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ORIGINAL RESEARCH

Twenty-Four-Hour Cardiovascular Effects 
of Electronic Cigarettes Compared With 
Cigarette Smoking in Dual Users
Neal L. Benowitz , MD; Gideon St.Helen, PhD; Natalie Nardone, PhD; Newton Addo , BSc;  
Junfeng (Jim) Zhang, PhD; Arit M. Harvanko, PhD; Carolyn S. Calfee, MD, MAS; Peyton Jacob, III, PhD

BACKGROUND: Cardiovascular safety is an important consideration regarding the benefits versus risks of electronic cigarette 
use (EC) for public health. The single-use cardiovascular effects of EC have been well studied but may not reflect effects of 
ad libitum use throughout the day. We aimed to compare the circadian hemodynamic effects as well as 24-hour biomarkers 
of oxidative stress, and platelet aggregation and inflammation, with ad libitum cigarette smoking (CS) versus EC versus no 
tobacco product use.

METHODS AND RESULTS: Thirty-six healthy dual CS and EC users participated in a crossover study in a confined research set-
ting. Circadian heart rate, blood pressure and plasma nicotine levels, 24-hour urinary catecholamines, 8-isoprostane and 
11-dehydro-thromboxane B2, and plasma interleukin-6 and interleukin-8 were compared in CS, EC, and no nicotine condi-
tions. Over 24 hours, and during daytime, heart rate and blood pressure were higher in CS and EC compared with no tobacco 
product conditions (P<0.01). Heart rate on average was higher with CS versus EC. Urinary catecholamines, 8-isoprostane, 
and 11-dehydro-thromboxane B2 were not significantly different, but plasma IL-6 and IL-8 were higher with both CS and EC 
compared with no tobacco product (P<0.01).

CONCLUSIONS: CS and EC had similar 24-hour patterns of hemodynamic effects compared with no tobacco product, with a 
higher average heart rate with CS versus EC, and similar effects on biomarkers of inflammation. EC may pose some cardio-
vascular risk, particularly to smokers with underlying cardiovascular disease, but may also provide a harm reduction opportu-
nity for smokers willing to switch entirely to EC.

REGISTRATION: URL: https://www.clini caltr ials.gov; Unique Identifier: NCT02470754.
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An important consideration in assessing the 
public health benefits versus risks of elec-
tronic cigarettes (ECs) is cardiovascular safety. 

Cardiovascular disease is a major source of morbidity 
and mortality in cigarette smokers.1,2 Daily EC use can 
aid smoking cessation, and a recent clinical trial sug-
gested that ECs are more effective in aiding quitting 
than nicotine replacement medication.3,4 The question 
remains as to the potential cardiovascular harm of EC 
use, particularly in smokers who have underlying.

Mechanisms by which cigarette smoking causes 
cardiovascular disease include hemodynamic stress 
related to sympathetic neural stimulation, thrombogen-
esis, oxidant stress, inflammation, endothelial dysfunc-
tion, insulin resistance, production of an atherogenic 
lipid profile, and arrhythmogenesis.2,5 Potentially car-
diovascular-toxic chemicals in cigarette smoke in-
clude oxidants, volatile organic compounds (such as 
acrolein, acetaldehyde, and formaldehyde), carbon 
monoxide, particulate matter, metals, and nicotine. In 
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contrast, ECs generate an aerosol without combustion 
of organic materials. ECs deliver minimal levels or no 
carbon monoxide and usually much lower levels of ox-
idants, volatile organic compounds and most metals 
compared with cigarette smoke.6–8 ECs can deliver 
levels of nicotine and particles (aerosols) similar to 
those of cigarettes, although the chemical composition 
of EC particles differs from that of cigarette smoke.9 
The number and size of particles also vary by the type 
of EC device and composition of the liquid.9 To date, 
the toxicity of EC particles is unknown.

The main effect of nicotine with respect to the car-
diovascular system is activation of the sympathetic 
nervous system.10 The effects of nicotine that could 
contribute to acute cardiovascular events include in-
creased heart rate, blood pressure, and myocardial 
contractility (resulting in increased myocardial work), 
and coronary vasoconstriction (resulting in reduced 
coronary blood flow reserve).10–13 Other potentially ad-
verse sympathetically mediated effects of nicotine may 
include arrhythmogenesis, insulin resistance, lipid ab-
normalities, and inflammation (the latter via activation 
of the splenocardiac axis). In addition, nicotine may 

produce oxidative stress and contribute to endothelial 
dysfunction.10

A number of studies have examined acute effects of 
ECs in people, demonstrating the expected nicotine-re-
lated increases in heart rate and blood pressure. Other 
reported acute effects of EC use include reduced heart 
rate variability, increased arterial stiffness, endothelial 
dysfunction, and platelet activation.11,14 However, the 
cardiovascular effects of an acute vaping session may 
not reflect cardiovascular effects with more natural, ad 
libitum use. Studies of standardized use have generally 
tried to mimic cigarette smoking, with 10 to 20 puffs 
taken over 10 to 15 minutes. Most EC users do not puff 
the same way as smokers—rather they tend to take 
fewer puffs in clusters and puff more frequently than 
they puff cigarettes.15 Furthermore, cardiovascular re-
sponses to acute exposure may not indicate effects 
with chronic exposure. For example, acute cigarette 
smoking and nicotine vaping impair endothelial func-
tion, as demonstrated by impaired flow-mediated dila-
tion, but in a study of cigarettes smokers who switched 
completely to vaping, endothelial function normalized, 
compared with those who continued smoking ciga-
rettes.16 With respect to actions of nicotine, substantial 
tolerance develops to cardiovascular effects of nico-
tine, including heart rate acceleration and epinephrine 
release, with repeated exposure.17,18 The most relevant 
way to examine cardiovascular effects of vaping is by 
studying ad libitum use throughout the day. Circadian 
patterns are important because persistent sympa-
thetic stimulation, particularly lasting overnight, may 
be associated with an increased risk of cardiovascular 
events.19,20

The primary aim of this study was to compare the 
effects of ad libitum use of cigarettes and ECs on heart 
rate and blood pressure, during the day and overnight, 
as well as urine catecholamine excretion, which are in-
dicators of sympathetic neural stimulation. Secondary 
aims compared the effects of cigarettes and ECs on 
biomarkers of other potential mechanisms of cardio-
vascular disease, including oxidative stress, platelet 
activation, and inflammation.

METHODS
The data that support the findings of this study are 
available from the corresponding author on reason-
able request.

Participants
The participants were 36 healthy dual users (aver-
age age 35  years, 22% females), who used an EC 
at least 15  days and smoked at least 5 cigarettes/
day over the past 30 days. They were recruited by 
advertisements via the Internet and flyