotine. 
Lisko and colleagues (2015) measured nicotine concentration in 36 car-
tridge and re�ll e-liquids in the U.S. market that had favorable online 
reviews. Nicotine content ranged from undetected to 20.5 mg/g. The 
measured nicotine concentrations were 5.8–41.7 percent lower than the 
labeled nicotine content. Tierney and colleagues (2016) reported a range 
of 6 to 24 mg/ml in a sample of 30 cartridge and re�ll e-liquids. 

Etter and Bugey (2017) assessed the agreement between labeled and 
measured nicotine content across brands and across batches within the 
same brand. Eighteen e-liquids from 11 frequently used brands in the 
United States, the United Kingdom, France, and Switzerland were pur -
chased in 2013. Nicotine on the labels ranged from 16 to 48 mg/ml. The 
measured nicotine concentrations ranged from 15.5 to 52.0 mg/ml. A 
majority of the sample, 82 percent, had measured nicotine concentration 
within 10 percent of the labeled content. Differences across batches within 
the same brands were small (0.5 percent). By contrast, Goniewicz and 
colleagues (2014), in a study that measured nicotine content of e-liquids 
from six popular products in the United Kingdom that were purchased 
4 weeks apart, found the mean difference between batches of the same 
brand ranged from 1 to 31 percent.

Some clinical studies have reported the nicotine content of their par-
ticipants’ usual brands of e-cigarettes. St.Helen and colleagues (2016a,b)
characterized nicotine delivery and e-cigarette nicotine pharmacokinetic 
pro�les among experienced e-cigarette users. Among the 13 enrolled par-
ticipants, the labeled nicotine content of their usual e-liquids ranged 
from 6 to 24 mg/ml. The measured nicotine content ranged from 5.0 to 
15.3 mg/g (note the difference in units). In another study of experienced 
e-cigarette users by St.Helen and colleagues (2017), the average nicotine 
on the label of the participants’ usual e-liquids was 7.9 mg/ml (range = 
3–18 mg/ml). The measured nicotine concentration averaged 7.4 mg/ml 
(range = 1.6–19.9 mg/ml). 

The preferred nicotine strength may differ across types of e-cigarettes 
used, particularly based on the power of the e-cigarettes. Users of high-
powered e-cigarettes tend to use e-liquids with lower nicotine concentra -
tions. Wagener and colleagues (2017) enrolled 9 second-generation and 11 
third-generation e-cigarette users in a clinical study. The average power of 
the second-generation e-cigarettes was 8.6 W compared with 71.6 W of the 
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third-generation e-cigarettes. The average nicotine concentration of users 
of second-generation e-cigarettes was 22.3 mg/ml (range = 11–36 mg/ml) 
compared with 4.1 mg/ml (range = 1.5–6 mg/ml). 

In summary, these studies show that nicotine content varies widely 
among products. Some studies show agreement between the nicotine 
content on the label and what was chemically measured while other 
studies show greater deviation of measured nicotine content from labeled 
content. One study showed that nicotine content is similar across batches 
of the same brand while another showed wider variability. Finally, the 
choice of preferred nicotine strength may be in�uenced, in part, by the 
characteristics of the e-cigarette used, including the power of the device. 

NICOTINE CONCENTRATION IN E-CIGARETTE EMISSIONS

Nicotine concentration in e-cigarette emissions is an important deter -
minant of systemic exposure to nicotine, and likely directly affects the 
abuse liability of e-cigarettes. E-cigarettes are designed to deliver nicotine 
to the user. Device characteristics that alter nicotine concentration in the 
aerosol are expected to also affect the abuse liability of e-cigarettes. 

The systematic review by Cheng (2014) also included a review of nico-
tine delivery. As discussed above, Cheng identi�ed �ve studies between 
January 2007 and September 2013 that reported amounts of nicotine in 
e-cigarette aerosol (Cobb et al., 2010; Goniewicz et al., 2013; Pellegrino et 
al., 2012; Trehy et al., 2011; Westenberger, 2009). The unit of measurement 
of nicotine in e-cigarette aerosol varied among the studies and included 
amount in a certain number of puffs (e.g., 100 or 150 puffs) and amount 
per volume of air (e.g., �+g/100 ml puff, mg/m 3). One major �nding was 
that delivery of nicotine is not consistent across products. 

For example, Goniewicz and colleagues (2013) assessed nicotine in 
aerosol in a study described previously. Sixteen popular e-cigarettes, 
including 20 cartridges, were obtained from Poland, the United Kingdom, 
and the United States based on popularity. Aerosol was generated from 
300 puffs from each e-cigarette in 20 series of 15 puffs. Puf�ng conditions 
were based on average puff topography from 10 experienced e-cigarette 
users (70-ml puff volume, 1.8-second puff duration, and 10-second inter-
puff interval). As mentioned before, nicotine in the cartridges ranged from 
0.3 to 19 mg. Nicotine in the aerosol varied by brand and ranged from 
0.5 to 15.4 mg per 300 puffs. Also, nicotine in the aerosol varied from 21 
percent to 85 percent of the nicotine present in the cartridge. 

Adamson and colleagues (2016) compared nicotine delivery from 
a commercially available e-cigarette (Vype ePen) with 3R4F reference 
cigarettes (University of Kentucky) using the Health Canada Intense 
smoking regime (2-second puff duration, 55-ml puff volume, 30-second 
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interpuff interval). The e-cigarette was used at 4.0 V (5.7 W) and con-
tained e-liquid with nicotine concentration of 18 mg/ml. Two different 
smoking machines were used, namely, Borgwaldt RM20S and Vitrocell 
VC10. Mean nicotine per puff from the 3R4F combustible tobacco ciga-
rette was 0.171 (SD = 0.055) mg and 0.193 (SD = 0.055) mg on the RM20S 
and VC10, respectively. In comparison, mean amount of nicotine per puff 
from the e-cigarette was 0.049 (SD = 0.006) mg and 0.053 (SD = 0.012) 
mg. Interestingly, the nicotine concentration per puff increased from puff 
to puff when generating the combustible tobacco cigarette smoke. This 
is because tar and nicotine deposit down the cigarette rod on burning, 
enriching the distillable material in the rod for later puffs (Adamson et 
al., 2016). By contrast, the e-cigarette nicotine concentration was found 
to be highly consistent from puff to puff. The implications for variation 
or lack thereof in nicotine concentration per puff between combustible 
tobacco cigarette use versus e-cigarette use are not clear. However, this 
study shows that at a power of 5.7 W, e-cigarettes deliver less nicotine 
per puff than combustible tobacco cigarettes. Nicotine delivery per puff 
is expected to increase with power. The study mentioned that delivery 
at a power of 4.6 W was 0.032 mg of nicotine per puff. This was based 
on another study by the same research group, which compared nicotine 
delivery from Vype ePen at low voltage with 3R4F reference combustible 
tobacco cigarettes (Margham et al., 2016). 

Talih and colleagues (2015) examined the in�uence of puff duration 
and puff velocity (or �ow rate), as well as device power and nicotine 
concentration, on vaping machine-derived emissions from e-cigarettes. 
One type of e-cigarette cartridge, V4L CoolCart, was used in the study, 
and aerosols were generated by a machine designed and manufactured 
by the American University of Beirut. Five distinct puff pro�les represent -
ing a combustible tobacco cigarette smoker and four types of e-cigarette 
user pro�les (different puff duration and puff velocity) were examined. 
Power and e-liquid nicotine concentration were varied. The study found 
that nicotine yield ranged by more than 50-fold across conditions, from 
0.11 mg to 4.70 mg in 15 puffs. Nicotine yield in 15 puffs was positively 
related to puff duration, power (voltage), and nicotine concentration of 
the e-liquid. Interestingly, puff velocity was not related to nicotine yields. 
This study showed that the concentration of nicotine in e-cigarette aero-
sols is determined both by e-cigarette characteristics and user behavior. 

In summary, nicotine concentration in e-cigarette aerosol is vari -
able among e-cigarettes. In the conditions tested, nicotine yield from 
an e-cigarette was lower than that of a reference combustible tobacco 
cigarette. However, the concentration of nicotine in e-cigarette aerosol 
is a product of device characteristics and user behavior. Nicotine yield 
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increases with e-cigarette power and e-liquid nicotine concentration, and 
with increasing puff duration. 

pH OF E-LIQUIDS

Nicotine is a weak base with a pKa of 8.5. The absorption and renal 
excretion of nicotine is highly pH dependent (IOM, 2001). In acidic envi -
ronments, nicotine is in its protonated, charged state and does not cross 
membranes rapidly. For example, the smoke of �ue-cured cigarettes (the 
most common form) has pH ranging from 5.5 to 6.0, resulting in nicotine 
existing primarily in the protonated form (Benowitz et al., 2009). Studies 
have shown little buccal absorption of nicotine from �ue-cured ciga -
rette smoke (Gori et al., 1986). On the other hand, smoke from air-cured 
tobacco, the dominant form used in pipes and cigars, has a pH of 6.5 or 
greater, results in a higher fraction of unprotonated (free-base) nicotine, 
and is absorbed in the mouth (Armitage et al., 1978). 

The proportion of free-based (unprotonated) nicotine, which is the 
more volatile and readily absorbed form, increases with pH (Pankow, 
2001; Pankow et al., 1997). Given its relatively high volatility, more 
free-base nicotine in combustible tobacco cigarette smoke is thought to 
lead to greater deposition of free-base nicotine in the mouth and throat 
(Henning�eld et al., 2004). Although free-base nicotine is absorbed in the 
mouth and upper respiratory tract, the rate of such absorption into the 
blood is slower than in the lungs (Bergstrom et al., 1995). On the other 
hand, deposition of free-base nicotine in the mouth and throat leads to 
greater sensory effects due to possible activation of peripheral nerves 
(Henning�eld et al., 2004).

The pH of e-liquids and its implications for nicotine absorption and 
pharmacological effects of e-cigarettes have not been extensively studied. 
By de�nition, pH is relevant to aqueous solutions (water as the solvent). 
To measure the apparent pH of e-liquids, which have propylene glycol 
(PG) and/or glycerol as the solvent, the e-liquid is �rst dissolved in a 
known amount of deionized water and pH measured over a time period 
(El-Hellani et al., 2015). Using this method, Lisko and colleagues (2015) 
found that the pH of a sample of 36 cartridges and re�ll liquids ranged 
from 5.1 to 9.1. The pH was positively correlated with the nicotine con -
centration of the e-liquid. Interestingly, this relationship was stronger 
in laboratory-prepared e-liquids than commercial e-liquids, indicating a 
potential effect of �avor additives on pH. El-Hellani and colleagues (2015) 
reported that cartridges from three brands with various nicotine con -
centrations and re�ll liquids had pH ranging from 7.4 to 9.7. This study 
found wide variability in nicotine partitioning between the unprotonated 
and protonated states of nicotine in the e-liquid and aerosols. Unproton -
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ated nicotine was found to account for 18–95 percent of the total nicotine, 
depending on the product in question and the pH. Based on high agree-
ment between measured and predicted amounts of protonated nicotine 
in laboratory-prepared e-liquids and poorer agreement in commercial 
e-liquids, the authors inferred, similar to Lisko and colleagues, that �avor 
additives in commercial e-liquids likely affect e-liquid pH (El-Hellani et 
al., 2015). Etter and Bugey (2017) reported pH of 18 e-liquids ranging from 
8.1 to 9.9 (average = 9.1). The pH of 14 usual brand e-liquids of partici-
pants in a clinical study by St.Helen and colleagues (2017) ranged from 
4.33 to 9.10 (average = 6.80).

Given that nicotine partitioning in the protonated and unprotonated 
forms in e-liquid and aerosol varies widely among products (El-Hellani et 
al., 2015), it is important to understand how such variation impacts nico -
tine deposition in the airways, rates of absorption, systemic exposure, and 
sensory effects. A pilot study by St.Helen and colleagues (2017) found ele-
vated rates of nicotine absorption and maximum plasma nicotine concen-
tration when participants used a strawberry e-liquid (18 mg/ml nicotine, 
50/50 glycerol/PG, pH 8.29) compared with a tobacco e-liquid (18 mg/ml 
nicotine, 50/50 glycerol/PG, pH 9.10). After 15 puffs (30-second inter -
puff) with the same e-cigarette on separate days, 5-, 15-, and 30-minute 
areas under the plasma nicotine concentration-time curve (AUC) were 
17–23 percent higher and maximum plasma nicotine concentration was 
22 percent higher with the less basic strawberry e-liquid compared with 
the tobacco. This study was not a systematic study of the effect of pH, but 
suggests that a potential effect of �avorants is through pH. Systematic 
studies of the effect of e-liquid and aerosol pH on e-cigarette pharmacol-
ogy are needed for more de�nitive answers. The pH of e-liquids is one 
e-liquid characteristic that the Food and Drug Administration may con -
sider regulating, but more research is needed. 

NICOTINE SALTS

Nearly all e-cigarettes use solvents such as PG and glycerol as the 
carrier compounds in the aerosol. However, novel e-cigarettes are being 
developed that do not contain glycerol or PG, but contain nicotine base 
and a weak organic acid that forms a nicotine salt. These devices are pat-
terned after technology described by Rose and colleagues (2008). One 
example is JUULTM by JUUL Labs. Chemical analysis of the liquid in 
JUULTM pods, which are pre�lled cartridges, found benzoic acid and nico -
tine in a 0.97–1 molar concentration ratio (44.8 ± 0.6 and 61.6 ± 1.5 mg/ml, 
respectively) (Pankow et al., 2017), indicating that benzoic acid is a major 
ingredient of this device. The nicotine salt, nicotine benzoate, likely forms 
when the device is activated, and is delivered to the user in an aerosol 
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form. Furthermore, Philip Morris Products S.A. recently developed a 
novel e-cigarette called P3L (Teichert et al., 2017). The device consists of 
a cartridge containing nicotine base and lactic acid in separate cavities. 
On activation and controlled heating, the nicotine salt (nicotine lactate) 
is released as an aerosol. In a clinical study, maximum plasma nicotine 
concentrations from use of three formulations of P3L, namely, 50, 80, and 
150 µg/puff P3L, were 9.7, 11.2, and 9.8 ng/ml, respectively (Teichert et 
al., 2017). JUULTM and new products such as P3L show the potential use 
of nicotine salts to deliver nicotine in electronic nicotine delivery systems. 

TOXICOLOGY AND MODES OF ACTION 

In this section, the pharmacology of nicotine is summarized, but it is 
not intended to be a systematic review of the topic. Several authoritative 
reviews have been published on nicotine and were identi�ed as the pri -
mary sources for this summary. They include the 1988 Surgeon General’s 
report on smoking, The Health Consequences of Smoking: Nicotine Addiction 
(HHS, 1988); the 2001 Institute of Medicine report Clearing the Smoke: 
Assessing the Science Base for Tobacco Harm Reduction (IOM, 2001); the 2010 
Surgeon General’s report How Tobacco Smoke Causes Disease (HHS, 2010b); 
and reviews on nicotine chemistry, metabolism, disposition kinetics, and 
pharmacology (e.g., England et al., 2017). Individual adverse outcomes 
of nicotine are covered in greater detail in the speci�c health outcomes 
sections. 

General Pharmacology of Nicotine

Nicotine, 3-(1-methyl-2-pyrrolidinyl) pyridine, consists of a pyridine 
and a pyrrolidine ring, is volatile, and has a molecular weight of 162.23 
(Benowitz, 2009). It is the most abundant tobacco alkaloid, making up 
about 95 percent of the alkaloid content of combustible tobacco cigarettes 
and 1.5 percent by weight in cigarette tobacco (Benowitz et al., 2009). The 
nicotine content of commercially available e-liquids varies from low to 
high (commonly 0.3–5 percent by volume) (Cameron et al., 2014; Cheng, 
2014; Etter and Bugey, 2017; Etter et al., 2013; Goniewicz et al., 2015). Most 
of the nicotine in tobacco is the levorotary (S)-isomer; (R)-nicotine is found 
in much smaller quantities (0.1–0.6 percent) (Benowitz et al., 2009). 

 On activation of the e-cigarette, nicotine is released from the e-liquid 
on aerosol particles or volatilized to gas-phase nicotine, which are then 
inhaled. Nicotine bound to particles can be deposited into the lungs, 
where it is expected to be rapidly absorbed into the pulmonary venous cir -
culation, or to evaporate from particles on impact in the mouth and upper 
airways and absorbed into the circulation, but slower than in the lungs. 
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As with tobacco smoke, gas-phase nicotine is expected to be absorbed 
in the mouth and upper airways, which may contribute to the sensory 
effects of nicotine in the mouth and throat. Once nicotine enters the 
pulmonary venous circulation, it then enters the arterial circulation and 
rapidly moves across the blood–brain barrier into the brain (Benowitz, 
2009). Nicotine then diffuses readily in brain tissue and (S)-nicotine, the 
predominant form, binds stereoselectively to nicotine cholinergic recep -
tors (nAChRs) (Benowitz, 2009). nAChRs are ligand-gated ion channels, 
which open when a cholinergic agonist binds to the outside of the chan-
nel. When the channels open, they allow the entry of cations such as cal-
cium and sodium, which activates signal transduction pathways, includ -
ing activation of voltage-dependent calcium channels that allow further 
entry of calcium (Benowitz, 2009). 

Nicotine-induced stimulation of central nervous system nAChRs 
results in the release of multiple neurotransmitters in the brain, dopamine 
being dominant, which have been related to nicotine’s pharmacodynamic 
effects. The action of nicotine leads to the release of dopamine, which is 
associated with pleasure and appetite suppression, in the mesolimbic 
area, the frontal cortex, and the corpus striatum (Benowitz, 2009). Dopa-
mine release in the shell of the nucleus accumbens and the dopaminer-
gic neurons in the ventral tegmental area of the midbrain are especially 
important because this pathway is involved in drug-induced reward 
(HHS, 2014). The pleasurable experience from dopamine release plays a 
critical role in the reinforcing effects of nicotine. When dopamine neurons 
in rat brain are chemically or anatomically lesioned, self-administration 
of nicotine is prevented (Benowitz, 2009; IOM, 2001). Other nicotine-
induced behaviors are mediated by a variety of neurotransmitters that are 
also released, including norepinephrine (arousal, appetite suppression), 
acetylcholine (arousal, cognitive enhancement), serotonin (mood modula-
tion, appetite suppression), �a-aminobutyric acid (reduction of anxiety and 
tension), glutamate (learning, memory enhancement), and endorphins 
(reduction of anxiety and tension) (Benowitz, 2008). 

Nicotine addiction develops as a neurobiological adaptation to 
chronic nicotine exposure (HHS, 2014). An important characteristic of 
nicotine dependence is the emergence of withdrawal symptoms on abrupt 
cessation of nicotine administration (compulsory nicotine administra -
tion is the other characteristic of nicotine dependence). Tolerance (neu-
roadaptation) to nicotine develops for some nicotinic effects on repeated 
exposure to nicotine. The number of nAChR binding sites in the brain 
increases, which is thought to represent upregulation in the response of 
nicotine-mediated desensitization of receptors (Benowitz, 2009). During 
periods of abstinence in chronic smokers, such as during nighttime sleep, 
previously desensitized �_4�`2 nAChRs become unoccupied and recover to 
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a responsive state. Abstinence symptoms are believed to develop when 
these nAChRs revert to this unoccupied and responsive state. Craving 
and withdrawal symptoms are alleviated through nicotine binding and 
desensitization of the receptors. 

nAChRs are also located at the interganglionic junctions of the auto-
nomic nervous system and on organs throughout the body as part of the 
parasympathetic autonomic nervous system (HHS, 2010b, 2014). Stimu-
lation of these globally expressed nAChRs causes wide-ranging physi-
ological effects such as nicotine intoxication syndrome. Symptoms of 
nicotine intoxication syndrome include nausea and vomiting. More severe 
poisoning can progress to diarrhea, increased salivation and respiratory 
secretions, bradycardia, seizures, and respiratory depression. The rapid 
development of tolerance to nicotine with repeated administration helps 
counter the development of acute nicotine toxicity (HHS, 2014). 

Nicotine Receptor Pharmacology

The nAChR complex, a pentamer, includes combinations of �_�� �`�� 
�a, and �b subunits (IOM, 2001), and is found in the peripheral and cen-
tral nervous systems (Benowitz, 2009; Gotti et al., 2006). nAChRs have 
been located in the brain, neuromuscular junctions, autonomic ganglia, 
and adrenal medulla (Gundisch, 2000; IOM, 2001). The varied effects of 
nicotine in both the peripheral and central nervous systems are medi-
ated by the speci�c con�gurations of the subunits. While nicotine exerts 
diverse pharmacological effects in the peripheral nervous system (e.g., 
stimulation in the trachea that may enhance the reinforcing effect of self-
administration), it is generally believed that the actions of nicotine in 
the central nervous system are pivotal to reinforcing tobacco use (HHS, 
1988). Neuronal subunits that are thought to be attributed to the effects 
of nicotine contain �_3,4,7 and �`2,4 subunits (IOM, 2001). The mammalian 
brain contains up to nine �_ subunits (�_2 to �_10) and three �` subunits (�`2 
to �`4). In the human brain, �_4�`2, �_3�`4, and �_7 (homomeric) are the most 
abundant receptor subtypes; �_4�`2, with or without the presence of other 
subunits, is predominant and is thought to be the primary receptor medi -
ating nicotine dependence in humans (Benowitz, 2009). The �_4�`2 recep-
tor may also include subunits such as �_5, �_6, and/or �`3. The additional 
subunits on the �_4�`2 receptor can modulate the sensitivity and function 
of the receptor. Furthermore, it appears that the �`2 subunit is particularly 
important in reinforcing effects of nicotine. �`2 subunit gene knockout mice 
did not show the behavioral effects of nicotine (Benowitz, 2009; Picciotto, 
1998). The behavioral effects of nicotine were restored on reinsertion of 
the �`2 subunit into the ventral tegmental area of the �`2 knockout mice 
(Benowitz, 2009; Maskos et al., 2005). The �_4 subunit seems to play a role 
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in determining sensitivity to nicotine while the �_7 subunit appears to 
play an important role in withdrawal, learning, and sensory gating, and 
is involved in rapid synaptic transmission (Benowitz, 2009; IOM, 2001). In 
addition, the cardiovascular effects of nicotine are thought to be mediated 
by the �_3�`4 nAChR.

Pharmacokinetics and Pharmacodynamics of Nicotine

The amount of nicotine delivered and the way in which it is deliv -
ered in�uences the addictiveness of a tobacco product (HHS, 2010b). The 
abuse liability of tobacco products increases with greater delivery, faster 
rate of absorption, and higher blood nicotine concentrations. Further -
more, the route of administration and dose of nicotine in�uence the time 
course of nicotine in the brain and the resulting pharmacological effects 
(Hukkanen et al., 2005). Nicotine in tobacco smoke, once it reaches the 
small airways and alveolar region of the lungs, is rapidly absorbed into 
the pulmonary venous circulation. From there, nicotine moves quickly to 
the left ventricle of the heart, then to the systemic arterial circulation, and 
then to the brain (Hukkanen et al., 2005). High levels of nicotine reach the 
brain in about 15 seconds after a puff on a combustible tobacco cigarette 
(Berridge et al., 2010). This rapid increase in nicotine levels in the brain, 
faster than with intravenous administration, leads to activation of the 
dopaminergic reward system, as discussed before, and produces rapid 
behavioral reinforcement (Hukkanen et al., 2005). Given the rapid rise of 
nicotine and associated psychoactive effects, smoking allows the smoker 
to titrate the level of nicotine and related effects during smoking. This 
makes smoking the most reinforcing and dependence-producing form of 
nicotine administration. 

Nicotine is delivered from e-cigarettes through the pulmonary route 
in a manner that is very similar to that of combustible tobacco ciga-
rettes. As discussed above and in detail later in this chapter under Expo-
sure to Nicotine and Nicotine Derivatives from E-Cigarettes, e-cigarettes 
can deliver nicotine levels comparable to combustible tobacco cigarettes 
(St.Helen et al., 2016a), and the plasma nicotine pro�le can resemble that 
of combustible tobacco cigarette smokers (Dawkins et al., 2016; Ramoa et 
al., 2016; St.Helen et al., 2016a; Wagener et al., 2017). With the potential for 
high and rapid delivery of nicotine to the user, e-cigarettes are expected to 
produce nicotine-related psychoactive effects that can cause or maintain 
nicotine dependence. Whether or not e-cigarettes are as reinforcing and 
dependence producing as combustible tobacco cigarettes is an important 
question, with implications for both smoking cessation and transitioning 
from e-cigarettes to combustible tobacco cigarettes. The abuse liability of 
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e-cigarettes relative to tobacco cigarettes is discussed in greater detail in 
Chapter 8.

 	 Nicotine from chewing tobacco and snuff are rapidly absorbed 
because these products are buffered to alkaline pH. However, blood nico-
tine concentration rises gradually and plateaus at about 30 minutes, with 
levels remaining elevated and slowly decreasing over a nicotine half-
life (2 hours) or more (Hukkanen et al., 2005). The rise in brain nicotine 
concentrations is slower than with smoking. Formulations of nicotine 
replacement therapy (NRT) are also buffered to alkaline pH to facilitate 
oral absorption. A considerable amount of nicotine administered orally is 
swallowed and undergoes �rst-pass metabolism. Because gastric �uid is 
acidic, nicotine is poorly absorbed in the stomach. On the other hand, nic-
otine is absorbed more ef�ciently in the small intestine due to the alkaline 
pH there and the large surface area. Given the slower rate of increase of 
nicotine levels in the blood and the brain from NRT administered orally, 
the abuse liability of NRT is considered to be low (Hukkanen et al., 2005). 
The gradual rise of nicotine levels in the brain allows for the development 
of tolerance to the pharmacological effects of nicotine, resulting in less 
intense central nervous system stimulation. 

Nicotine base absorbs readily through the skin. This is the basis for 
nicotine transdermal systems, such as nicotine patches, and is also the rea-
son for some nicotine toxicities in the occupational setting (green tobacco 
sickness). Nicotine-containing e-liquids can potentially make contact with 
the skin of users or non-users, such as children and infants. Therefore, 
dermal contact with nicotine-containing e-liquids can lead to systemic 
nicotine exposure. 

 Once absorbed into the circulation, nicotine is distributed extensively 
to body tissues with average steady-state volume of distribution ranging 
from 2.2 to 3.3 L/kg (see Table 4-1). Less than 5 percent of nicotine dose 
binds to plasma proteins (Hukkanen et al., 2005). Nicotine has low af�nity 
for adipose tissue and high af�nity for liver, kidney, spleen, lung tissues, 
and the brain. The receptor-binding capacity of nicotine in the brain is 
higher in smokers compared with non-smokers because of the upregula-
tion of nicotinic cholinergic receptors in the brain of smokers (Hukkanen 
et al., 2005). Due to ion-trapping, nicotine accumulates in gastric juice and 
saliva. Nicotine also accumulates in breast milk as well as in fetal serum 
and amniotic �uids (once it crosses the placental barrier) in slightly higher 
concentrations than maternal serum. 

Peak-to-trough blood nicotine levels oscillate considerably from ciga -
rette to cigarette (Benowitz, 2009). During daily smoking, typical peak 
blood nicotine concentrations range from 19 to 50 ng/ml, while typical 
trough concentrations range from 10 to 37 ng/ml; depending on how the 
cigarette is smoked, each cigarette increases blood nicotine concentra-
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tions by 5–30 ng/ml (Benowitz et al., 2009). Given the rapid delivery and 
absorption of nicotine from smoking, blood nicotine concentration rises 
while smoking and peaks at the end of smoking. Blood nicotine levels 
then decline rapidly over the next 20 minutes as nicotine distributes to 
tissue, with a distribution half-life of 8 minutes (Hukkanen et al., 2005). 
The elimination half-life of nicotine is about 2 hours. Consistent with this 
half-life, nicotine from regular smoking over 6–9 hours accumulates in the 
body. Smoking, therefore, results in exposure to nicotine in an intermittent 
and transient manner, but importantly, exposure to nicotine lasts 24 hours 
per day (Benowitz, 2009). The persistent systemic exposure to nicotine 
leads to persistent presence of nicotine in the brain throughout the day 
and night and results in structural and functional changes in nicotinic 
receptors and in intracellular processes of neuroadaptation (Benowitz, 
2009). There is wide variability in patterns of e-cigarette use during the 
day. Nonetheless, as discussed later, e-cigarette users also administer nico-
tine throughout the day, likely leading to persistent systemic exposure to 
nicotine and associated neuroadaptation and tolerance to pharmacologi-
cal effects of nicotine observed in combustible tobacco cigarette smokers. 

Biotransformation of Nicotine

The metabolism of nicotine has been reviewed in depth elsewhere 
(Benowitz et al., 2009; Hukkanen et al., 2005) and is summarized in this 
section (see also Figure 4-1). The main site of nicotine metabolism is the 
liver, where it is extensively metabolized. Nicotine contains both aromatic 
and aliphatic carbon and nitrogen atoms, which can be sites for metabolic 
oxidation and subsequent conjugation reactions (IOM, 2001). Cotinine is 

TABLE 4-1  Pharmacokinetic Parameters of (S)-Nicotine and 
(3´R,5´S)-Trans-3´-Hydroxycotinine After Intravenous Administration  

Clearance 
(ml/  
minute) 

Renal 
Clearance 
(ml/  
minute)

Non-Renal 
Clearance 
(ml/  
minute)

Volume of 
Distribution 
(Steady State) 
(L/kg)

Elimination 
Half-Life 
(minute)

Nicotine 1,110–1,500 35–90 1,050–1,460 2.2–3.3 100–150

Cotinine 42–55 3–9 36–52 0.69–0.93 770–1,130

Trans-3´-
hydroxycotinine

82 50 32 0.66 396

SOURCE: Hukkanen et al., 2005.
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quantitatively the most important nicotine metabolite in mammals. About 
70–80 percent of nicotine is metabolized through the cotinine pathway. 
Nicotine is converted to cotinine via a two-step metabolic process, con-
sisting of a cytochrome P450–mediated reaction (CPY2A6) to produce 
nicotine-�61´(5´)-iminium ion followed by a cytoplasmic aldehyde oxidase 
reaction (Hukkanen et al., 2005). Cotinine is further metabolized to a num-
ber of metabolites. About 4 to 7 percent of nicotine absorbed in smokers 
is converted to nicotine N´-oxide through the action of �avin-containing 
monooxygenase 3 (FMO3). Nicotine N´-oxide is not metabolized further 
and is excreted in this form or reduced back to nicotine. Cotinine and 
nicotine N´-oxide are formed through oxidation of the pyrrolidine ring.
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FIGURE 4-1  Nicotine metabolic pathways.
SOURCE: Hukkanen et al., 2005.
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Nonoxidative methylation of the pyridine nitrogen and glucuronida -
tion of nicotine are two additional metabolic pathways. The methylation 
pathway is catalyzed by N-methyltransferase, forming the nicotine isome -
thonium ion in small amounts in smokers. Formation of ( S)-nicotine-N-�`-
glucuronide, which constitutes about 3–5 percent of nicotine metabolites 
excreted in urine, is catalyzed by the uridine diphosphate-glucuronosyl -
transferase (UGT) enzyme (Hukkanen et al., 2005). 

Nornicotine, which is also a constituent of tobacco leaves, is formed 
from absorbed nicotine through oxidative N-demethylation through the 
CYP450 system. About 0.41 and 0.65 percent of nicotine is excreted as 
nornicotine in users of transdermal nicotine and smokers, respectively 
(Hukkanen et al., 2005). Finally, nicotine undergoes 2´-hydroxylation 
through CYP450 activity to produce 2´-hydroxynicotine as an intermedi -
ate. 2-Hydroxynicotine yields 4-(methylamino)-1-(3-pyridyl)-1-butanone 
and nicotine- �61´(2´)-iminium ion. 4-Oxo-4-(3-pyridyl)butanoic acid and 
4-hydroxy-4-(3-pyridyl)-butanoic acid are derived from 4-(methylamino)-
1-(3-pyridyl)-1-butanone and form about 10–15 percent of excreted nico-
tine and metabolites (Hukkanen et al., 2005). 

Despite the cotinine pathway being the predominant metabolic 
route of nicotine, only 10–15 percent of nicotine absorbed by smokers is 
excreted as unchanged cotinine. Cotinine has six primary metabolites in 
humans: 3´-hydroxycotinine, 5´-hydroxycotinine, cotinine- N-oxide, coti-
nine methonium ion, cotinine glucuronide, and norcotinine (Benowitz et 
al., 2009). 3´-Hydroxycotinine, the most abundant nicotine metabolite in 
smokers’ urine, and its O-glucuronide conjugate account for 40–60 percent 
of the nicotine dose in urine. Conversion of cotinine to cotinine N-oxide 
is formed by CYP450 enzymes, unlike formation of nicotine N-oxide, 
and accounts for 2–5 percent of the excreted nicotine and metabolites in 
urine. Norcotinine, making up about 1 percent of excreted nicotine and 
metabolites in urine, is formed either through demethylation of cotinine 
or oxidation of nornicotine (Hukkanen et al., 2005).

Nicotine and metabolites measured in urine, referred to as the total 
nicotine equivalents, account for approximately 90 percent of the systemic 
dose of nicotine (Benowitz et al., 2009). To summarize quantitatively 
the pattern of nicotine metabolism in humans, nicotine and metabolites 
are excreted in urine as nicotine N-oxide (4–7 percent), nicotine gluc-
uronide (3–5 percent), cotinine (10–15 percent), trans-3´-hydroxycotinine 
(33–40 percent), cotinine glucuronide (12–17 percent), and trans-3´-
hydroxycotinine glucuronide (7–9 percent). 

Based on measurement of blood nicotine levels after administration 
of a known dose, average total clearance of nicotine is about 1,200 ml/
minute. Given that nonrenal clearance makes up about 70 percent of liver 
blood �ow, about 70 percent of the nicotine dose is removed from the 
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blood in each pass through the liver (Benowitz et al., 2009). On the other 
hand, clearances of cotinine and trans-3´-hydroxycotinine are slower and 
average about 45 ml/minute and 82 ml/minute, respectively (Hukkanen 
et al., 2005). The ratio of plasma or saliva 3´-hydroxycotinine to coti-
nine (3HC/cotinine), which is highly correlated with oral clearances of 
nicotine and cotinine and half-life of cotinine, is a validated non-invasive 
proxy of CYP2A6 metabolism of nicotine (Dempsey et al., 2004). The 
ratio of 3HC/cotinine in urine is also used as a proxy of CYP2A6 nicotine 
metabolism, with forms including unconjugated, glucuronidated, or total 
(unconjugated + glucuronidated) 3´-hydroxycotinine and cotinine. The 
validity of the ratio of 3´-hydroxycotinine to cotinine in urine as a proxy 
of CYP2A6 nicotine metabolism when using glucuronidated 3´-hydroxy -
cotinine and/or cotinine may be in�uenced by observed differences in 
rates of glucuronidation of nicotine and cotinine among individuals or 
groups (Berg et al., 2010a,b). 

CYP2A6 is the major enzyme involved in oxidation of nicotine to 
cotinine and cotinine to 3´-hydroxycotinine. CYP2A6 is also involved in 
2´-hydroxylation of nicotine and in the formation of 5´-hydroxycotinine 
and norcotinine from cotinine (Hukkanen et al., 2005). Other enzymes 
involved in nicotine oxidation include CYP2B6 (second most active), 
CYP2D6, CYP2E1, and CYP2A13. CYP2A13 is a close relative of CYP2A6, 
is highly expressed in the respiratory tract, and includes shared substrates 
with CYP2A6 such as 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone 
(NNK) (Hukkanen et al., 2005). Aldehyde oxidase is the enzyme involved 
in the conversion of nicotine- �61´(5´)-iminium ion to cotinine. FMO3 cata -
lyzes the formation of nicotine N´-oxide. Amine N-methyltransferase, 
whose expression is highest in human thyroid, adrenal gland, and lung, 
catalyzes N-methylation of nicotine. UDP-glucuronosyltransferase (UGT) 
catalyzes the phase II N-glucuronidation of nicotine and cotinine and N- 
and O-glucuronidation of 3´-hydroxycotinine. UGT2B10 and UGT1A4 are 
the main enzymes involved in N-glucuronidation of nicotine and cotinine, 
while UGT1A9 plays a minor role; UGT2B10 is thought to be a more ef� -
cient catalyst of N-glucuronidation (Benowitz et al., 2009; Berg et al., 2010a; 
Chen et al., 2007; Ehmer et al., 2004; Hukkanen et al., 2005; Kaivosaari et 
al., 2007). It is yet unknown which enzyme(s) catalyzes O-glucuronidation 
of 3´-hydroxycotinine but evidence suggests that UGT1A9 and UGT2B7 
are involved given their action in NNAL O-glucuronidation and the 
high correlation between 3´-hydroxycotinine O-glucuronide and NNAL-
O-glucuronide. Evidence suggests that UGT2B17 plays a major role in 
O-glucuronidation of 3´-hydroxycotinine while UGT2B10 and UGT1A4 
are involved in its N-glucuronidation (Chen et al., 2012).
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Gender and Racial Differences in Nicotine 
Metabolism and Genetic Polymorphisms

The rate of elimination of nicotine and cotinine varies considerably 
in humans and across species. A number of factors contribute to this 
observed interindividual variation, including physiological factors such 
as diet, age, gender, pathological conditions, medications, smoking, and 
racial and ethnic differences. These factors and known polymorphisms 
in genes encoding nicotine-metabolizing enzymes have been discussed 
in detail elsewhere (Benowitz et al., 2009). 

Given that most nicotine is cleared through hepatic extraction, factors 
that change liver blood �ow such as meals, exercise, and other physiologi -
cal events can in�uence nicotine clearance. After eating a meal, hepatic 
blood �ow increases by an estimated 30 percent and nicotine clearance 
increases by about 40 percent (Hukkanen et al., 2005). Some food con-
stituents and additives are also known to mediate enzymes involved in 
nicotine metabolism. Menthol, a �avorant used in foods, toothpaste, com -
bustible tobacco cigarettes, and e-cigarettes, moderately inhibits CYP2A6. 
Metabolism of nicotine to cotinine and glucuronidation of nicotine were 
inhibited after smoking mentholated cigarettes compared with after 
smoking non-mentholated cigarettes (Benowitz et al., 2004; Hukkanen 
et al., 2005). Although their effects on nicotine metabolism have not been 
studied, grapefruit and wheatgrass juice inhibit metabolism of coumarin, 
a CYP2A6 substrate, indicating that these foods likely inhibit nicotine 
metabolism. 

Age is another physiological in�uence on the rate of nicotine metabo -
lism. Clearance of nicotine decreases with age among adults. Compared 
with young adults, total clearance was 23 percent lower and renal clear-
ance was 49 percent lower in the elderly (Hukkanen et al., 2005). Hepatic 
blood �ow is lower in the elderly, leading to reduction in hepatic extrac -
tion of nicotine. At the other end, the half-life of nicotine in neonates has 
been shown to be three to four times longer than in adults, indicative of 
much slower rates of nicotine metabolism. 

Hepatic clearance of nicotine slows during sleep as blood �ow to the 
liver declines. The combination of this variation in hepatic blood �ow 
and effect of meals on hepatic blood �ow and nicotine clearance results in 
circadian variations in blood nicotine levels even during constant nicotine 
dosing (Hukkanen et al., 2005). 

Gender-related differences in nicotine metabolism have been noted, 
with some studies reporting alternative conclusions. However, studies 
support that nicotine and cotinine clearances are higher in women com-
pared with men; oral contraceptives further induce nicotine metabolism; 
and pregnancy markedly increases nicotine metabolism (Hukkanen et al., 
2005). These gender and pregnancy differences are attributed to sex hor-
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mones, given that estrogens and progesterone are higher in women than 
men, higher in women using oral contraceptives compared those who 
are not, and even higher during pregnancy (Hukkanen et al., 2005). Com-
pared with men, nicotine and cotinine clearances were 13 percent and 16 
percent higher in women not using oral contraceptives. Nicotine and coti -
nine clearances were induced by 30 percent and 33 percent, respectively, 
in women using oral contraceptives compared with women not using oral 
contraceptives (Hukkanen et al., 2005). Differences in coumarin metabo-
lism have also been reported between women and men, supporting the 
idea that these gender differences are associated with CYP2A6 activity 
(Hukkanen et al., 2005). Pregnancy increases clearance of nicotine and 
cotinine by 60 percent and 140 percent, respectively, through increased 
induction of CYP2A6. Gender differences in nicotine glucuronidation has 
not been found in human studies, but studies using human liver micro -
somes suggest slower glucuronidation in women (Ghosheh and Hawes, 
2002; Pulvers et al., 2016). 

Signi�cant racial differences in nicotine and cotinine metabolism have 
been noted. These differences may be a result of genetic variations in 
nicotine-metabolizing enzymes as well as other external factors, such as 
predominant types of cigarettes smoked by a racial/ethnic group (e.g., 
menthol versus non-menthol). The fractional clearance of nicotine to coti-
nine, metabolic clearance of nicotine to cotinine, and total and non-renal 
clearance of cotinine were signi�cantly lower in blacks compared with 
whites (Benowitz et al., 1999; Perez-Stable et al., 1998). Nicotine and 
cotinine glucuronidation, although polymorphic in blacks (i.e., presence 
of both people who formed N-glucuronide fast and those who formed it 
slowly), were lower compared with whites, who showed unimodal dis -
tribution of glucuronidation (Berg et al., 2010a; Hukkanen et al., 2005). In 
comparisons among Chinese Americans, Latinos, and whites, total and 
non-renal clearance of nicotine and cotinine, and metabolic clearance of 
nicotine via the cotinine pathway were lowest among Chinese Ameri -
cans (Benowitz et al., 2002; Hukkanen et al., 2005). Chinese are known 
to have higher frequencies of reduced function or dysfunctional CYP2A6 
alleles compared with whites (Hukkanen et al., 2005; Pitarque et al., 2001; 
Wang et al., 2003). Japanese are also known to have higher frequencies 
of null and reduced activity CYP2A6 alleles, resulting in slower nicotine 
metabolism. 

Polymorphisms in genes encoding nicotine-metabolizing enzymes are 
important determinants of the rate of nicotine metabolism in individuals 
and across racial groups, and have been discussed in detail elsewhere 
(Hukkanen et al., 2005). The rate of nicotine metabolism is associated with 
the likelihood of being an adult smoker (Schoedel et al., 2004), number 
of cigarettes smoked per day (Benowitz et al., 2003; Schoedel et al., 2004), 
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exposure to tobacco-related toxicants (Derby et al., 2008), and ef�cacy 
of smoking cessation with NRT (Lerman et al., 2006, 2010; Schnoll et al., 
2009). Several polymorphisms have been noted in CYP2A6. The wild-
type allele is denoted by CYP2A6*1A. Fully inactive CYP2A6 alleles are 
associated with substantial reduction in CYP2A6 activity. CYP2A6 whole 
gene deletion alleles include CYP2A6*4A, CYP2A6*4B, and CYP2A6*4D. 
Reduced activity also comes from alleles containing a single nucleotide 
change such as CYP2A6*2 and CYP2A6*5. Slow nicotine metabolizers 
include those with alleles such as CYP2A6*6, CYP2A6*7, CYP2A6*8, and 
CYP2A6*9, which produce functional enzymes with reduced metabolic 
capacities. Other alleles such as CYP2A6*1XN produce enzymes with 
increased metabolic activity. Polymorphisms have also been noted in 
other genes that encode enzymes involved in nicotine metabolism, such 
as in CYP2B6, CYP2D6, CYP2E1, and CYP2A13. Polymorphisms in the 
genes for aldehyde oxidase have not been reported while several poly-
morphisms have been detected in the human FMO3 gene. 

Other factors that lead to variation in nicotine metabolism include 
pathological conditions, medications, and tobacco smoke itself. Hepatic 
pathologies impact nicotine metabolism. Based on coumarin metabolism 
as a proxy for CYP2A6 activity, hepatitis A and alcoholic liver disease 
are expected to slow hepatic extraction of nicotine while liver �uke para -
site infection induces nicotine metabolism. Kidney failure decreases both 
renal clearance of nicotine and also hepatic clearance due to inhibition 
of CYP2A6 activity or downregulation of hepatic CYP2A6 expression by 
accumulated uremic toxins (Benowitz et al., 2009). Drugs such as rifam-
picin, dexamethasone, phenobarbital, and other anticonvulsant drugs are 
known to induce CYP2A6. Other compounds such as pilocarpine, metyra -
pone, methoxsalen, naphthalene, rifampicin, and others that are known to 
reduce coumarin metabolism through inhibition of CYP2A6 are expected 
to inhibit nicotine metabolism (Hukkanen et al., 2005). Studies with smok -
ers as well as those with coumarin support that tobacco smoke inhib-
its CYP2A6-mediated metabolism of nicotine. While the exact CYP2A6 
inhibitor(s) in tobacco smoke have not been identi�ed, �`-nicotyrine, a 
minor tobacco alkaloid, inhibits CYP2A6 in vitro (Benowitz et al., 2009; 
Denton et al., 2004). Downregulation of CYP2A6 expression, but not 
CYP2A6 inhibition, is another explanation for smoking-induced reduc -
tion of nicotine clearance. While smoking reduces nicotine C-oxidation, 
it appears that it induces 3�v-hydroxycotinine O-glucuronidation. Rates of 
N-glucuronidation of nicotine and cotinine have not been shown to be 
affected by smoking. 
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Species Differences in Nicotine Metabolism

The highest total metabolism of nicotine has been seen in guinea 
pig and hamster hepatocytes followed by those of mice and humans, 
indicating cross-species differences in nicotine metabolism. All mammal 
species produce cotinine and 3�v-hydroxycotinine as the major metab -
olites of nicotine. However, guinea pigs and rats form as much nico -
tine N�v-oxide as cotinine and 3�v-hydroxycotinine. Other differences exist 
across species, including rates of nicotine metabolism, relative amounts 
of metabolites produced, as well as differences in the major CYP enzymes 
involved in nicotine metabolism. For example, CYP2A is inactive in nico -
tine metabolism in rats while CYP2B is the main active enzyme. In non-
human primates, nicotine metabolism resembles that of humans. Nicotine 
N�v-glucuronidation also differs across species, with highest activity in the 
human liver and no activity in rats, mice, dogs, and rabbits. Cotinine gluc -
uronidation has only been detected in humans (Hukkanen et al., 2005). 

Other Effects of Nicotine 

Carcinogenesis

Concerns about the potential carcinogenic risk of nicotine is impor -
tant due to the growing prevalence of use of alternative forms of nicotine 
delivery such as e-cigarettes and other non-combustible tobacco prod-
ucts, as well as smokers who attempt to quit through extended use of 
NRT. Carcinogenesis consists of initiation, promotion, and progression. 
A complete carcinogen is an agent (physical, chemical, or biological, e.g., 
viruses) that can, by itself, induce tumors, usually with initiating, promot -
ing, and progressing properties (Haussmann and Fariss, 2016). Initiation, 
the �rst stage of the cancer process, consists of genetic alterations such as 
mutations and deletions made by the initiating agent. Promotion involves 
the selective clonal expansion of initiated cells to produce preneoplastic 
lesions; both endogenous and exogenous agents that stimulate cell growth 
can act as tumor promoters. Importantly, repeated applications of or con -
tinuous exposure to agents that promote tumors is required for continued 
growth of preneoplastic lesions (Klaassen and Watkins, 2015). Progression 
entails conversion of benign preneoplastic lesions into invasive cancer. 

Current evidence does not support the idea that nicotine is a human 
carcinogen, let alone a complete carcinogen. Speci�cally with respect 
to initiation, the 2014 Surgeon General’s report found mixed data for 
a genotoxic effect of nicotine; most studies were negative (HHS, 2014). 
The Lung Health Study, a 5-year randomized trial to assess the effects 
of smoking cessation on chronic lung disease and lung function, investi -
gated the cancer risk from using NRT products (Murray et al., 2009). This 
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has been the only study to provide information on long-term NRT users. 
It found no evidence for an effect of NRT use on overall cancer risk or spe-
ci�cally for lung or gastrointestinal tract cancers. One study reported no 
additional mutagenic potential from increasing nicotine yield in cigarette 
smoke (Chen et al., 2008). In fact, the only exception was an animal study 
which found sarcomas in the muscle and uterus of A/J mice exposed to 
nicotine; no other tumors were found (Galitovskiy et al., 2012). In this 
study, A/J mice were subcutaneously injected with a nicotine dose of 3 
mg/kg �ve times per week for 24 months (equivalent to 2.1 mg/kg/day 
of nicotine) (Grando, 2014), a dose comparable to that from consuming 
regular Scandinavian snus (Wickholm et al., 2012). The Surgeon General’s 
report (HHS, 2014, p. 114) found that the current body of evidence from 
animal and human studies on this topic failed to support the hypothesis 
that nicotine is a human carcinogen, concluding that “there is insuf�cient 
data to conclude that nicotine causes or contributes to cancer in humans.” 

The Surgeon General’s report (HHS, 2014, p. 114) went on to conclude 
that “there is evidence showing possible oral, esophageal, or pancreatic 
cancer risks” (HHS, 2014, p. 114); the risks are indirect evidence based 
on some evidence of endogenous formation of the carcinogenic tobacco-
speci�c nitrosamine (TSNA), N�v-nitrosonornicotine (NNN), in users of 
NRT (Carmella et al., 1997; Knezevich et al., 2013; Stepanov et al., 2009a,b) 
and elevated risk of these cancers in users of smokeless tobacco prod-
ucts (IARC, 2012). NNN is a potent carcinogen that has been shown to 
induce tumors locally and systemically (Hecht, 1998), and is associated 
with increased risk of esophageal cancer in smokers (Yuan et al., 2011). 
Although the Surgeon General’s report did not �nd evidence to conclude 
that nicotine causes cancer, the report also stated that “there is some bio-
logical basis for proposing that nicotine may promote cancer based on 
experimental studies that have limitations in replicating human exposure 
and on mechanistic studies, but human evidence is lacking” (HHS, 2014, 
p. 113). Of importance to the potential tumor-promoting properties of 
nicotine are nAChRs located in organs such as the lungs, which can be 
involved in triggering signaling pathways in lung cells. As discussed in 
the 2014 Surgeon General’s report, nicotine’s effects on carcinogenic path-
ways include (1) inhibition of apoptosis; (2) stimulation of the release of 
epidermal growth factor and activation of Ras-Raf-ERK cascade, which 
affects cell proliferation; (3) activation of ERK, PI3-K, and mTOR and the 
expression of PPAR-�`/ �b by stimulating �broblast production; and (4) 
possible promotion of metastases because nicotine stimulates cell motil-
ity and migration, loss of cell adhesion, and induction of the transition 
of well-differentiated epithelial cells to highly invasive carcinoma via 
epithelial-mesenchymal transition (HHS, 2014). The potential for nicotine 
to promote and spread tumors through its effects on cancer cell survival 
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and protection from apoptosis, nAChR mediation of nicotine-dependent 
upregulation of proliferative and survival genes, effects on metastasis, 
and nicotine-related induction of pathological angiogenesis that facili -
tates tumor survival and spreading have been discussed extensively in a 
review by Grando (2014).

In addition to the 2014 Surgeon General’s report, other studies also 
found that there is insuf�cient evidence to determine whether nicotine 
is a human carcinogen. A systematic review was conducted to deter-
mine the potential carcinogenic effect of nicotine at levels found in users 
of nicotine delivery systems (Haussmann and Fariss, 2016). The only 
epidemiological study included was the study on long-term NRT use 
after smoking cessation, same as the 2014 Surgeon General’s report. The 
review concluded that “for human studies (NRT use), there appears to be 
inadequate evidence for an association between nicotine exposure and 
the presence of or lack of a carcinogenic effect due to a limited number 
of studies” (Haussmann and Fariss, 2016, p. 709). Based on animal stud-
ies, the review concluded that “limited evidence suggests an association 
between long-term nicotine exposure and a lack of a complete carcino-
genic effect” (Haussmann and Fariss, 2016, p. 715). The review of approxi-
mately 70 animal studies also concluded that there is inadequate evidence 
to conclude that nicotine exposure does or does not modulate (stimulate) 
carcinogenesis in humans.

An additional line of evidence to inform our understanding of whether 
nicotine can contribute to increased cancer risk is to assess the occurrence 
of cancer in smokeless tobacco users. Smokeless tobacco products used 
in Scandinavia have lower levels of TSNAs compared with traditional 
smokeless tobacco products and combustible tobacco products (HHS, 
2014; Stepanov et al., 2006), but deliver as much nicotine as combustible 
tobacco cigarettes (Digard et al., 2013). In Sweden, the prevalence of 
smokeless tobacco use is 12.3 percent (20.7 percent in men, 3.5 percent in 
women) (Leon et al., 2016). In a longitudinal cohort of male Swedish con-
struction workers, use of snus by never-smoking users was independently 
associated with increased risk of pancreatic cancer (higher risk compared 
with never users of any tobacco), but was unrelated to incidence of oral 
and lung cancers (Luo et al., 2007). Exposure to the TSNA NNK is the 
likely explanation for the observed increased in pancreatic cancer risk 
among snus users. NNK exposure is known to induce pancreatic cancer 
in rats when administered orally (Rivenson et al., 1988). Furthermore, a 
study of smokeless tobacco users enrolled in the National Longitudinal 
Mortality Study in the United States found that current smokeless tobacco 
users did not have elevated mortality from all cancers combined, and 
pancreatic, esophageal, and oral cavity cancers separately, compared with 
never users of tobacco (Timberlake et al., 2017). These studies provide 
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additional evidence to suggest that nicotine per se is not contributing to 
human cancer risk. 

When the evidence is viewed in total, while there is a biological ratio -
nale for how nicotine could potentially act as a carcinogen in humans, 
there is no human evidence to support the hypothesis that nicotine is 
a human carcinogen. While it is biologically plausible that nicotine can 
act as a tumor promoter, the existing body of evidence indicates this is 
unlikely to translate into increased risk of human cancer. Studies of NRT 
users, which show no increase in cancer risk (Murray et al., 2009), and 
studies of smokeless tobacco users, which show increase in risk of can-
cers related to TSNA exposure but not an increase in risk of other cancers 
(Luo et al., 2007; Timberlake et al., 2017), indicate that it is unlikely that 
nicotine exposure acts as a tumor promoter to increase the risk of cancer 
in humans. Based on the existing body of evidence, it is reasonable to infer 
there is likely no signi�cant increase in risk of cancer from exposure to 
nicotine delivered by e-cigarettes.

Cardiovascular Effects

The cardiovascular effects of nicotine have been reviewed in the 
2010 and 2014 Surgeon General’s reports and elsewhere (Benowitz and 
Burbank, 2016; HHS, 2010b, 2014). Given that epidemiological studies 
cannot effectively disentangle smoking-related cardiovascular disease 
caused by nicotine and that caused by other toxic substances in tobacco 
smoke, analysis of epidemiological studies of long-term NRT or smoke-
less tobacco users facilitates evaluation of the cardiovascular risk of nico-
tine. The factors that mediate the effects of nicotine on the cardiovascular 
system are complex. Many of these effects are thought to be related to 
activation of nAChRs. As stated before, nAChRs are found in endothelial, 
immune, neuronal, and muscle cells (HHS, 2014). 

Activation of the sympathetic nervous system produces hemody -
namic effects manifested as increased heart rate, blood pressure, myocar-
dial contractility, and cutaneous and coronary vasoconstriction (Benowitz 
and Fraiman, 2017; Bhatnagar, 2016). Stimulation of the sympathetic ner-
vous system by nicotine is thought to be a result of activation of nAChRs 
in the peripheral nervous system, as well as those in the central nervous 
system (Benowitz and Burbank, 2016). Nicotine increases adrenal release 
of epinephrine and adrenergic neuron release of norepinephrine (HHS, 
2010a). Heart rate and blood pressure increase regardless of the nicotine 
source or route of administration. Blood vessels constrict in response 
to nicotine, including coronary blood vessels and blood vessels in the 
skin, but those in skeletal muscle dilate (Benowitz and Burbank, 2016). 
Increased sympathetic activity from acute exposure to nicotine is also 
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associated with a decrease in heart rate variability in both smokers and 
nicotine-naïve healthy human subjects (Bhatnagar, 2016).

Nicotine also impacts coronary blood �ow, but the net effect is a 
balance of two actions with opposite effects (Benowitz and Burbank, 
2016). Through its action on �_1-adrenergic receptors in vascular smooth 
muscle, nicotine can constrict coronary arteries and decrease blood �ow. 
On the other hand, nicotine-induced accelerated heart rate increases car-
diac output, which causes �ow-mediated dilation (FMD). FMD directly 
stimulates �`2 receptors in the coronary artery for vasodilation. While the 
pathophysiological signi�cance of the sympathomimetic-driven hemo -
dynamic effects of nicotine are unclear, increases in heart rate, reduction 
in heart rate variability, and endothelial dysfunction can lead to reduced 
myocardial blood �ow, coronary occlusion, and increased myocardial 
demand for oxygen and nutrients, all of which are known to be associ -
ated with increased risks of myocardial ischemia/infarction and sudden 
death (Bhatnagar, 2016).

Other effects of nicotine on the cardiovascular system are believed 
to include myocardial remodeling, arrhythmogenesis, thrombogenesis, 
endothelial dysfunction, in�ammation, and angiogenesis (Benowitz and 
Burbank, 2016). Persistent sympathetic stimulation by nicotine, particu -
larly through �`-adrenergic activation, can enhance myocardial tissue 
remodeling. Tissue remodeling (hypertrophy and �brosis) creates heart 
failure. The arrhythmogenic effect of nicotine is mediated through cat -
echolamine release, which can contribute to ventricular tachycardia and 
�brillation. The thrombogenic effect of nicotine varies. Some animal 
studies have reported increased platelet activation from acute exposure 
to nicotine, whereas long-term exposure in rodents leads to reduced 
platelet activation. Studies of NRT and smokeless tobacco do not show 
increased platelet activation following nicotine intake. Endothelial dys -
function, which consists of impaired FMD (the vasodilatory response to 
increased local blood �ow), is mediated primarily by oxidative stress 
and chronic in�ammation. It is not clear what additional effect nicotine 
has on endothelial dysfunction above that of the effects of powerful 
oxidants and pro-in�ammatory agents. Nevertheless, impaired endo -
thelial function has been observed in people following local infusion of 
nicotine and use of a nicotine inhaler (Bhatnagar, 2016; Neunteu� et al., 
2002). In�ammation plays an important role in several mechanisms that 
lead to cardiovascular diseases, namely atherogenesis and acute isch-
emic events. However, nicotine appears to have both anti-in�ammatory 
and pro-in�ammatory effects. Nicotine can act on the immune system 
directly by activating nAChRs that modulate immune function or indi -
rectly by activating the sympathetic nervous system. Nicotine can also 
act on the cholinergic immune system by activating non-neuronal �_7 
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nAChRs, which has an anti-in�ammatory effect. On the other hand, by 
acting as a chemotactic agent, nicotine can contribute to in�ammation by 
facilitating migration of neutrophils (HHS, 2010a). In other studies, nico -
tine enhanced leukocyte–endothelium interactions, resulting in greater 
leukocyte rolling and adhesion in mice; nicotine stimulated an in�amma -
tory response by acting on human monocyte-derived dendritic cells; and 
nicotine increased secretion of pro-in�ammatory cytokines in cultured 
dendritic cells (HHS, 2010a). Nevertheless, based on studies showing 
signi�cant decline in in�ammatory markers after switching from smok -
ing to transdermal nicotine and similar levels of in�ammatory markers 
between smokeless tobacco users and non-tobacco users, nicotine is not 
believed to be the main determinant of an in�ammatory response in 
smokers (HHS, 2010a). Similarly, acute exposure to nicotine enhanced 
angiogenesis through its action on �_7 nAChRs, but chronic exposure to 
nicotine in rodents led to impairment of angiogenesis, which indicates 
that nicotine is not an important driver of tobacco smoke-related angio -
genesis (Benowitz and Burbank, 2016). 

Smoking is associated with a more atherogenic lipid pro�le, progres -
sion of chronic hypertension to accelerated or malignant hypertension, 
and type 2 diabetes, which raises questions about the role of nicotine. 
While nicotine is known to induce lipolysis via catecholamine action at 
�`-adrenoreceptors, and increasing plasma-free fatty acid concentrations, 
which possibly results in enhanced synthesis of low-density lipopro -
teins (LDLs) and lowering of high-density lipoproteins (HDLs), cessa -
tion studies using NRT and nicotine nasal sprays report improvement 
in HDL/LDL ratios and reduced dyslipidemia (Benowitz and Burbank, 
2016; HHS, 2010a; Murray et al., 1996). Smoking causes transient increases 
in blood pressure, but is not associated with high blood pressure. A major -
ity of smokeless tobacco studies have also not reported an increased 
incidence or prevalence of hypertension in users. However, smoking is 
likely associated with progression of chronic hypertension to accelerated 
or malignant hypertension; nicotine-induced vasoconstriction can play a 
role in this escalation. Finally, smokers have increased insulin resistance 
compared with non-smokers and cigarette smoking is recognized as an 
important risk factor for type 2 diabetes. It appears that nicotine is the 
main constituent in tobacco smoke responsible for increased insulin resis-
tance in people. This is based on studies showing a dose–response asso-
ciation between hyperinsulinemia and insulin resistance in people with 
long-term use of nicotine gum (HHS, 2010a). Nicotine-induced release of 
hormones such catecholamine, cortisol, and growth hormone, which are 
insulin antagonists, can enhance insulin resistance. In addition, nicotine 
produces insulin resistance by directly activating AMP-activated protein 
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kinase via �_7 nAChR effects in adipose tissue (Benowitz and Burbank, 
2016).

Because e-cigarettes are designed to deliver nicotine to the user, 
the cardiovascular effects of nicotine must be considered when assess-
ing the overall potential cardiovascular effects of e-cigarettes. The evi-
dence related to the cardiovascular effects of e-cigarettes is reviewed in 
Chapter 9. However, based on known cardiovascular effects of nicotine 
(Benowitz and Burbank, 2016; HHS, 2010b), exposure to nicotine from 
e-cigarettes likely elevates the risk in people with preexisting cardiovas -
cular disease(s), but the risk in people without cardiovascular disease(s) 
is uncertain.

EXPOSURE TO NICOTINE AND NICOTINE 
DERIVATIVES FROM E-CIGARETTES

The abuse liability of e-cigarettes and their potential to help combus-
tible tobacco cigarette smokers quit smoking and/or sustain dual use of 
combustible tobacco cigarette and e-cigarettes depend to a great extent 
on the amount of nicotine delivered and how it is delivered. E-cigarettes, 
which deliver more nicotine and facilitate faster nicotine absorption and 
higher blood nicotine concentrations, are expected to be more satisfying 
and addictive. 

This section primarily addresses the question: What is the nicotine expo-
sure pro�le of e-cigarettes? In short, how fast is nicotine from e-cigarettes 
absorbed, and what is the systemic exposure to nicotine? These ques-
tions can be answered through clinical studies that measure biomark-
ers of nicotine exposure after e-cigarette use, including pharmacokinetic 
parameters such as the maximum blood nicotine concentration (Cmax) 
and time to maximum concentration (T max). Studies that assess nicotine 
exposure biomarkers in smokers who switch to e-cigarettes over a study 
period are also useful in describing nicotine exposure from e-cigarettes. 
Furthermore, other studies measure biomarkers of nicotine exposure lon-
gitudinally in long-term e-cigarette users, thus providing information on 
the stability or progression of nicotine intake in e-cigarette users. 

The committee identi�ed 27 clinical studies that investigated acute 
nicotine exposure from e-cigarette use. Details of each study, includ-
ing product used, nicotine content of e-cigarettes, sample size, puf�ng 
protocol, and biomarker concentrations or pharmacokinetic parameters 
are presented in Table 4-2. The studies entailed nicotine administration 
during either a controlled session (bout of �xed number of puffs), dur -
ing ad lib use over a period of time, or both. The studies enrolled either 
combustible tobacco cigarette smokers who had not used e-cigarettes 
before or were infrequent users (often referred to as inexperienced users 
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or e-cigarette–naïve smokers) or current e-cigarette users (often referred 
to as experienced users). Two studies enrolled both experienced users 
and e-cigarette–naïve smokers (Farsalinos et al., 2015; Fearon et al., 2017).

Comparisons of nicotine exposure from e-cigarettes with other 
inhaled forms of nicotine such as combustible tobacco cigarettes or 
nicotine inhalers can inform questions of the relative addictiveness of 
e-cigarettes or their ability to serve as a substitute for combustible tobacco 
cigarettes among smokers who want to quit (Benowitz et al., 2009). Some 
studies included combustible tobacco cigarettes or inhalers as compara-
tors. For general reference, combustible tobacco cigarette smokers absorb 
about 1 mg (range = 0.3–2 mg) of nicotine systemically from smoking, 
which represents about 80 to 90 percent of the amount of nicotine inhaled 
(Armitage et al., 1975). Average venous blood nicotine Cmax ranges from 
15 to 30 ng/ml and T max ranges from 5 to 8 minutes from the �rst puff 
(Benowitz et al., 2009). Typical average venous plasma nicotine Cmax from 
a 1-mg nicotine spray ranges from 5 to 8 ng/ml, and T max ranges from 11 
to 18 minutes from the start of administration. 

Clinical Studies with E-Cigarette–Naïve 
Smokers (Inexperienced Users)

Seventeen studies, including the ones by Fearon and colleagues (2017) 
and Farsalinos and colleagues (2015), enrolled smokers with no or little 
experience with e-cigarettes. The study by Bullen and colleagues (2010)
was the �rst such study. Study participants were randomized to use 
an e-cigarette (Ruyan V8) with or without nicotine (16-mg nicotine car -
tridge), nicotine inhaler (Nicorette) or their usual combustible tobacco 
cigarette over 4 study days. A subset (n = 8) gave venous blood samples 
for nicotine pharmacokinetic analysis. Participants used the e-cigarette 
and combustible tobacco cigarette ad lib over 5 minutes and the inhaler 
over 20 minutes. Use of the e-cigarette with nicotine (16 mg cartridge) 
resulted in only a small increase in plasma nicotine (Cmax = 1.3 ng/ml). 
By comparison, average Cmax for the combustible tobacco cigarette and 
inhaler were 13.4 ng/ml and 2.1 ng/ml, respectively. The fastest T max was 
achieved with the combustible tobacco cigarette (14.3 minutes after �rst 
puff) followed by the nicotine e-cigarette (19.6 minutes after �rst puff) and 
the inhaler (32 minutes after �rst administration). While the authors con -
cluded that the pharmacokinetic pro�le of the e-cigarette was similar to 
the inhaler, they also suggested that the shorter Tmax with the e-cigarette 
compared with the inhaler may be due to absorption of nicotine from 
e-cigarette aerosol in the respiratory tract while nicotine from the inhaler 
is absorbed buccally. 

Eissenberg (2010) presented preliminary �ndings of a within-sub -
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TABLE  4-2  Summary of Clinical Studies Examining Nicotine  
Exposure from E-Cigarette Use

Reference

Study Characteristics Results

Study Product Nicotine Content Sample Size Puffing Protocol Biomarker Study Comparison

Clinical Studies with E-Cigarette–Naïve Smokers

Bullen et al., 2010 Ruyan V8 16-mg cartridge   8 e-cigarette: 5 minutes ad 
lib; inhaler: 20 minutes 
ad lib; usual cigarette:  
5 minutes ad lib

plasma nicotine: Cmax: 
1.3 (0–2.6) ng/ml (mean 
and 95% CI); Tmax: 
19.6 (4.9–34.2) minutes 
following initial puff

inhaler: Cmax: 2.1 (1.0–3.1) 
ng/ml, T max: 32 (18.7–45.3) 
minutes; usual cigarette: 
Cmax: 13.4 (6.5–20.3) ng/ml, 
Tmax: 14.3 (8.8–19.9) minutes

Eissenberg, 2010 NPRO by NJOY or 
Hydro by Crown 
Seven

16-mg cartridge  
(both brands)

16 two 10-puff standardized 
sessions, 30-second 
interval, sessions were 1 
hour apart

plasma nicotine: after 
first session: NPRO, 3.5 
(0.5) ng/ml (mean, SEM); 
Hydro, 2.5 (0.2) ng/ml

usual brand cigarette: 16.8 
(3.4) ng/ml

Vansickel et al.,  
2010

NPRO by NJOY or 
Hydro by Crown 
Seven

NPRO: 18-mg 
cartridge; Hydro,  
16-mg cartridge

32 two 10-puff standardized 
sessions, 30-second 
interval, sessions were 1 
hour apart

no significant change in 
plasma nicotine

usual brand cigarette: 
baseline: 2.1 (0.32) ng/ml 
(mean, SD); 5 minutes after 
session 18.8 (11.8) ng/ml

Vansickel et al.,  
2012

Vapor King 18-mg/ml cartridge 20 six 10-puff standardized 
sessions, 30 seconds 
between puffs; sessions 
were 30 minutes apart

plasma nicotine: 
baseline: 2.2 (0.78) ng/
ml (mean, SD); 5 minutes 
after last session: 7.4 
(5.1) ng/ml

N/A

Flouris et al., 2013 Giant by Nobacco 
G.P.

11-mg/ml cartridge 15 median = 11 puffs; 
puffs varied between 
participants; took 
equivalent puffs to be 
equivalent to two usual 
brand cigarettes based on 
a ratio of 1.5 cigarettes 
to e-cigarette nicotine 
absorption ratio

plasma cotinine: 
increased significantly 
immediately after and 1 
hour after e-cigarette use

usual brand cigarette: no 
significant difference in 
plasma cotinine between 
e-cigarette and cigarette use

Farsalinos et al.,  
2015

eVic by Joyetech 
(2nd generation)

18-mg/ml 23 10 puffs in 5 minutes 
followed by ad lib use in 
60 minutes

plasma nicotine: 
baseline: 1.6 (0.3) ng/ml 
(mean, SEM); 5 minutes 
after first puff: 4.3 (0.7) 
ng/ml; after 65 minutes: 
13.8 (1.6) ng/ml

N/A
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TABLE  4-2  Summary of Clinical Studies Examining Nicotine  
Exposure from E-Cigarette Use

Reference

Study Characteristics Results

Study Product Nicotine Content Sample Size Puffing Protocol Biomarker Study Comparison

Clinical Studies with E-Cigarette–Naïve Smokers

Bullen et al., 2010 Ruyan V8 16-mg cartridge   8 e-cigarette: 5 minutes ad 
lib; inhaler: 20 minutes 
ad lib; usual cigarette:  
5 minutes ad lib

plasma nicotine: Cmax: 
1.3 (0–2.6) ng/ml (mean 
and 95% CI); Tmax: 
19.6 (4.9–34.2) minutes 
following initial puff

inhaler: Cmax: 2.1 (1.0–3.1) 
ng/ml, T max: 32 (18.7–45.3) 
minutes; usual cigarette: 
Cmax: 13.4 (6.5–20.3) ng/ml, 
Tmax: 14.3 (8.8–19.9) minutes

Eissenberg, 2010 NPRO by NJOY or 
Hydro by Crown 
Seven

16-mg cartridge  
(both brands)

16 two 10-puff standardized 
sessions, 30-second 
interval, sessions were 1 
hour apart

plasma nicotine: after 
first session: NPRO, 3.5 
(0.5) ng/ml (mean, SEM); 
Hydro, 2.5 (0.2) ng/ml

usual brand cigarette: 16.8 
(3.4) ng/ml

Vansickel et al.,  
2010

NPRO by NJOY or 
Hydro by Crown 
Seven

NPRO: 18-mg 
cartridge; Hydro,  
16-mg cartridge

32 two 10-puff standardized 
sessions, 30-second 
interval, sessions were 1 
hour apart

no significant change in 
plasma nicotine

usual brand cigarette: 
baseline: 2.1 (0.32) ng/ml 
(mean, SD); 5 minutes after 
session 18.8 (11.8) ng/ml

Vansickel et al.,  
2012

Vapor King 18-mg/ml cartridge 20 six 10-puff standardized 
sessions, 30 seconds 
between puffs; sessions 
were 30 minutes apart

plasma nicotine: 
baseline: 2.2 (0.78) ng/
ml (mean, SD); 5 minutes 
after last session: 7.4 
(5.1) ng/ml

N/A

Flouris et al., 2013 Giant by Nobacco 
G.P.

11-mg/ml cartridge 15 median = 11 puffs; 
puffs varied between 
participants; took 
equivalent puffs to be 
equivalent to two usual 
brand cigarettes based on 
a ratio of 1.5 cigarettes 
to e-cigarette nicotine 
absorption ratio

plasma cotinine: 
increased significantly 
immediately after and 1 
hour after e-cigarette use

usual brand cigarette: no 
significant difference in 
plasma cotinine between 
e-cigarette and cigarette use

Farsalinos et al.,  
2015

eVic by Joyetech 
(2nd generation)

18-mg/ml 23 10 puffs in 5 minutes 
followed by ad lib use in 
60 minutes

plasma nicotine: 
baseline: 1.6 (0.3) ng/ml 
(mean, SEM); 5 minutes 
after first puff: 4.3 (0.7) 
ng/ml; after 65 minutes: 
13.8 (1.6) ng/ml

N/A
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Nides et al., 2014 King Bold by NJOY 26-mg cartridge 25 two 10-puff standardized 
sessions, 30-second 
interval, sessions were  
1 hour apart

plasma nicotine: 30 
seconds after first 10 
puffs: 3.5 (0.69) ng/ml 
(mean, SEM); 10 minutes 
after 10 puffs of second 
session: 5.1 (1.1–7.1) ng/
ml (mean, range)

N/A

Hajek et al., 2015 Green Smoke 2.4% cartridge (24 
mg/ml)

  6 two 5-minute ad lib 
sessions: the first was at 
baseline and the second 
4 weeks later

plasma nicotine: 
baseline: Cmax: 4.6 (3.0) 
ng/ml (mean, SD); T max: 
5.0 (0.0) minutes; week 
4: Cmax: 5.7 (3.3) ng/ml; 
Tmax: 5.0 (0.0) minutes

N/A

Oncken et al., 2015 Joye eGo-C 18-mg/ml e-liquid 
with tobacco or 
tobacco and menthol

20 two 5-minute ad lib 
sessions; each session 
was preceded by 7–10 
days of e-cigarette use 
with a different e-liquid

plasma nicotine: session 
1: baseline: 4.2 (1.1) ng/
ml (mean, SE); 5 minutes 
after first puff: 8.2 
(1.7) ng/ml; session 2: 
baseline: 4.2 (0.7) ng/ml; 
5 minutes after first puff: 
9.3 (0.73) ng/ml

N/A

Yan and D’Ruiz, 
2015

blu e-cigs 5 different 
formulations: 3 with 
24 mg/ml and 2 
with 16 mg/ml

23 50-puff standardized 
session, 5-second puff, 
30-second interval,1-hour 
ad lib session

plasma nicotine: 
baseline: range of mean: 
0.01 (0.05)–0.04 (0.13) 
ng/ml (mean, SD); 5 
minutes after first puff: 
range of mean: 1.99 
(1.47)–3.00 (1.38) ng/ml;  
30 minutes after first 
puff: range of mean: 9.96 
(3.59)–17.05 (6.64) ng/ml

one Marlboro Gold King 
Size: baseline: 0.03 (0.12) 
ng/ml (mean, SD); 5 
minutes after first puff: 
14.42 (9.42) ng/ml; 30 
minutes after first puff: 7.86 
(1.99)

plasma nicotine: range 
of mean at end of ad 
lib session: 13.70 (5.95)–
22.42 (7.66) ng/ml

end of ad lib: 29.23 (10.84) 
ng/ml

TABLE  4-2  Continued
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Nides et al., 2014 King Bold by NJOY 26-mg cartridge 25 two 10-puff standardized 
sessions, 30-second 
interval, sessions were  
1 hour apart

plasma nicotine: 30 
seconds after first 10 
puffs: 3.5 (0.69) ng/ml 
(mean, SEM); 10 minutes 
after 10 puffs of second 
session: 5.1 (1.1–7.1) ng/
ml (mean, range)

N/A

Hajek et al., 2015 Green Smoke 2.4% cartridge (24 
mg/ml)

  6 two 5-minute ad lib 
sessions: the first was at 
baseline and the second 
4 weeks later

plasma nicotine: 
baseline: Cmax: 4.6 (3.0) 
ng/ml (mean, SD); T max: 
5.0 (0.0) minutes; week 
4: Cmax: 5.7 (3.3) ng/ml; 
Tmax: 5.0 (0.0) minutes

N/A

Oncken et al., 2015 Joye eGo-C 18-mg/ml e-liquid 
with tobacco or 
tobacco and menthol

20 two 5-minute ad lib 
sessions; each session 
was preceded by 7–10 
days of e-cigarette use 
with a different e-liquid

plasma nicotine: session 
1: baseline: 4.2 (1.1) ng/
ml (mean, SE); 5 minutes 
after first puff: 8.2 
(1.7) ng/ml; session 2: 
baseline: 4.2 (0.7) ng/ml; 
5 minutes after first puff: 
9.3 (0.73) ng/ml

N/A

Yan and D’Ruiz, 
2015

blu e-cigs 5 different 
formulations: 3 with 
24 mg/ml and 2 
with 16 mg/ml

23 50-puff standardized 
session, 5-second puff, 
30-second interval,1-hour 
ad lib session

plasma nicotine: 
baseline: range of mean: 
0.01 (0.05)–0.04 (0.13) 
ng/ml (mean, SD); 5 
minutes after first puff: 
range of mean: 1.99 
(1.47)–3.00 (1.38) ng/ml;  
30 minutes after first 
puff: range of mean: 9.96 
(3.59)–17.05 (6.64) ng/ml

one Marlboro Gold King 
Size: baseline: 0.03 (0.12) 
ng/ml (mean, SD); 5 
minutes after first puff: 
14.42 (9.42) ng/ml; 30 
minutes after first puff: 7.86 
(1.99)

plasma nicotine: range 
of mean at end of ad 
lib session: 13.70 (5.95)–
22.42 (7.66) ng/ml

end of ad lib: 29.23 (10.84) 
ng/ml

TABLE  4-2  Continued
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D’Ruiz et al., 2015 Not specified (but 
same study as Yan 
and D’Ruiz, 2015)

5 different 
formulations: 3 with 
24 mg/ml and 2 
with 16 mg/ml

23 50-puff standardized 
session, 5-second puff, 
30-second interval

plasma nicotine: Cmax 
within first 30 minutes: 
10.3 (3.7)–18.1 (6.47) 
(range of mean, SD)

tobacco cigarette: Cmax 
within first 30 minutes: 15.8 
(8.64) ng/ml (mean, SD)

1-hour ad lib session plasma nicotine: range 
of mean at end of ad lib 
session: 13.7 (5.98)–22.4 
(7.65) ng/ml

end of ad lib: 29.2 (10.86) 
ng/ml

Antoniewicz et al.,  
2016

eGo XL 3.7-V battery 
with dual-coil CE5 
atomizer

12 mg/ml e-liquid 16 10 puffs in 10 minutes plasma cotinine: 4 hours 
after 10 puffs: 4.1 ng/ml 
(median); IQR: 3.5, 
 4.7 ng/ml

John Silver cigarette  
(1 mg): plasma cotinine 
using similar protocol: 7.8 
ng/ml (median), IQR: 4.6, 
14.2 

Lopez et al., 2016 eGO 3.3-V battery 
with 1.5- Ω Smoktech 
cartomizer

4 different e-liquids: 
0, 8, 18, or 36 mg/ml 
nicotine

16 two 10-puff standardized 
sessions, 30-second 
interval, sessions were  
1 hour apart

plasma nicotine: 5 
minutes after 1 puff: 3.8 
(3.30) ng/ml for 0 mg/
ml e-liquid (mean, SD); 
8.8 (6.3) ng/ml for 8 mg/
ml; 13.2 (13.2) ng/ml for 
18 mg/ml: 17.0 (17.9) 
ng/ml for 36 mg/ml 
e-liquid

N/A

Walele et al., 2016 e-cigarette prototype 2 mg/ml nicotine 
(flavored and 
unflavored)

12 10-puff standardized 
session, 4-second puff, 
30-second interval 
(e-cigarette and inhaler), 
2-second puff for tobacco 
cigarette

plasma nicotine: 
unflavored: C max: 3.6 
(33.9) ng/ml (mean, 
CV%); Tmax: 9 (range, 
1–15) minutes; flavored: 
Cmax 2.5 (41.6) ng/ml; 
Tmax: 10 (3–45) minutes

JPS Silver King Size 
cigarette: Cmax: 21.2 (43.1) 
ng/ml; T max: 3.0 (1–6) 
minutes; inhaler: Cmax: 2.5 
(45.2); Tmax: 13 (5–15) 
minutes

0%, 0.4%, 0.9%, 2.0% 
nicotine

12 10-puff standardized 
session, 4-second puff, 
30-second interval 

plasma nicotine: 0%: 
Cmax: 0.6 (346.4) ng/ml 
(mean, CV%); Tmax: 60 
minutes (median); 0.4%: 
Cmax 1.0 (41) ng/ml; 
Tmax: 5 (1–60) minutes; 
0.9%: Cmax 1.9 (33) 
ng/ml; T max: 7 (1–15) 
minutes; 2.0% Cmax 3.6 
(20.9) ng/ml; T max: 7 
(3–30) minutes

N/A

TABLE  4-2  Continued
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D’Ruiz et al., 2015 Not specified (but 
same study as Yan 
and D’Ruiz, 2015)

5 different 
formulations: 3 with 
24 mg/ml and 2 
with 16 mg/ml

23 50-puff standardized 
session, 5-second puff, 
30-second interval

plasma nicotine: Cmax 
within first 30 minutes: 
10.3 (3.7)–18.1 (6.47) 
(range of mean, SD)

tobacco cigarette: Cmax 
within first 30 minutes: 15.8 
(8.64) ng/ml (mean, SD)

1-hour ad lib session plasma nicotine: range 
of mean at end of ad lib 
session: 13.7 (5.98)–22.4 
(7.65) ng/ml

end of ad lib: 29.2 (10.86) 
ng/ml

Antoniewicz et al.,  
2016

eGo XL 3.7-V battery 
with dual-coil CE5 
atomizer

12 mg/ml e-liquid 16 10 puffs in 10 minutes plasma cotinine: 4 hours 
after 10 puffs: 4.1 ng/ml 
(median); IQR: 3.5, 
 4.7 ng/ml

John Silver cigarette  
(1 mg): plasma cotinine 
using similar protocol: 7.8 
ng/ml (median), IQR: 4.6, 
14.2 

Lopez et al., 2016 eGO 3.3-V battery 
with 1.5- Ω Smoktech 
cartomizer

4 different e-liquids: 
0, 8, 18, or 36 mg/ml 
nicotine

16 two 10-puff standardized 
sessions, 30-second 
interval, sessions were  
1 hour apart

plasma nicotine: 5 
minutes after 1 puff: 3.8 
(3.30) ng/ml for 0 mg/
ml e-liquid (mean, SD); 
8.8 (6.3) ng/ml for 8 mg/
ml; 13.2 (13.2) ng/ml for 
18 mg/ml: 17.0 (17.9) 
ng/ml for 36 mg/ml 
e-liquid

N/A

Walele et al., 2016 e-cigarette prototype 2 mg/ml nicotine 
(flavored and 
unflavored)

12 10-puff standardized 
session, 4-second puff, 
30-second interval 
(e-cigarette and inhaler), 
2-second puff for tobacco 
cigarette

plasma nicotine: 
unflavored: C max: 3.6 
(33.9) ng/ml (mean, 
CV%); Tmax: 9 (range, 
1–15) minutes; flavored: 
Cmax 2.5 (41.6) ng/ml; 
Tmax: 10 (3–45) minutes

JPS Silver King Size 
cigarette: Cmax: 21.2 (43.1) 
ng/ml; T max: 3.0 (1–6) 
minutes; inhaler: Cmax: 2.5 
(45.2); Tmax: 13 (5–15) 
minutes

0%, 0.4%, 0.9%, 2.0% 
nicotine

12 10-puff standardized 
session, 4-second puff, 
30-second interval 

plasma nicotine: 0%: 
Cmax: 0.6 (346.4) ng/ml 
(mean, CV%); Tmax: 60 
minutes (median); 0.4%: 
Cmax 1.0 (41) ng/ml; 
Tmax: 5 (1–60) minutes; 
0.9%: Cmax 1.9 (33) 
ng/ml; T max: 7 (1–15) 
minutes; 2.0% Cmax 3.6 
(20.9) ng/ml; T max: 7 
(3–30) minutes

N/A
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Fearon et al., 2017 Vype vPro ePen 
(Nicoventures, Ltd.)

1.86% 23 10-puff standardized 
session, 30 seconds 
between puffs; followed 
by 15–60 minutes ad lib 
use

plasma nicotine: 
standardized: Cmax: 
2.5 (0.5–6.9) ng/ml 
(GM, range); Tmax: 
6.0 (median); ad lib: 
Cmax: 5.9 (1.6–12.5) ng/
ml; Tmax: 75 minutes 
(median)

JPS Blue: plasma nicotine: 
standardized: Cmax: 13.0 
(5.3–35.5) ng/ml; Tmax: 7 
minutes (median); ad lib: 
Cmax: 14.1 (6.9–40.6) ng/ml; 
Tmax: 75 minutes

Papaseit et al., 2016 Nhoss (tank) 16 mg/ml 9 two 10-puff sessions 
(30-second interpuff 
interval); 1 hour apart

plasma nicotine: first 
bout: Cmax: 5.8 (0.0–14.5) 
ng/ml (median, range); 
Tmax: 15 (0–55) minutes; 
second bout: Cmax: 5.9 
(0.0–24.6) ng/ml; Tmax: 
75 (55–120) minutes

Marlboro: first bout: 
Cmax: 7.3 (2.9–16.4) ng/ml 
(median, range); Tmax: 5 
(5–45) minutes; 
second bout: Cmax: 9.0 
(3.7–19.6) ng/ml; Tmax: 90 
(65–120) minutes

Stiles et al., 2017 Vuse Solo 14-, 29-, and 36-mg 
cartridge

45 up to 10 minutes of ad 
lib use of e-cigarette or 
cigarette; 30 minutes 
chewing nicotine gum

plasma nicotine: Cmax: 
14 mg: 3.01 ng/ml; 29 
mg: 4.67 ng/ml; 36 mg: 
5.36 ng/ml; T max: 14 mg: 
27.35 minutes; 29 mg: 
21.83 minutes; 36 mg: 
24.17 minutes

usual brand cigarette: Cmax: 
17.98 ng/ml; T max: 8.13 
minutes; nicotine gum: 
Cmax: 5.26; Tmax: 50.88 min

Clinical Studies with Experienced E-Cigarette Users

Vansickel and 
Eissenberg, 2013

usual brands average of e-liquid: 
17.6 mg/ml; range: 
9–24 mg/ml

  8 10-puff standardized 
session, 30 seconds 
between puffs

plasma nicotine: 
baseline: 2 (0) ng/ml 
(mean, SEM); 5 minutes 
after first puff: 10.3 (2) 
ng/ml

N/A

1-hour ad lib session 16.3 (4.5) ng/ml

Dawkins and  
Corcoran, 2014

SKYCIG 18-mg cartridge 14 10 puffs within 5 
minutes; ad lib interval

plasma nicotine: 
baseline: 0.74 (0.12) ng/
ml (mean, SEM); 10 
minutes after start of 10 
puffs: 6.77 (1.23) ng/ml

N/A

1-hour ad lib session 13.91 (2.12) ng/ml
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Fearon et al., 2017 Vype vPro ePen 
(Nicoventures, Ltd.)

1.86% 23 10-puff standardized 
session, 30 seconds 
between puffs; followed 
by 15–60 minutes ad lib 
use

plasma nicotine: 
standardized: Cmax: 
2.5 (0.5–6.9) ng/ml 
(GM, range); Tmax: 
6.0 (median); ad lib: 
Cmax: 5.9 (1.6–12.5) ng/
ml; Tmax: 75 minutes 
(median)

JPS Blue: plasma nicotine: 
standardized: Cmax: 13.0 
(5.3–35.5) ng/ml; Tmax: 7 
minutes (median); ad lib: 
Cmax: 14.1 (6.9–40.6) ng/ml; 
Tmax: 75 minutes

Papaseit et al., 2016 Nhoss (tank) 16 mg/ml 9 two 10-puff sessions 
(30-second interpuff 
interval); 1 hour apart

plasma nicotine: first 
bout: Cmax: 5.8 (0.0–14.5) 
ng/ml (median, range); 
Tmax: 15 (0–55) minutes; 
second bout: Cmax: 5.9 
(0.0–24.6) ng/ml; Tmax: 
75 (55–120) minutes

Marlboro: first bout: 
Cmax: 7.3 (2.9–16.4) ng/ml 
(median, range); Tmax: 5 
(5–45) minutes; 
second bout: Cmax: 9.0 
(3.7–19.6) ng/ml; Tmax: 90 
(65–120) minutes

Stiles et al., 2017 Vuse Solo 14-, 29-, and 36-mg 
cartridge

45 up to 10 minutes of ad 
lib use of e-cigarette or 
cigarette; 30 minutes 
chewing nicotine gum

plasma nicotine: Cmax: 
14 mg: 3.01 ng/ml; 29 
mg: 4.67 ng/ml; 36 mg: 
5.36 ng/ml; T max: 14 mg: 
27.35 minutes; 29 mg: 
21.83 minutes; 36 mg: 
24.17 minutes

usual brand cigarette: Cmax: 
17.98 ng/ml; T max: 8.13 
minutes; nicotine gum: 
Cmax: 5.26; Tmax: 50.88 min

Clinical Studies with Experienced E-Cigarette Users

Vansickel and 
Eissenberg, 2013

usual brands average of e-liquid: 
17.6 mg/ml; range: 
9–24 mg/ml

  8 10-puff standardized 
session, 30 seconds 
between puffs

plasma nicotine: 
baseline: 2 (0) ng/ml 
(mean, SEM); 5 minutes 
after first puff: 10.3 (2) 
ng/ml

N/A

1-hour ad lib session 16.3 (4.5) ng/ml

Dawkins and  
Corcoran, 2014

SKYCIG 18-mg cartridge 14 10 puffs within 5 
minutes; ad lib interval

plasma nicotine: 
baseline: 0.74 (0.12) ng/
ml (mean, SEM); 10 
minutes after start of 10 
puffs: 6.77 (1.23) ng/ml

N/A

1-hour ad lib session 13.91 (2.12) ng/ml
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Farsalinos et al., 2015 eVic by Joyetech 
(2nd generation)

18 mg/ml 24 10 puffs in 5 minutes 
followed by ad lib use in 
60 minutes

plasma nicotine: 
baseline: 2.1 (0.3) ng/ml 
(mean, SEM); 5 minutes 
after first puff: 7.9 (0.9) 
ng/ml; after 65 minutes: 
24.1 (2.0) ng/ml

N/A

Ramoa et al., 2016 eGO 3.3-V battery 
with 1.5- Ω 
cartomizer

4 different e-liquids: 
0, 8, 18, or 36 mg/ml 
nicotine

16 two 10-puff standardized 
sessions, 30-second 
interval, sessions were 1 
hour apart

plasma nicotine: change 
from baseline: �4.4 (17.9) 
ng/ml for 0 mg/ml 
e-liquid (mean, SD); 11.1 
(9.4) ng/ml for 8 mg/ml; 
18.1 (15.5) ng/ml for 18 
mg/ml; and 24.1 (18.2) 
ng/ml for 36 mg/ml

N/A

Spindle et al., 2015 usual battery with 
1.5-Ω SmokTech 
cartomizer

usual e-liquid: 21.7 
(3.9) mg/ml (mean, 
SD); range: 12–24 
mg/ml

13 10-puff standardized 
session, 30 seconds 
between puffs, with or 
without topography 
device

plasma nicotine: 
baseline: 2.4 (0.2) ng/ml 
(mean, SEM); 5 minutes 
after first puff: 19.2 (2.3) 
ng/ml

N/A

Dawkins et al., 2016 eVic Supreme (3.9 V) 
with Nautilus Aspire 
tank (1.8 Ω)

6 and 24 mg/ml 
nicotine

11 60-minute ad lib session plasma nicotine: 10 
minutes after first puff: 
8.59 (7.52) ng/ml (mean, 
SD) for 6 mg/ml e-liquid 
and 33.77 (34.88) ng/
ml for 24 mg/ml; end 
of session: 22.03 (16.19) 
for 6 mg/ml and 43.57 
(34.78) ng/ml for 24 mg/
ml e-liquid

N/A

St.Helen et al., 2016a usual brands usual e-liquid: 12.5 
(7.1) mg/ml (mean, 
SD); range: 6–24 
mg/ml

13 standardized session 
of 15 puffs, 30-second 
interval

plasma nicotine: Cmax: 8.4 
(5.1) ng/ml (mean, SD) 
(range: 2.3–19.8 ng/ml); 
Tmax: 5.1 (7.6) minutes 
(range: 2–30 minutes)

N/A

Wagener et al., 2017 usual brands 2nd generation: 
22.3 (7.5) mg/ml 
(mean, SD) (range; 
11–36 mg/ml); 3rd 
generation: 4.1 (2.9) 
mg/ml (range; 1.5–6 
mg/ml)

20 10-puff standardized 
session, 30 seconds 
between puffs

5 minutes after first puff: 
2nd generation: 7.3 (2.8) 
ng/ml (mean, SD); 3rd 
generation: 17.5 (12.9) 
ng/ml

N/A
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Farsalinos et al., 2015 eVic by Joyetech 
(2nd generation)

18 mg/ml 24 10 puffs in 5 minutes 
followed by ad lib use in 
60 minutes

plasma nicotine: 
baseline: 2.1 (0.3) ng/ml 
(mean, SEM); 5 minutes 
after first puff: 7.9 (0.9) 
ng/ml; after 65 minutes: 
24.1 (2.0) ng/ml

N/A

Ramoa et al., 2016 eGO 3.3-V battery 
with 1.5- Ω 
cartomizer

4 different e-liquids: 
0, 8, 18, or 36 mg/ml 
nicotine

16 two 10-puff standardized 
sessions, 30-second 
interval, sessions were 1 
hour apart

plasma nicotine: change 
from baseline: �4.4 (17.9) 
ng/ml for 0 mg/ml 
e-liquid (mean, SD); 11.1 
(9.4) ng/ml for 8 mg/ml; 
18.1 (15.5) ng/ml for 18 
mg/ml; and 24.1 (18.2) 
ng/ml for 36 mg/ml

N/A

Spindle et al., 2015 usual battery with 
1.5-Ω SmokTech 
cartomizer

usual e-liquid: 21.7 
(3.9) mg/ml (mean, 
SD); range: 12–24 
mg/ml

13 10-puff standardized 
session, 30 seconds 
between puffs, with or 
without topography 
device

plasma nicotine: 
baseline: 2.4 (0.2) ng/ml 
(mean, SEM); 5 minutes 
after first puff: 19.2 (2.3) 
ng/ml

N/A

Dawkins et al., 2016 eVic Supreme (3.9 V) 
with Nautilus Aspire 
tank (1.8 Ω)

6 and 24 mg/ml 
nicotine

11 60-minute ad lib session plasma nicotine: 10 
minutes after first puff: 
8.59 (7.52) ng/ml (mean, 
SD) for 6 mg/ml e-liquid 
and 33.77 (34.88) ng/
ml for 24 mg/ml; end 
of session: 22.03 (16.19) 
for 6 mg/ml and 43.57 
(34.78) ng/ml for 24 mg/
ml e-liquid

N/A

St.Helen et al., 2016a usual brands usual e-liquid: 12.5 
(7.1) mg/ml (mean, 
SD); range: 6–24 
mg/ml

13 standardized session 
of 15 puffs, 30-second 
interval

plasma nicotine: Cmax: 8.4 
(5.1) ng/ml (mean, SD) 
(range: 2.3–19.8 ng/ml); 
Tmax: 5.1 (7.6) minutes 
(range: 2–30 minutes)

N/A

Wagener et al., 2017 usual brands 2nd generation: 
22.3 (7.5) mg/ml 
(mean, SD) (range; 
11–36 mg/ml); 3rd 
generation: 4.1 (2.9) 
mg/ml (range; 1.5–6 
mg/ml)

20 10-puff standardized 
session, 30 seconds 
between puffs

5 minutes after first puff: 
2nd generation: 7.3 (2.8) 
ng/ml (mean, SD); 3rd 
generation: 17.5 (12.9) 
ng/ml

N/A

TABLE  4-2  Continued

continued
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Reference

Study Characteristics Results

Study Product Nicotine Content Sample Size Puffing Protocol Biomarker Study Comparison

115-minute ad lib session plasma nicotine: after 
last puff: 2nd generation: 
23.5 (12.8) ng/ml; 3rd 
generation: 24.8 (11.6) 
ng/ml

Fearon et al., 2017 Vype vPro ePen 
(Nicoventures, 
Ltd.) and Nicolites 
(Nicocigs Ltd.)

Vype (1.86%) and 
Nicolites (1.33%)

18 5-minute ad lib use 
session

plasma nicotine: Vype: 
standardized: Cmax: 
7.8 (0.0–40.2) ng/ml 
(GM, range); Tmax: 6.0 
(median); Nicolites: Cmax: 
4.7 (1.2–18.2) ng/ml; 
Tmax: 9 minutes (median)

Marlboro Ultralights 
tobacco cigarette: plasma 
nicotine: Cmax: 7.2 (0.7–37.6) 
ng/ml; T max: 6 minutes 
(median)

Hajek et al., 2017 usual brand and 
8 other common 
brands

range: 16–48 mg/ml 11 5-minute ad lib session plasma nicotine: Cmax: 
7.5 (5.0)–13.6 (9.7)  
ng/ml (range of means 
(SD)); Tmax: 4–6 minutes 
after first puff (range of 
means)

usual tobacco cigarette: 
Cmax: 17.9 (16.0) ng/ml; 
Tmax: 4 minutes

Spindle et al., 2017 usual battery with 
1.5-Ω SmokTech 
cartomizer

usual e-liquid: 18.9 
(5.9) mg/ml (mean, 
SD)

29 10-puff standardized 
session, 30 seconds 
between puffs, with or 
without topography 
device

plasma nicotine: 
baseline: 4.0 (0.7) ng/
ml (mean, SEM); 
immediately after 10 
puffs: 20.6 (2.8) ng/ml

N/A

90-minute ad lib, with 
or without topography 
device

plasma nicotine: end of 
session: 35.0 (4.6) ng/ml

St.Helen et al., 2017 KangerTech mini 
Protank 3

two test e-liquids 
(18 mg/ml); usual 
e-liquid: 7.9 (6.0) 
mg/ml (mean, SD) 
(range: 3–18 mg/ml)

14 standardized session 
of 15 puffs, 30-second 
interval

plasma nicotine: test 
e-liquids: Cmax: 12.1 (2.0) 
ng/ml and 9.5 (1.2) ng/
ml (mean, SEM); Tmax: 
5.4 (1.4) and 4.9 (1.2) 
minutes after last puff; 
usual e-liquids: C max: 
6.2 (1.0) ng/ml; Tmax: 3.1 
(0.4) minutes after last 
puff

N/A

90-minute ad lib plasma nicotine: test 
e-liquids: after 90 
minutes: 16.5 (3.1) ng/
ml and 11.3 (2.3) ng/ml; 
usual e-liquids: 11.2 (1.7) 
ng/ml

TABLE  4-2  Continued
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Reference

Study Characteristics Results

Study Product Nicotine Content Sample Size Puffing Protocol Biomarker Study Comparison

115-minute ad lib session plasma nicotine: after 
last puff: 2nd generation: 
23.5 (12.8) ng/ml; 3rd 
generation: 24.8 (11.6) 
ng/ml

Fearon et al., 2017 Vype vPro ePen 
(Nicoventures, 
Ltd.) and Nicolites 
(Nicocigs Ltd.)

Vype (1.86%) and 
Nicolites (1.33%)

18 5-minute ad lib use 
session

plasma nicotine: Vype: 
standardized: Cmax: 
7.8 (0.0–40.2) ng/ml 
(GM, range); Tmax: 6.0 
(median); Nicolites: Cmax: 
4.7 (1.2–18.2) ng/ml; 
Tmax: 9 minutes (median)

Marlboro Ultralights 
tobacco cigarette: plasma 
nicotine: Cmax: 7.2 (0.7–37.6) 
ng/ml; T max: 6 minutes 
(median)

Hajek et al., 2017 usual brand and 
8 other common 
brands

range: 16–48 mg/ml 11 5-minute ad lib session plasma nicotine: Cmax: 
7.5 (5.0)–13.6 (9.7)  
ng/ml (range of means 
(SD)); Tmax: 4–6 minutes 
after first puff (range of 
means)

usual tobacco cigarette: 
Cmax: 17.9 (16.0) ng/ml; 
Tmax: 4 minutes

Spindle et al., 2017 usual battery with 
1.5-Ω SmokTech 
cartomizer

usual e-liquid: 18.9 
(5.9) mg/ml (mean, 
SD)

29 10-puff standardized 
session, 30 seconds 
between puffs, with or 
without topography 
device

plasma nicotine: 
baseline: 4.0 (0.7) ng/
ml (mean, SEM); 
immediately after 10 
puffs: 20.6 (2.8) ng/ml

N/A

90-minute ad lib, with 
or without topography 
device

plasma nicotine: end of 
session: 35.0 (4.6) ng/ml

St.Helen et al., 2017 KangerTech mini 
Protank 3

two test e-liquids 
(18 mg/ml); usual 
e-liquid: 7.9 (6.0) 
mg/ml (mean, SD) 
(range: 3–18 mg/ml)

14 standardized session 
of 15 puffs, 30-second 
interval

plasma nicotine: test 
e-liquids: Cmax: 12.1 (2.0) 
ng/ml and 9.5 (1.2) ng/
ml (mean, SEM); Tmax: 
5.4 (1.4) and 4.9 (1.2) 
minutes after last puff; 
usual e-liquids: C max: 
6.2 (1.0) ng/ml; Tmax: 3.1 
(0.4) minutes after last 
puff

N/A

90-minute ad lib plasma nicotine: test 
e-liquids: after 90 
minutes: 16.5 (3.1) ng/
ml and 11.3 (2.3) ng/ml; 
usual e-liquids: 11.2 (1.7) 
ng/ml

TABLE  4-2  Continued
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ject study that compared nicotine exposure from two e-cigarette brands 
(NPRO by NJOY and Hydro by Crown Seven), both 16 mg nicotine. Par-
ticipants (n = 16) engaged in two 10-puff sessions, with 30-second inter-
puff intervals, and sessions were 1 hour apart. Other conditions include 
smoking their usual brand of combustible tobacco cigarettes and sham 
smoking (puf�ng an unlit cigarette). The committee presents the results 
from the �rst session, which re�ected nicotine exposure after a period of 
abstinence (more than 12 hours). Only the combustible tobacco cigarette 
signi�cantly increased plasma nicotine levels. Mean plasma nicotine lev -
els immediately after the �rst session were: NPRO (3.5 ng/ml); Hydro 
(2.5 ng/ml); and usual brand of combustible tobacco cigarette (16.8 ng/
ml).

Vansickel and colleagues (2010) present the results of the full study 
described above by Eissenberg. The NPRO cartridge used was 18 mg nico-
tine while the Hydro cartridge was 16 mg nicotine. Participants took 10 
puffs at two separate times during each session, as described before. The 
participants’ usual tobacco cigarette brand signi�cantly increased plasma 
nicotine concentration 5 minutes after the �rst puff, while NPRO, Hydro, 
and sham smoking did not alter blood nicotine levels. 

Vansickel and colleagues (2012) conducted another study, this time 
with the e-cigarette Vapor King (18-mg/ml nicotine cartridge). Partici -
pants (n = 20) vaped the e-cigarette in six sessions (or six bouts), each 
time taking 10 puffs, one puff every 30 seconds and 1 hour between ses-
sions. Average plasma nicotine concentration at baseline was 2.2 ng/ml, 
was signi�cantly different after the fourth session, and reached 7.4 ng/
ml 5 minutes after the �nal bout. This study indicated that prolonged use 
was required with these e-cigarettes before signi�cantly elevating plasma 
nicotine levels. Still, the plasma nicotine levels after six 10-puff sessions 
were still lower than that from one typical combustible tobacco cigarette. 

Flouris and colleagues (2013) examined the impact of e-cigarette use 
on serum cotinine and lung function in smokers. Fifteen smokers with no 
history of e-cigarette use crossed over among three conditions: their usual 
brand of cigarettes, an e-cigarette (Giant, 11-mg/ml nicotine cartridge), 
and sham smoking. Participants smoked two of their usual cigarettes over 
a 30-minute period. The number of puffs on the e-cigarette that would 
lead to equivalent amounts of nicotine delivered from the e-cigarette 
compared with their usual e-cigarettes was estimated using data from a 
pilot survey of 141 e-cigarette users who were former smokers. Informa-
tion on nicotine content of the participants’ combustible tobacco ciga -
rettes, nicotine concentration of e-liquids, and number of puffs required 
to consume 1 ml of e-liquid were used to obtain a tobacco/e-cigarette 
absorption ratio of 1.5. Based on this ratio, participants took a median of 
11 puffs (mean ± SD = 10.4 ± 2.7 puffs) over a 30-minute period. Serum 
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cotinine immediately after and 1 hour after active smoking or e-cigarette 
use was signi�cantly higher than baseline but there was no signi�cant 
difference in serum cotinine between e-cigarette use and combustible 
tobacco cigarette use. This study suggests that when e-cigarettes deliver 
levels of nicotine comparable with combustible tobacco cigarettes, the 
overall systemic exposure to nicotine from e-cigarettes is similar to that 
of combustible tobacco cigarettes. 

Nides and colleagues (2014) conducted a study of nicotine exposure 
from NJOY e-cigarettes. Participants (n = 25) were given King Bold by 
NJOY (26-mg nicotine cartridge) and were involved in two 10-puff stan -
dardized sessions (30-second interpuff interval, 1 hour between sessions). 
Average plasma nicotine concentration 30 seconds after the �rst session 
was 3.5 ng/ml, a fraction of that from smoking a typical combustible 
tobacco cigarette. 

In another study, Yan and D’Ruiz (2015) randomized 23 smokers to 
�ve different formulations of blu e-cigarettes (three with 24 mg/ml nico -
tine and two with 16 mg/ml nicotine). For each cigarette, participants 
took 50 puffs (5-second duration, 30-second interpuff interval) during 
a standardized session followed by a 1-hour ad lib session. Participants 
also smoked a Marlboro Gold King Size cigarette (usual puff duration, 
30-second interpuff interval). The range of average baseline plasma nico-
tine concentrations across all e-cigarette formulations ranged from 0.01 
to 0.04 ng/ml, which increased to 1.99–3.00 ng/ml after 10 puffs and 
7.86–17.05 ng/ml after 50 puffs. By comparison, average baseline plasma 
nicotine concentration was 0.03 ng/ml and increased to 14.42 ng/ml after 
smoking one cigarette. At the end of the 1-hour ad lib session, average 
plasma nicotine concentration ranged from 13.70 to 22.42 ng/ml with the 
e-cigarettes compared with 29.23 ng/ml with the combustible tobacco 
cigarettes. This study again showed that prolonged use of this e-cigarette 
was required before reaching plasma nicotine levels typically obtained 
after smoking just one combustible tobacco cigarette. 

Farsalinos and colleagues (2015) compared plasma nicotine from 
acute e-cigarette use in 23 e-cigarette–naïve smokers with 24 experienced 
e-cigarette users. All participants were asked to take 10 puffs from a 
second-generation e-cigarette with 18 mg/ml e-liquid over 5 minutes 
followed by 60 minutes of ad lib use. Plasma nicotine levels were signi� -
cantly higher in the experienced e-cigarette users 5 minutes after initiating 
puf�ng and at the end of the ad lib session. This study demonstrates that 
experience contributes to the ability of e-cigarette users to self-dose with 
nicotine from e-cigarettes. 

Hajek and colleagues (2015) described differences in nicotine expo-
sure among e-cigarette–naïve users who learned how to use the e-cigarette 
over a 4-week period. Six smokers interested in quitting, who were tak -
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ing part in a larger study assessing toxicant exposure and nicotine intake 
(McRobbie et al., 2015), provided pharmacokinetic data. Participants used 
a Green Smoke �rst-generation e-cigarette (2.4 percent nicotine on label 
or 24 mg/ml) over a 5-minute ad lib period on the targeted quit smoking 
date (baseline) and 4 weeks later. While average plasma nicotine Cmax 
increased from baseline (week 1) to week 4 (4.6–5.7 ng/ml), that change 
was not signi�cant; T max stayed the same (5 minutes). However, AUC 
from 0 to in�nity was signi�cantly higher at week 4, indicating higher 
systemic nicotine exposure. This study suggests that nicotine intake and 
systemic exposure from e-cigarettes can increase with practice.

Oncken and colleagues (2015) examined nicotine exposure with 
e-cigarette use in smokers who were not seeking treatment. The e-cigarette 
used was Joye e-Go-C. Participants crossed over between two e-liquid �a-
vors, tobacco with menthol and tobacco, both 18 mg/ml nicotine. During 
each arm, participants used the e-cigarette over the previous 7–10 days 
at home. On the last day of each arm, participants were involved in a 
5-minute ad lib session at the laboratory. Twenty participants completed 
at least one session and 18 completed both. Average plasma nicotine con-
centration increased signi�cantly from baseline to 5 minutes after the �rst 
puff during both laboratory sessions. Average plasma nicotine increased 
from 4.2–8.2 ng/ml at session one and 4.2–9.3 at session two. There was 
no effect of laboratory session, �avor, or sex on change in plasma nicotine 
levels. However, women who were given their preferred �avor of e-liquid 
had signi�cantly higher increase in plasma nicotine levels. The same effect 
was not seen among men. 

Antoniewicz and colleagues (2016) conducted a study on the effects of 
e-cigarette aerosol on vascular function, and also reported plasma cotinine 
levels. Sixteen healthy seldom smokers who were also naïve e-cigarette 
users crossed over between use of an e-cigarette and a control condition 
of no e-cigarette use. The e-cigarette used was a second-generation CE5 
atomizer with eGo XL 3.7-V battery, and 12 mg/ml nicotine e-liquid. Par -
ticipants took 10 puffs in 10 minutes and cotinine was measured in plasma 
collected before and 4 hours after use. Median plasma cotinine at 4 hours 
was 4.1 ng/ml (participants with baseline cotinine were omitted from the 
study). By comparison, median plasma cotinine in smokers of John Silver 
cigarettes (1 mg) following a similar protocol by the same authors was 
signi�cantly higher (7.8 ng/ml) (Antoniewicz et al., 2016; Mobarrez et al., 
2014), suggesting that exposure to nicotine was lower from e-cigarettes 
compared with combustible tobacco cigarettes among seldom smokers.

Lopez and colleagues (2016) presented preliminary results of a 
study that examined the in�uence of e-liquid nicotine concentration on 
plasma cotinine levels. Sixteen smokers were enrolled and crossed over 
among e-liquids with 0, 8, 18, and 36 mg/ml nicotine. Participants used 
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a 3.3-V eGo battery with a 1.5-Ω dual-coil cartomizer (Smoktech) and 
were involved in two 10-puff standardized sessions (30-second interval, 1 
hour between sessions). Five minutes after the �rst puff, plasma nicotine 
concentrations for the 0, 8, 18, and 36 mg/ml e-liquids were 3.8 ng/ml, 
8.8 ng/ml, 13.2 ng/ml, and 17.0 ng/ml, respectively. This study indicated 
that for naïve users, plasma nicotine increased with e-liquid nicotine 
concentration.

Walele and colleagues (2016) described a study examining the nicotine 
pharmacokinetics of an e-cigarette prototype. The �rst part of the study 
entailed testing the effect of �avoring (menthol versus non-menthol) 
on nicotine exposure (2.0 percent nicotine for �avored and un�avored 
e-liquid). The second part examined nicotine exposure using e-liquids 
with 0 percent, 0.4 percent, 0.9 percent, and 2.0 percent nicotine (0, 4 mg/
ml, 9 mg/ml, and 20 mg/ml, respectively). Twelve participants were 
enrolled in each part. In the �rst part, participants also smoked a JPS Silver 
King Size cigarette and a nicotine inhaler (15 mg). For the e-cigarette and 
inhaler, participants took 10 puffs (4-second duration, 30-second interpuff 
interval) and for the cigarette, 2-second puffs. Mean Cmax was signi�cantly 
higher for the un�avored compared with the �avored e-cigarette (3.6 ver -
sus 2.5 ng/ml). Mean Cmax for the cigarette was 21.2 ng/ml and that of 
the inhaler was 2.5 ng/ml. Average T max for the un�avored and �avored 
e-liquid was 9 and 10 minutes after the �rst puff, respectively. The aver -
age Tmax for the cigarette and inhaler was 3 and 13 minutes after the �rst 
puff, respectively. The plasma nicotine pro�le was similar between the 
e-cigarette and the nicotine inhaler. In part two, the average Cmax for the 
0 percent, 0.4 percent, 0.9 percent, and 2.0 percent nicotine was 0.6 ng/
ml, 1.0 ng/ml, 1.9 ng/ml, and 3.6 ng/ml, respectively, increasing with the 
nicotine concentration of the e-liquid. T max did not vary across e-liquid 
nicotine concentration. This study was the �rst to examine the effect of 
�avors on nicotine pharmacokinetics of e-liquids and suggests that nico -
tine exposure was higher with the un�avored e-liquid compared with 
the �avored e-liquid (menthol). The role of e-liquid �avors on nicotine 
absorption and systemic exposure to nicotine is not well understood and 
needs further study.

Fearon and colleagues (2017) conducted a study to describe nicotine 
exposure from use of Vype vPro ePen e-cigarettes (Nicoventures, Ltd.). 
This study involved two parts; the �rst part is described here. E-cigarette–
naïve smokers (n = 23) were enrolled in the �rst part and used a cartridge 
with 1.86 percent nicotine (18.6 mg/ml nicotine). Participants took part in 
a 10-puff standardized session (30-second interpuff interval) which was 
followed by 15–60 minutes of ad lib use starting at 15 minutes after the 
start of the initial standardized puf�ng session. Mean C max after 10 puffs 
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was signi�cantly lower with the e-cigarette (geometric mean [GM] = 2.5 
ng/ml) than with the conventional cigarette (GM = 13.4 ng/ml).

Papaseit and colleagues (2016) conducted a crossover study with nine 
e-cigarette–naïve users who were randomized to a second-generation 
e-cigarette (Nhoss) with 16 mg/ml e-liquid or Marlboro cigarette (0.8 mg 
nicotine per cigarette, USA) on each of 2 days. Participants took 10 puffs 
from each product (30-second interpuff interval) during two administra -
tions, 1 hour apart. Plasma nicotine Cmax and Tmax did not differ signi� -
cantly between products at either administration. Plasma AUC from 0 to 
55 minutes was signi�cantly higher with the combustible tobacco ciga -
rette during the �rst administration, indicating higher systemic nicotine 
exposure from combustible tobacco cigarettes compared with e-cigarettes. 
It should be noted that plasma nicotine Cmax of 7.3 and 9.0 ng/ml from 
smoking the Marlboro cigarette are lower than typical C max from smoking 
combustible tobacco cigarettes. 

Stiles and colleagues (2017) examined nicotine exposure from use 
of three different Vuse Solo e-cigarette formulations (14, 29, and 36 mg 
nicotine/cartridge) in e-cigarette–naïve smokers. Participants used the 
designated e-cigarette ad lib for up to 10 minutes. The comparators were 
their usual brand of combustible tobacco cigarettes, which was also 
smoked during a 10-minute ad lib period, and a nicotine gum (4 mg), 
which was chewed for 30 minutes. Average Cmax was signi�cantly higher 
with smoking compared with the e-cigarettes. There were no signi�cant 
differences in Cmax between the Vuse Solo 29 mg and Vuse Solo 36 mg 
e-cigarettes compared with the nicotine gum but C max was signi�cantly 
lower with the Vuse Solo 14 mg compared with the nicotine gum. T max 
was shorter for the cigarette (8.1 minutes) compared with e-cigarettes 
(21.8–27.4 minutes) and nicotine gum (50.9 minutes). Based on the phar-
macokinetic pro�les of the products tested, the authors concluded that 
the abuse liability for the Vuse Solo e-cigarettes was lower than that of 
combustible tobacco cigarettes, but higher than that of nicotine gum. 

These studies suggest that e-cigarettes deliver lower levels of nicotine 
when used by e-cigarette–naïve smokers compared with levels delivered 
from combustible tobacco cigarettes, which is about 1 mg (Djordjevic and 
Doran, 2009). Studies that include direct comparisons with combustible 
tobacco cigarettes show that, among these naïve users, plasma nicotine 
levels are much lower with e-cigarettes compared with their usual com -
bustible tobacco cigarettes. All but three of the studies examined nicotine 
exposure from cigalikes (Antoniewicz et al., 2016; Farsalinos et al., 2015; 
Lopez et al., 2016).
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Clinical Studies with Experienced E-Cigarette Users

Twelve studies reported nicotine exposure in experienced or current 
e-cigarette users. Vansickel and Eissenberg (2013) conducted a study that 
described systemic nicotine exposure among e-cigarette users who used 
their usual devices. Participants (n = 8) used their e-cigarettes during a 
10-puff standardized session (30-second interpuff interval) followed by a 
1-hour ad lib session. Nicotine concentration of the e-liquids ranged from 
9 to 24 mg/ml (mean = 17.6 mg/ml). Plasma nicotine increased signi� -
cantly from 2 ng/ml at baseline to 10.3 ng/ml 5 minutes after the �rst puff 
of 10, and increased to 16.3 ng/ml at the end of the 1-hour ad lib session. 
This study demonstrated signi�cant nicotine delivery among experienced 
e-cigarette users who use their own e-cigarettes. 

Dawkins and Corcoran (2014) enrolled 14 experienced e-cigarette 
users in a study to examine nicotine delivery from SKYCIG, a cigalike. 
Participants used the e-cigarette (18-mg cartridge) during a 10-puff ses-
sion (puffs were taken within 5 minutes but puff interval was not con -
trolled) and during a 1-hour ad lib session. Plasma nicotine increased 
from 0.74 ng/ml at baseline to 6.77 ng/ml 10 minutes after the start of 
the 10-puff session and increased to 13.91 ng/ml at the end of the ad lib 
session. Plasma nicotine concentration from use of this �rst-generation 
e-cigarette was consistent with levels measured in some e-cigarette–naïve 
users (Lopez et al., 2016; Stiles et al., 2017; Vansickel et al., 2012).

Ramoa and colleagues (2016) presented the preliminary results of a 
study that examined the relationship between e-liquid nicotine concentra -
tion and plasma nicotine concentration. Sixteen experienced e-cigarette 
users were involved in a within-subject comparison of e-liquids con -
taining 0, 8, 18, and 36 mg/ml nicotine. All participants used a 1.5- Ω 
cartomizer that was powered by an eGO 3.3-V battery. Participants were 
involved in two 10-puff standardized sessions (30-second interpuff inter -
val, sessions 1 hour apart). Plasma nicotine concentrations were related 
to the concentration of nicotine in the e-liquid. The change from baseline 
for the 0, 8, 18, and 36 mg/ml nicotine e-liquids was �4.4 ng/ml, 11.1 
ng/ml, 18.1 ng/ml, and 24.1 ng/ml. This study also demonstrated that 
e-cigarettes can elevate blood nicotine levels in experienced users within 
the range of that of combustible tobacco cigarettes. 

Spindle and colleagues (2015) examined the impact of using a 
topography device with e-cigarettes on plasma nicotine levels. Thirteen 
e-cigarette users were given their usual e-cigarette battery and a study 
cartomizer (1.5-Ω SmokTech) and their usual e-liquid (mean = 21.7 mg/
ml nicotine, range = 12–24 mg/ml) and participated in a 10-puff standard -
ized session (30-second interpuff interval) with or without the topography 
device, on different days. The topography device did not in�uence plasma 
nicotine concentration. Plasma nicotine increased from an average of 2.4 



Public Health Consequences of E-Cigarettes

Copyright National Academy of Sciences. All rights reserved.

134	 PUBLIC HEALTH CONSEQUENCES OF E-CIGARETTES

ng/ml at baseline to an average of 19.3 ng/ml immediately following 
e-cigarette use. This study again demonstrated that e-cigarettes can cause 
blood nicotine concentration to be elevated into the range of that of com-
bustible tobacco cigarettes. 

Dawkins and colleagues (2016) conducted another study in which 
they evaluated blood nicotine levels from using e-cigarettes with different 
e-liquid nicotine concentrations. In this study, 11 e-cigarette users used 
a Nautilus Aspire tank (1.8 Ω) with an eVic Supreme (3.9 V) and used 
e-liquids with 6 and 24 mg/ml. Participants used the e-cigarette over a 
60-minute ad lib session. Ten minutes after the �rst puff, plasma nicotine 
concentrations for the 6 and 24 mg/ml e-liquids were 8.59 ng/ml and 
33.77 ng/ml, respectively. At the end of the session, plasma nicotine con-
centrations for the 6 and 24 mg/ml e-liquids were 22.03 ng/ml and 43.57 
ng/ml, respectively. These results are consistent with other studies which 
show that for a given e-cigarette, plasma nicotine concentration increases 
with the concentration of nicotine in the e-liquid, and that e-cigarettes can 
elevate plasma nicotine concentrations to combustible-tobacco-cigarette-
like levels (Ramoa et al., 2016; Vansickel and Eissenberg, 2013).

St.Helen and colleagues (2016a) conducted a study of nicotine deliv-
ery, retention, and systemic exposure among experienced e-cigarette 
users. Participants (n = 13) used their usual e-cigarette during a standard-
ized session of 15 puffs (30-second interpuff interval). Systemic nicotine 
retention was determined by measuring the amount of nicotine inhaled 
and the amount exhaled into gas traps. Nicotine concentration of the 
usual e-liquids used in this study ranged from 6 to 24 mg/ml (average 
= 12.5 mg/ml). An average of 1.3 mg (range = 0.42–2.64 mg) of nicotine 
was inhaled and an average of 1.22 mg (range = 0.42–2.34 mg) was sys-
temically retained. This represents an average of 93.8 percent systemic 
retention of the inhaled dose, similar to combustible tobacco cigarettes 
(80–90 percent). Average Cmax, having controlled for baseline plasma nico-
tine, was 8.4 ng/ml (range = 2.3–19.8 ng/ml), and average Tmax was 5.1 
minutes (all 2–5 minutes and one at 30 minutes) after the last of 15 puffs. 
This study demonstrated that the shape of the plasma nicotine concen-
tration-time curve was, on average, similar to that of combustible tobacco 
cigarettes, albeit with a lower average Cmax compared with combustible 
tobacco cigarettes. However, there was variation, including some pro�les 
that resembled that of smokeless tobacco, that is, slow rise to peak and 
sustained plasma nicotine levels, which are indicative of buccal absorp-
tion. Nevertheless, consistent with several other studies, the short time 
to peak for most e-cigarette users indicates rapid absorption of nicotine 
in the lungs. The study also demonstrated that, on average, e-cigarettes 
deliver comparable levels of nicotine to combustible tobacco cigarettes 
among experienced users. 
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Wagener and colleagues (2017) compared nicotine exposure from 
use of second- and third-generation e-cigarettes. Twenty participants (9 
second-generation and 11 third-generation users) took 10 puffs in a stan-
dardized session (30-second puff interval) with their own devices and 
usual e-liquid brands. The average e-liquid concentrations used were 22.3 
(SD = 7.5) mg/ml for the second-generation devices and 4.1 (2.9) mg/ml 
for the third-generation devices. Average power for the second genera-
tion devices was 8.6 (1.9) W and 71.6 (50.0) W for the third-generation 
devices. Plasma nicotine concentration 5 minutes after the 10th puff was 
7.3 ng/ml for the second-generation e-cigarettes and 17.5 ng/ml for the 
third-generation e-cigarettes. The study showed that third-generation 
devices are able to mimic the plasma nicotine concentration of combus-
tible tobacco cigarettes, likely due to their high power levels. The study 
also showed that users of third-generation devices consume signi�cantly 
higher amounts of e-liquid compared with users of second-generation 
e-cigarettes. This implies that users of third-generation devices can poten-
tially be exposed to higher levels of toxic substances that may be present 
in the e-liquid or given off in the aerosol.

Eighteen experienced e-cigarette users were enrolled in the second 
part of the study by Fearon and colleagues (2017). Participants crossed 
over between a Vype vPro ePen (Nicoventures, Ltd.) with 1.86 percent 
nicotine (18.6 mg/ml) and Nicolites (Nicocigs, Ltd.) with 1.33 percent 
nicotine (13.3 mg/ml). Participants took part in a 5-minute ad lib use ses -
sion. A comparator was the Marlboro Ultralights tobacco cigarette. Aver -
age plasma nicotine Cmax was 7.8 ng/ml (geometric mean) and 4.7 ng/ml 
for Vype and Nicolites, respectively, compared with 7.2 ng/ml with the 
tobacco cigarette. Average plasma nicotine Cmax with the Vype e-cigarette 
was higher among experienced users compared with that of e-cigarette–
naïve participants discussed in part 1 of this study, above. 

Hajek and colleagues (2017) described the pharmacokinetic pro�les 
of eight common e-cigarette brands in the United Kingdom as well as the 
participants’ usual brands. Eleven participants were enrolled. The test 
e-cigarettes had nicotine concentrations ranging from 16 to 48 mg/ml. 
Participants used each e-cigarette over a 5-minute ad lib session. Aver-
age Cmax ranged between 7.5 and 13.6 ng/ml and average Tmax ranged 
from 4 to 6 minutes from the �rst puff for the different e-cigarette brands. 
Average Cmax and Tmax for the cigalike (�rst-generation) e-cigarette were 
8.5 ng/ml and 6 minutes compared with 11.7 ng/ml and 6 minutes for 
the re�llable model e-cigarettes. Average C max for the usual combustible 
tobacco cigarette was 17.9 ng/ml and Tmax was 4 minutes. While the 
plasma nicotine Cmax for e-cigarettes was lower than for combustible 
tobacco cigarettes, there was variability among e-cigarettes; plasma nico-
tine Cmax was higher with use of the re�llable e-cigarettes. This is likely 
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related to higher power of re�llable (second-generation e-cigarettes) com -
pared with cigalikes (Wagener et al., 2017). 

In a second study by Spindle and colleagues (2017), which presents 
the full results of the study, experienced e-cigarette users (n = 29) were 
given a SmokTech cartomizer (1.5 Ω) to use with their usual e-cigarette 
battery and usual e-liquid (mean = 18.9 mg/ml nicotine). Participants 
used the e-cigarette in a 10-puff standardized session (30-second inter-
puff interval) followed by a 90-minute ad lib session, with or without a 
topography device attached. Consistent with preliminary results, plasma 
nicotine was not in�uenced by the topography device. Average baseline 
plasma nicotine concentration across conditions was 4.0 ng/ml, which 
increased to 20.6 ng/ml immediately after the 10 puffs. At the end of the 
90-minute ad lib session, mean plasma nicotine concentration was 35.0 
ng/ml. This study showed that the e-cigarette can be effective nicotine 
delivery devices. 

St.Helen and colleagues (2017) conducted one of the �rst studies to 
examine the effect of e-liquid �avors on e-cigarette nicotine pharmacoki -
netics. Fourteen experienced e-cigarette users participated in the study 
and crossed over between two test �avors, strawberry and tobacco (both 
18 mg/ml nicotine), and the participants’ usual e-liquid �avors (average 
= 7.9 mg/ml, range = 3–18 mg/ml nicotine). Each e-liquid was adminis -
tered on a different day. Participants used the e-cigarette during a 15-puff 
standardized session (30-second interpuff interval) followed by a 90-min -
ute ad lib session. Average amount of nicotine delivered ranged between 
0.9 and 1.7 mg (depending on nicotine concentration of e-liquid) and aver-
age systemic retention of nicotine ranged from 98.6 percent to 99.2 percent 
(there was no �avor effect on nicotine delivery and systemic retention). 
Average plasma nicotine Cmax for two test �avors was 12.1 ng/ml and 
9.5 ng/ml, respectively (strawberry versus tobacco); T max was 5.4 versus 
4.9 minutes after the last of 15 puffs. Based on AUCs at various early 
time points, it appeared as if the rate of absorption of nicotine was faster 
with the strawberry compared with the tobacco e-liquid. The differences 
were not statistically signi�cant, but AUCs from 0 minutes to 5, 15, and 
30 minutes for the strawberry e-liquid were 23 percent, 20 percent, and 
17 percent higher than that of the tobacco e-liquid, respectively. Cmax and 
Tmax for the usual �avors were 6.2 ng/ml and 3.1 minutes, respectively. 
Plasma nicotine concentrations after the 90-minute ad lib session were 
16.5 ng/ml (strawberry), 11.3 ng/ml (tobacco), and 11.2 ng/ml (usual 
brand of e-liquids). 

In summary, studies of nicotine delivery and systemic retention in 
experienced users suggest that e-cigarettes can deliver nicotine in the 
range of a typical combustible tobacco cigarette, and most of the nicotine 
is systemically retained under experimental conditions. While variability 
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remains between products and users, clinical studies with experienced 
users also indicate that e-cigarettes deliver nicotine in a way that resem-
bles the pharmacokinetic pro�le of combustible tobacco cigarettes. Several 
studies reported plasma nicotine concentrations after 10 to 15 puffs or ad 
lib use (60–90 minutes), which were in the range of that of combustible 
tobacco cigarettes, particularly after use of high-powered third-generation 
e-cigarettes or high nicotine concentration e-liquids. These studies sup-
port the idea that exposure to nicotine from e-cigarettes is dependent, in 
part, on user experience. The type of e-cigarette, which is associated with 
the power used, as well as nicotine concentration of the e-liquid, are also 
important determinants of systemic nicotine exposure. Studies are needed 
to understand the role of �avors on the rate of nicotine absorption and 
systemic exposure in e-cigarette users. 

Switching Studies

Studies in which tobacco cigarette smokers are given e-cigarettes to 
use instead of combustible tobacco cigarettes can be used to compare daily 
nicotine intake from combustible tobacco cigarettes and e-cigarettes, and 
answer whether e-cigarettes can effectively replace combustible tobacco 
cigarettes as a source of nicotine. The committee identi�ed eight publica-
tions in which biomarkers of nicotine exposure were reported. Of these, 
two appear to describe the same parent study and present the same nico-
tine exposure results (D’Ruiz et al., 2016; O’Connell et al., 2016). Thus, 
seven studies are described. The seven studies measure biomarkers of 
nicotine exposure (cotinine and/or total nicotine equivalents, which is 
the molar sum of nicotine and its metabolites in urine) before and after 
switching to e-cigarettes. 

McRobbie and colleagues (2015) assessed exposure to nicotine (as well 
as other toxic substances) before and after 4 weeks of e-cigarette use in 
40 smokers who wanted to quit smoking. The study used a Green Smoke 
e-cigarette (�rst generation) with 2.4 percent nicotine (24 mg/ml) on the 
label. Participants were initially supplied with two cartridges per day, 
which was adjusted based on use, and were told to use the e-cigarette ad 
lib. Thirty-three participants were using the e-cigarette 4 weeks after the 
quit date. Of these, 16 (8 women) did not smoke combustible tobacco ciga-
rettes during the previous week and 17 (8 women) smoked combustible 
tobacco cigarettes as well as the e-cigarette (dual users). Overall, urinary 
cotinine decreased 36 percent, from 1,655 ng/mg creatinine at baseline to 
1,063 ng/mg creatinine at 4 weeks. Among the abstinent group, urinary 
cotinine decreased 17 percent, from 1,073 ng/mg creatinine to 889 ng/mg 
creatinine. Among the dual users, urinary cotinine decreased 44 percent, 
from 2,203 ng/mg creatinine to 1,227 ng/mg creatinine. This study sug -
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gests a decrease in daily nicotine intake when smokers replace combus-
tible tobacco cigarettes fully or partially with a �rst-generation e-cigarette. 

Adriaens and colleagues (2014) investigated the ef�cacy of second- 
generation e-cigarettes to reduce craving and reduce combustible tobacco 
cigarette consumption in an 8-month randomized controlled trial. Forty-
eight e-cigarette–naïve smokers (27 women) with no intention to quit 
combustible tobacco cigarettes were randomized into two e-cigarette 
groups and a control group. The two e-cigarette groups were assigned 
to use Joye eGo-C or Kanger T2-CC with 18 mg/ml nicotine e-liquid 
while the control group smoked their usual combustible tobacco ciga -
rette. Cotinine was measured in saliva samples collected by participants 
immediately before their visit to the laboratory at week 1, week 4, and 
week 8. During each of these visits, participants used their e-cigarette 
or combustible tobacco cigarette over a 5-minute ad lib session based 
on assigned group. Between visits, participants in the e-cigarette groups 
could use the assigned e-cigarette or smoke ad lib, whereas those in the 
control group could only smoke. Nicotine biomarkers were measured 
before or after laboratory sessions. After 8 weeks, the control group was 
also given e-cigarettes. Saliva cotinine was measured in samples collected 
before the �nal follow-up visit in the eighth month. No differences in 
saliva cotinine concentrations were found between the e-cigarette groups 
and the control group. Furthermore, saliva cotinine decreased signi� -
cantly in the e-cigarette groups as well as the control group over the �rst 
8 weeks (the period in which the control group was not given e-cigarettes) 
but increased in the e-cigarette groups at the last follow-up visit (month 
8) and did not increase in the control group. At the last follow-up visit, 
no differences in saliva cotinine concentrations were observed between 
the e-cigarette groups and the control group (the control group had been 
allowed to use e-cigarettes over the last 6 months of the study). The 
average cotinine levels across all participants decreased from 663.50 ng/
ml (SD = 350.15) at baseline to 449.96 ng/ml (SD = 193.19) at the end of 
the study. Saliva cotinine concentrations were examined across levels of 
combustible tobacco cigarette reduction (i.e., no reduction; greater than or 
equal to 50 percent reduction; greater than or equal to 80 percent reduc-
tion; and 100 percent reduction or quitters). No signi�cant differences in 
saliva cotinine levels were seen between these groups at the times mea-
sured. The results of this study indicate that there was no signi�cant dif -
ference in daily nicotine intake among smokers who switched completely 
to e-cigarettes, those who used both e-cigarettes and combustible tobacco 
cigarettes, and those who only smoked combustible tobacco cigarettes. In 
addition, the study also showed that e-cigarette–naïve smokers can titrate 
their nicotine intake with practice. 

Cravo and colleagues (2016) conducted a study to evaluate the safety 
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pro�le of an e-cigarette prototype (2.0 percent nicotine) in smokers who 
switch to the e-cigarette. The nicotine pharmacokinetic pro�le of this 
e-cigarette was discussed previously (Walele et al., 2016). Participants 
were randomized to the e-cigarette or usual cigarette and followed for 12 
weeks. Of 419 enrolled participants, 408 (182 women) used the product 
at least once (full analysis set), and 387 completed the study. A subset of 
the participants (cohort 2) (40 total, 12 women) was con�ned to a research 
facility until day 6. Urinary total nicotine equivalents (molar sum of 
nicotine, cotinine, nicotine- N-glucuronide, cotinine- N-glucuronide, trans 
3�v-hydroxycotinine, and trans 3�v-hydroxycotinine glucuronide) were used 
to measure daily nicotine intake. Overall, 40.2 percent of participants were 
compliant during the uncon�ned phase of the study, that is, self-reported 
smoking no combustible tobacco cigarettes on 80 percent or more of the 
study days (e-cigarette compliant), while 59.8 percent were less e-cigarette 
compliant. Total nicotine equivalents decreased rapidly in the e-cigarette 
arm and were signi�cantly lower than the combustible tobacco cigarette 
arm at weeks 4, 8, and 12. Reductions in total nicotine equivalent were 
observed from day 2 in the con�ned participants (fully compliant). Par -
ticipants in the e-cigarette arm saw average reductions in urinary total 
nicotine equivalents of 33.3 percent, 29.3 percent, and 25.3 percent in 
weeks 4, 8, and 12, respectively, relative to baseline. Levels of total nico-
tine equivalents were even lower among compliant participants of the 
e-cigarette arm. Participants in the combustible tobacco cigarette arm had 
stable total nicotine equivalents throughout the study, with reductions 
of 1.0 percent and 5.9 percent in weeks 4 and 12, respectively, and an 
increase of 3.0 percent in week 8, relative to baseline. A decrease in urine 
nicotine equivalents coincided with an increase in nicotine withdrawal 
symptoms. The results of this study suggest that the e-cigarette product 
could not effectively deliver nicotine to smokers who switch and resulted 
in signi�cant decrease in daily nicotine intake. This is consistent with the 
low blood nicotine levels reported from acute use of this product (Walele 
et al., 2016).

Two publications, one by D’Ruiz and colleagues (2016), and the other 
by O’Connell and colleagues (2016), seem to describe the same parent 
study and nicotine exposure results. The authors of both publications 
reported changes in nicotine exposure among different groups following 
a 5-day forced switch from usual brand of tobacco cigarette to exclusive 
use of commercial e-cigarettes; dual use of commercial e-cigarettes and 
participants’ usual combustible tobacco cigarette; or discontinued use 
of all tobacco or nicotine products (O’Connell et al., 2016). Three com-
mercially available blu e-cigarettes (all 24 mg/ml nicotine) were used. A 
total of 105 participants (37 women) were enrolled and clinically con�ned 
over the study duration. Total nicotine equivalents decreased signi�cantly 
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from baseline to day 5 in the e-cigarette group. Average total nicotine 
equivalents ranged from 14.5–17.6 mg/24 hours at baseline for the three 
formulations of e-cigarettes to 10.5–12.7 mg/24 hours at day 5. There was 
no signi�cant change in total nicotine equivalents in the dual-use group: 
baseline, 15.7–16.6 mg/24 hours to 15.8–18.4 mg/24 hours. Smoking/
nicotine cessation resulted in a signi�cant decrease in total nicotine equiv -
alents: 20.0 mg/24 hours at baseline to 0.5 mg/24 hours at day 5. There 
were signi�cant reductions in blood nicotine and cotinine from baseline 
to day 5 in the e-cigarette group for all three e-cigarettes. In the dual-use 
group, plasma cotinine did not change signi�cantly, but plasma nicotine 
decreased signi�cantly for one e-cigarette. Nicotine cessation resulted in 
signi�cant reductions in plasma nicotine and cotinine from baseline to 
day 5. The study showed that use of e-cigarettes alone (blu e-cigarettes) 
resulted in signi�cant reductions in daily nicotine intake compared with 
baseline (before switching). Daily nicotine intake of participants in the 
dual-use group did not change signi�cantly from baseline. 

Pulvers and colleagues (2016) described a study of 40 cigarette 
smokers (73 percent male) enrolled in a 4-week observational study. The 
enrolled smokers were interested in e-cigarettes, but not necessarily inter-
ested in quitting. The study e-cigarette was an e-Go C (second genera-
tion, non-variable voltage) and participants had a choice of seven �avor 
categories, which included tobacco, mint, fruit, candy, sweets, chocolate, 
and drink/soda, in nicotine strength of 12 or 24 mg/ml. Biomarkers were 
measured at baseline and at 4 weeks. Thirty-seven of 40 participants pro-
vided follow-up and used the e-cigarette. Sixteen participants (40 percent) 
reported no cigarettes at week 2 and 6 (15 percent) reported no cigarette 
use at week 4. Urinary cotinine levels were not signi�cantly different at 
baseline and week 4 (574.8 versus 440.8 ng/mg creatinine). This sug-
gests that the second-generation e-cigarette used in the study provided 
adequate nicotine replacement from combustible tobacco cigarettes. 

In a study by Strasser and colleagues (2016), 28 combustible tobacco 
cigarette smokers were randomized to use one of 5 popular brands of 
�rst-generation e-cigarettes. Participants smoked their usual brand of 
combustible tobacco cigarette on day 1 and switched to the e-cigarette 
thereafter, with visits to the lab on days 5 and 10. Saliva cotinine was 
collected during each visit. Saliva cotinine decreased signi�cantly from 
day 1 to day 10 for all e-cigarette brands. Relative to baseline, percentage 
change at day 10 ranged from 23.4–56.3 percent. This indicated signi�cant 
reduction in nicotine exposure during e-cigarette use compared with 
combustible tobacco cigarette use. Furthermore, saliva cotinine did not 
differ between day 5 and day 10, indicating that nicotine exposure during 
e-cigarette use remained constant, albeit at levels lower than combustible 
tobacco cigarette use. 
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Goniewicz and colleagues (2017) enrolled 20 smokers (60 percent 
female) in a 2-week study and provided them with M201 (�rst gen -
eration, 11-mg nicotine/cartridge). Participants were given 20 tobacco-
�avored cartridges per week and were encouraged to substitute their 
usual cigarettes with the e-cigarettes. Biomarkers were measured at base-
line, week 1, and week 2. Total nicotine equivalents did not change from 
baseline (50 nmol/mg creatinine) to week 1 (45 nmol/mg creatinine) to 
week 2 (43 nmol/mg creatinine), indicating that the e-cigarettes can be 
used to sustain daily nicotine intake. 

An important limitation of studies conducted in the users’ naturalistic 
settings (real world) is the potential for noncompliance with the study 
regimen. Compliance was either assessed with expired carbon monoxide 
(Adriaens et al., 2014; Goniewicz et al., 2017) and/or self-reported com-
bustible tobacco cigarette or e-cigarette consumption (Cravo et al., 2016; 
Goniewicz et al., 2017; Strasser et al., 2016). All �ve studies that measured 
expired carbon monoxide in participants who switched from combustible 
tobacco cigarettes to e-cigarettes reported signi�cantly lower expired car -
bon monoxide after switching, indicating fewer combustible tobacco ciga -
rettes were smoked when assigned to use e-cigarettes. However, complete 
abstinence from combustible tobacco cigarettes could not be guaranteed. 
Studies done in research facilities enforced compliance (D’Ruiz et al., 
2016; O’Connell et al., 2016). Of the seven longitudinal studies involving 
smokers switching to e-cigarettes, three reported no signi�cant change 
in nicotine exposure from baseline to follow-up with complete or partial 
replacement of combustible tobacco cigarettes with e-cigarettes (Adriaens 
et al., 2014; Goniewicz et al., 2017; Pulvers et al., 2016). These studies sug-
gest that some smokers are able to completely replace their daily nicotine 
intake from combustible tobacco cigarettes with e-cigarettes. On the other 
hand, the other four studies suggest that some e-cigarettes are ineffective 
nicotine delivery devices compared with combustible tobacco cigarettes. 

Other Studies of Nicotine Exposure

A few other studies have measured nicotine exposure in long-term 
e-cigarette users to address the question of whether nicotine exposure 
from e-cigarettes matches that of combustible tobacco cigarettes. Shahab 
and colleagues (2017) compared exposure to nicotine and other com-
pounds between long-term users (n = 181) of a variety of nicotine/tobacco 
products in a cross-sectional study. Combustible tobacco cigarette smokers 
(n = 37), dual cigarette and NRT users (n = 36), dual combustible tobacco 
cigarette and e-cigarette users (n = 36), NRT-only users (n = 36), and 
e-cigarette–only users (n = 36) in the United Kingdom were purposively 
recruited into the study. Daily nicotine intake was measured using saliva 
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nicotine and cotinine and urinary total nicotine equivalents. While there 
was greater variability in saliva nicotine and cotinine between product 
groups than urine total nicotine equivalents, none of the nicotine exposure 
biomarkers showed clear differences among groups. The following values 
indicate the urine total nicotine equivalent levels as a percentage of the 
levels from combustible tobacco cigarette–only smokers: dual cigarette 
+ NRT = 104.2, 95% CI = 64.3–168.9; dual cigarette + e-cigarette = 156.8, 
95% CI = 105.1–233.8; NRT-only = 121.6, 95% CI = 62.5–236.8, e-cigarette–
only, 126.9, 95% CI = 82.1–196.2. This study was the �rst to suggest that 
long-term use of e-cigarettes (and also NRT-only use) is associated with 
roughly similar daily nicotine intake compared with combustible tobacco 
cigarette–only use. 

Some studies have measured cotinine as a biomarker of nicotine intake 
and exposure in long-term e-cigarette users. A study by Etter and Bullen 
(2011) reported saliva cotinine in the saliva of experienced e-cigarette 
users contacted in real-life settings. Participants visiting a smoking ces-
sation website were recruited to complete an online questionnaire and 
current e-cigarette users provided a saliva sample (31 of 196 posted vials). 
Median cotinine of e-cigarette users who had not smoked combustible 
tobacco cigarettes in the previous 48 hours (n = 30) was 322 ng/ml. In 
another study by Etter (2016), saliva cotinine levels were measured lon-
gitudinally in e-cigarette users. Ninety-eight exclusive e-cigarette users 
were recruited online to provide saliva samples by mail at baseline and 
8 months later. The median cotinine level was 307 ng/ml (interquartile 
range [IQR] = 114–466 ng/ml) at follow-up and was not signi�cantly dif -
ferent from baseline levels, 252 ng/ml (IQR = 124–421 ng/ml). During 
that same time, the median nicotine concentration of the e-liquid used 
had decreased from 11 mg/ml to 6 mg/ml and median volume of e-liquid 
consumed per month increased from 80 to 100 ml. This study indicated 
that while e-cigarette users decrease the nicotine concentration of their 
e-liquids over time, they consume more e-liquid and maintain a relatively 
constant daily nicotine intake. The authors concluded that in experienced 
e-cigarette users enrolled online, cotinine levels were similar to levels usu-
ally observed in combustible tobacco cigarette smokers. 

Hecht and colleagues (2015) measured cotinine and nicotine in the 
urine of e-cigarette users and smokers enrolled in two separate studies. 
Average urinary cotinine and nicotine in a group of 28 e-cigarette users 
who had not smoked combustible tobacco cigarettes for at least 2 months 
were 1,880 ng/ml (95% CI = 1,420–2,480 ng/ml), and 869 ng/ml (95% 
CI = 604–1,250 ng/ml), respectively, which were signi�cantly lower than 
urinary cotinine 3,930 ng/ml (95% CI = 3,500–4,400 ng/ml), and nicotine 
1,380 ng/ml (95% CI = 1,190–1,600 ng/ml) from a group of 165 smokers. 
Urinary cotinine and nicotine from the e-cigarette users were not signi� -
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cantly different when compared with a second group of smokers (n = 40): 
1,930 ng/ml (95% CI = 1,530–2,440 ng/ml) and 1,270 ng/ml (95% CI = 
834–1,710 ng/ml), respectively.

Goney and colleagues (2016) also measured cotinine in the urine of 
combustible tobacco smokers (n = 33), e-cigarette users (n = 32), and non-
smokers exposed to secondhand smoke (n = 33). Mean urinary cotinine 
(SD) in e-cigarette users was 1,755 (1,848) ng/g; creatinine; it was not 
signi�cantly different from that of smokers, 1,720 (1,335) ng/g. Urinary 
cotinine of those exposed to secondhand smoke was much lower, 81.4 
(97.9) ng/g creatinine. 

In general, these studies which measured nicotine and/or its metabo -
lites in long-term users of e-cigarettes indicate that nicotine intake in these 
users match that of combustible tobacco cigarette smokers. 

RELATIONSHIP BETWEEN E-CIGARETTE 
TOPOGRAPHY AND NICOTINE EXPOSURE

Vaping machine studies have demonstrated that puf�ng topography 
in�uences e-cigarette nicotine yields (Talih et al., 2015). Namely, longer 
puff durations are associated with higher nicotine yields. Therefore, it is 
worthwhile to examine whether e-cigarette puf�ng topography is associ -
ated with systemic exposure to nicotine among users. Three human stud-
ies that addressed this question were identi�ed. For a general discussion 
of e-cigarette puf�ng topography, see Chapter 3. 

Farsalinos and colleagues (2015) assessed the relationship between 
puff topography and plasma nicotine in a study with 24 experienced 
e-cigarette users and 23 e-cigarette–naïve users. Participants were 
involved in a 10-puff bout over 5 minutes followed by 60 minutes of ad lib  
use. Number of puffs and puff duration were measured by the e-cigarette 
(eVic). The study found statistically signi�cant but weak positive correla -
tions between puff duration and plasma nicotine levels after 5 minutes 
and after 65 minutes. These results are consistent with the vaping machine 
study (Talih et al., 2015).

In another study, St.Helen and colleagues (2016b) characterized puff-
ing behavior in experienced adult e-cigarette users during 90 minutes of 
ad lib access to their usual e-cigarette in a hospital research ward. Thirteen 
participants (seven men, six women) were enrolled. Puff topography (puff 
duration, interpuff interval, and number of puffs taken) were obtained 
from video analysis. When all participants were considered (i.e., users 
of all three generations of e-cigarettes), vaping topography parameters 
were not signi�cantly correlated with the amount of e-liquid consumed, 
amount of nicotine inhaled, and nicotine pharmacokinetic parameters. 
However, when only second-generation (tank) device users (eight partici -
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pants) were included in the analysis, the number of puffs taken during 
the session was positively correlated with the amount of nicotine inhaled 
and plasma nicotine AUC while interpuff interval was negatively cor -
related with plasma nicotine C max. Puff duration was not signi�cantly 
correlated with systemic nicotine exposure. The �ndings suggest that 
the relationship between puff topography and nicotine exposure may be 
device-speci�c (correlations were signi�cant only when one type of device 
was analyzed). This study had a relatively small sample size, which limits 
the reliability of the observations made. 

Dawkins and colleagues (2016) enrolled 11 e-cigarette users into a 
crossover study in which study participants used e-liquids with low 
nicotine (6 mg/ml) and high nicotine (24 mg/ml) during a 60-minute ad 
lib session. The study found that puff number and puff duration were 
positively correlated with nicotine boost at each time point under both 
the high and low nicotine conditions. Interestingly, the correlations were 
larger at the high nicotine condition, suggesting that device characteristics 
can moderate the relationship between puff topography and systemic 
exposure to nicotine. 

In summary, these three studies are consistent with the vaping 
machine study, showing that puf�ng topography is correlated with sys -
temic exposure to nicotine. More research is needed to understand how 
the relationship between puf�ng topography and nicotine exposure dif -
fers across device characteristics. 

SYNTHESIS

This chapter reviews the literature on nicotine content in e-cigarette 
liquids and aerosols, e-liquid pH, nicotine pharmacokinetics and phar -
macology, and nicotine exposure from e-cigarettes. The nicotine content 
of e-cigarettes varies widely among products, with varying degrees of 
agreement between nicotine content on the label and what is chemi-
cally measured. The choice of nicotine strength is in�uenced, in part, by 
e-cigarette characteristics, such as electrical power. Nicotine concentration 
in e-cigarette aerosol is also variable among e-cigarettes. The concentra-
tion of nicotine in e-cigarette aerosol is a product of device characteristics 
and user behavior. Nicotine yield increases with e-cigarette power and 
e-liquid nicotine concentration, and with increasing puff duration. The 
pH of e-liquids is also variable, with a few studies reporting a range of pH 
from about 4.3 to 9.9. The committee did not �nd any study that has sys -
tematically assessed the effect of e-liquid pH on e-cigarette pharmacology. 

The committee summarized the known pharmacokinetics and phar -
macodynamics of nicotine based on reports of the Surgeon General and 
other authoritative reviews. The potential carcinogenicity and cardio -
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vascular effects of nicotine were discussed. Other potential effects of 
nicotine, such as developmental and respiratory effects, are discussed in 
Section II of this report. It is important to note that this chapter does not 
make conclusions on the health effects of e-cigarettes per se, as these are 
reviewed in later chapters. However, the potential carcinogenicity and 
cardiovascular effects of nicotine have implications for the health effects 
of e-cigarettes. As discussed, there is no evidence to indicate that nicotine 
is a carcinogen. While it is biologically plausible that nicotine can act as a 
tumor promoter, there is no evidence from studies of long-term NRT users 
and users of smokeless tobacco products that nicotine increases human 
cancer risks. Given this evidence, nicotine exposure from e-cigarette use 
will likely pose minimal cancer risk to users. Based on known cardio -
vascular effects of nicotine, exposure to nicotine from e-cigarettes likely 
elevates the cardiovascular disease risk in people with preexisting car-
diovascular disease(s) but the cardiovascular risks in people without 
cardiovascular disease(s) is uncertain.

Finally, the committee reviewed human studies to examine the nico -
tine exposure pro�le of e-cigarettes. Clinical studies of acute nicotine 
exposure from e-cigarette use in e-cigarette–naïve smokers and experi-
enced e-cigarette users were reviewed, as well as studies of long-term 
e-cigarette use in combustible tobacco cigarette smokers who switch to 
e-cigarettes over a study period. 

Conclusion 4-1. There is conclusive evidence that exposure to nicotine 
from e-cigarettes is highly variable and depends on product character-
istics (including device and e-liquid characteristics) and how the device 
is operated. 

Conclusion 4-2. There is substantial evidence that nicotine intake 
from e-cigarette devices among experienced adult e-cigarette users can 
be comparable to that from combustible tobacco cigarettes.
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5

Toxicology of E-Cigarette Constituents 

In general, e-cigarettes often contain ingredients such as propylene 
glycol (PG) and glycerol, mixed with concentrated �avors and, option -
ally, a variable percentage of nicotine. Quantitative and qualitative stud -
ies have identi�ed a wide variety of chemical components in the car -
tridges, re�ll solutions, and aerosols of e-cigarettes. Herrington and Myers 
(2015) have detected approximately 60 to 70 compounds (unidenti�ed 
and identi�ed) in each liquid tested, only varying by several constituents 
throughout the liquid. Kucharska and colleagues (2016) have identi�ed 
113 chemicals in 50 brands of liquids. Even more compounds are observed 
in the aerosol over their respective solution because some chemicals are 
generated during the vaporization process. An aerosol generated from a 
single product tested by Herrington and Myers (2015) showed 18 addi -
tional compounds observed in the solution. 

Substances identi�ed in e-cigarette liquids and aerosols include nic -
otine, solvent carriers (PG and glycerol), tobacco-speci�c nitrosamines 
(TSNAs), aldehydes, metals, volatile organic compounds (VOCs), phe-
nolic compounds, polycyclic aromatic hydrocarbons (PAHs), �avorings, 
tobacco alkaloids, and drugs. Most reviewed studies have evaluated nico-
tine and impurities in the liquids such as TSNAs and nicotine-related 
impurities, while other studies have focused on identifying potentially 
harmful chemicals in the aerosol, such as carbonyl compounds, VOCs, 
TSNAs, metals, and silicates. Various chemical substances and ultra�ne 
particles known to be toxic, carcinogenic, and/or to cause respiratory and 
cardiac disease have been identi�ed in e-cigarette aerosols, cartridges, 
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re�ll liquids, and environmental emissions. Some of the identi�ed TSNAs, 
aldehydes, metals, VOCs, phenolic compounds, PAHs, and tobacco alka-
loids are harmful or potentially harmful constituents, and their general 
health risks are described below.

HUMECTANTS (DELIVERY SOLVENTS) 

E-cigarettes use humectants as solvent carriers in e-liquids to produce 
aerosols that simulate combustible tobacco cigarette smoke. In addition 
to these humectants, water is a common ingredient of e-liquids. PG and 
glycerol (commonly referred to as a “vegetable glycerin” in liquid formu -
lations) are the most common vaporizing solvents used in e-cigarettes. 
Hutzler and colleagues (2014) analyzed 28 liquids of 7 manufacturers 
purchased in Germany and detected both PG and glycerol in all samples. 
Both PG and glycerol are also commonly used as humectant ingredients 
in manufactured cigarettes to control and maintain the moisture content 
of the cut tobacco �ller (Uryupin et al., 2013). Users of e-cigarettes often 
report that PG produces better “throat hit” and carries �avor better than 
glycerol while glycerol is much smoother than PG. PG is physically much 
thinner than glycerol (Cheng, 2014; Etter, 2016; Li et al., 2016). Outside 
of usage in e-cigarette liquids, dermal exposure to PG and glycerol is 
more common than exposure via inhalation, as most consumer products 
containing PG and glycerol are liquids or creams. Thus, there are few 
animal or human studies providing evidence of the possible toxicity of 
inhaled PG or glycerol. Studies identifying PG and glycerol in e-liquids 
are described below, and toxicological evidence is described in the fol-
lowing sections.

Hahn and colleagues (2014) used nuclear magnetic resonance meth-
odology for analysis of 54 commercially available liquids for use in 
e-cigarettes. The study looked at several types of humectants, including 
dihydroxy (diols, glycols) and polyhydroxy alcohols. PG and glycerol 
were detected in all samples at concentrations ranging from 0.4 to 98 
g/100 g (average 57 g/100 g) and from 0.3 to 95 g/100 g (average 37 
g/100 g), respectively. Generally, lower levels of another solvent, eth -
ylene glycol (average 10 g/100 g), were detected. 1,3-Propanediol was 
detected only in seven samples in the concentration range of 3.3–10 g/100 
g. 1,3-Butanediol and diethylene glycol were negative in all samples. 
The presence of the major compounds glycerol and PG corresponded 
to the labeling in the majority of cases, except three products contained 
no labeling information at all. Glycerol was not labeled on �ve products 
despite being present. PG was not labeled in two products despite being 
present. In one case, “vegetal glycol” was labeled without specifying the 
exact chemical compound. Hutzler and colleagues (2014) analyzed 28 
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liquids purchased from 7 manufacturers in Germany and, like Hahn and 
colleagues, detected both PG and glycerol in all samples. Geiss and col-
leagues (2016) extrapolated lung concentration of PG and glycerol emit-
ted from e-cigarettes using a smoking machine by measuring the average 
amounts condensed on the �lter pad. The estimated lung concentrations 
were 160 and 220 mg/m3 for PG and glycerol, respectively. 

The most common symptom reported by e-cigarette users is a dry 
mouth and throat, which is considered to originate from the water-
absorbing property of PG and glycerol. However, the health consequences 
of long-term exposure to PG and glycerol from e-cigarettes have not been 
investigated. Both compounds might pyrolyze, leading to the formation 
of carbonyl compounds (aldehydes), which contribute to potential health 
risks in e-cigarette users (for discussion about carbonyl compounds, see 
the subsequent section in this chapter).

Propylene Glycol

PG (also known as 1,2-dihydroxypropane, 1,2-propanediol, methyl 
glycol, and trimethyl glycol) is a clear, colorless, slightly syrupy liquid at 
room temperature. It is practically odorless and tasteless. It is used by the 
chemical, food, and pharmaceutical industries as a humectant to absorb 
extra water and maintain moisture in certain medicines, cosmetics, or 
food products. It is also used as a solvent for food colors and �avors, and 
in the paint and plastics industries. PG has been widely used for decades 
as a solvent for many intravenous drugs, and in some oral preparations 
such as cough syrups. PG was listed as generally recognized as safe 
(GRAS) by the Food and Drug Administration (FDA) in 1973 (HHS, 2015). 
Substances listed as GRAS are deemed as generally safe under condi-
tions of intended use as a food additive. Thus, GRAS substances are safe 
for ingestion, but not necessarily for other routes of administration like 
inhalation. PG may exist in air in the aerosol form, but must be heated or 
briskly shaken to produce a mist. PG is also used to create arti�cial smoke 
or fog used in �re�ghter training and in theatrical productions. 

Human Studies and Case Reports on PG Toxicity

Some people have reported having an allergic reaction to PG. Some 
people have reported upper respiratory irritation after inhaling aero -
solized PG for 1 minute (Wieslander et al., 2001), but the longer term 
health effects in humans are not well de�ned. Though some preclini -
cal studies showed inhalation of PG and glycerol can be safe up to 28 
days (Werley et al., 2011) or 18 months (Robertson et al., 1947), breathing 
aerosolized PG can also affect the risk of asthma development (Choi et 
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al., 2010). For example, one woman exhibited signs of exogenous lipoid 
pneumonia (e.g., fever, productive cough, and labored breathing) after 
using e-cigarettes for half a year (McCauley et al., 2012). The e-cigarette’s 
oil-based humectants likely caused her pneumonia, as her symptoms 
improved when she quit the device (McCauley et al., 2012). 

PG is frequently used as a vehicle for intravenous delivery of anti -
seizure medications in pediatric populations, typically at concentrations 
of 40 to 80 percent v:v with saline (Lim et al., 2014). Thus, there have 
been numerous human studies on the toxicity of relatively large doses 
of both oral and intravenously administered PG. Lim and colleagues 
(2014) conducted a systematic literature review of case reports and other 
clinical studies on the toxicity of PG in pediatric populations. They iden -
ti�ed numerous case reports and several small studies that identi�ed a 
“toxidrome” for PG toxicity that can result following repeated, relatively 
high-dose intravenous administration of PG. The adverse effects include 
hyperosmolarity, lactic acidosis, hemolysis, central nervous system (CNS) 
toxicity, and cardiac arrhythmia. In one particularly striking case study, 
an 11-year-old was given 2–4 ml per day of PG containing vitamin D for 
13 months. Estimated daily dose for this subject was 114 mg (2-ml dose) 
to 228 mg (4-ml dose) of PG/kg body weight (Arulanantham and Genel, 
1978; LaKind et al., 1999). After 13 months of repeated exposures, the child 
began to have seizures and lapsed into unconsciousness. Once the PG/
vitamin D preparation was stopped, the child recovered (LaKind et al., 
1999). In another example, a 15-month-old infant receiving large doses 
of a vitamin C suspension in PG orally had episodes of unresponsive-
ness, diaphoresis, tachycardia, tachypnea, and hypoglycemia (Martin and 
Finberg, 1970). 

Based on analyses of case reports, Lim and colleagues (2014) 
attempted to arrive at a “safe” dose of PG for repeated administration of 
antiseizure drugs that are routinely compounded in 40 percent PG (see 
Table 5-1). They suggested maximum cumulative dose of 69 g/day in a 
pediatric population. Although such clinical studies on relatively high 
doses of orally and intravenously administered PG in pediatric popula -
tions is clinically relevant for those populations, it is perhaps of modest 
relevance to potential health consequence of inhalation of PG vapors from 
repeated vaping. However, diagnostic procedures, such as characteriza-
tion of anion gap (or osmolal gap, de�ned as the discrepancy between the 
measured and calculated osmolalities) (Lim et al., 2014), and evaluation 
for the presence of lactic acidosis, could be of potential value in suspected 
cases of high-dose PG toxicity from extensive vaping. 
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Pharmacokinetics of PG

PG is well-absorbed orally and can also be absorbed through skin 
or mucous membranes from topical preparations. Following absorption, 
the kidneys eliminate 45 percent of the PG, and the liver metabolizes the 
remainder to lactic acid, pyruvic acid, or acetone. Thus, patients with 
impaired liver and/or kidney function are generally thought to be at 
increased risk for developing PG toxicity following high-dose oral or 
intravenous administration.

Speth and colleagues (1987) conducted a relatively detailed pharma-
cokinetic analysis of PG following intravenous administration of PG at 
different dose rates, administered over 4 hours. The elimination half-life 
of PG was dose dependent; at doses of either 3 or 4.5 g/m2 (over 4 hours) 
the terminal half-life was approximately 1.8 hour. However, at a dose 
rate of 7.5 g/m 2 over 4 hours the half-life increased to approximately 3.1 
hours, suggesting saturable elimination at dose rates above about 5 g/m2 
(see Table 5-2). 

TABLE 5-1  Dose Limits of Commonly Used Drugs to Avoid 
Propylene Glycol Intoxication Based on a Maximum Amount of PG 
Equal to 69 g/day

Drug
Amount of PG  
(mg/ml)

Maximum Daily Dose

Adult Pediatric

Lorazepam  
2 mg/ml

828 166 mg/day  
(7 mg/hour)

2.4 mg/kg/day  
(0.01 mg/kg/hour)

Phenobarbital  
130 mg/ml

702 12.8 g/day  
(533 mg/hour)

183 mg/kg/day  
(7.6 mg/kg/hour)

Pentobarbital  
50 mg/ml

414.4 8.3 g/day  
(346 mg/hour)

119 mg/kg/day  
(4.9/kg/hour)

Diazepam 5 mg/ml 414.4 832 mg/day  
(34.7 mg/hour)

12 mg/kg/day  
(0.5 mg/kg/hour)

Phenytoin  
50 mg/ml

414.4 8.3 g/day  
(346 mg/hour)

119 mg/kg/day  
(4.9 mg/kg/hour)

TMP/SMX  
16:80 mg/ml

414.4 2.7:13.3 g/day 39 mg/kg/day  
TMP component  
(1.6 mg/kg/hour)

Etomidate 2 mg/ml 362.6 381 mg/day  
(16 mg/hour)

5.4 mg/kg/day  
(0.2 mg/kg/hour)

NOTE: PG = propylene glycol; SMX = sulfamethoxazole; TMP = trimethoprim.
SOURCE: Adapted from Lim et al., 2014.
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Yu and colleagues (1985) also reported elimination half-lives of PG 
following multiple large oral doses (20.7 g three times per day, or 41.4 g 
two times per day) of PG, with terminal half-lives of 3.8 ± 0.8 hours, with 
relatively large interpatient variability in plasma concentration. Blood 
concentrations of PG associated with hyperosmolality and anion gap 
have been reported, ranging from 177 to 1,520 µg/ml (Fligner et al., 
1985; Kelner and Bailey, 1985). However, Yu and colleagues (1985) did 
not observe any evidence of toxicity (hyperosmolality or lactic acidosis) 
in subjects with plasma concentrations as high as 425 µg/ml. No studies 
have evaluated blood concentrations of PG in subjects using e-cigarettes 
or other vaping devices with PG as the humectant. 

Evidence of Health Effects from Occupational Exposures to PG

There is relatively limited evidence of toxicity from occupational 
exposures to PG. However, glycols are used in theatrical fogs, so actors 
and performers in the entertainment industry may have routine exposures 
to relatively high concentrations of PG, as it is often a major component 
of these fogs. Varughese and colleagues (2005) studied 101 employees 
in 19 different locations who were routinely exposed to such fogs. They 
measured the levels of exposure, lung function, and acute and chronic 
symptoms. The mean concentration of exposure for employees exposed 
only to PG-based fog on the testing day was 0.49 mg/m3 (maximum 
3.22 mg/m 3). They reported that theatrical fog exposures were signi� -
cantly associated with chronic work-related wheezing and chest tightness. 
Although these acute effects appeared to be speci�c to PG-based fogs, 
most of the workers were also exposed to mineral oil. Thus, the authors 
were unable to distinguish the role of PG or mineral oil fogs in the devel -
opment of chronic effects and work-related symptoms from increasing 
chronic exposure.

Another study addressed the same general issue regarding the safety 
of PG used in theatrical fog (Moline et al., 2000). Based on their analysis 
of symptoms reported by 218 theatrical actors, detailed integrated PG 
dose and peak exposure estimates were available. They found statistically 
signi�cant associations between peak PG exposure and reported symp-
toms of mucous membrane irritation. They also found other respiratory 
symptoms, including throat and nasal symptoms associated with peak 
exposure but not integrated dose. The measured peak concentrations dur-
ing “fogging” at on-stage locations ranged from less than 1 to 16 mg/m 3. 
Estimates of actors’ “per performance” exposures to PG ranged from 0.1 
to ~8 µg/show (Moline et al., 2000).

Wieslander and colleagues (2001) conducted a study to examine the 
effects of PG mist in aviation emergency training. Twenty-seven non-
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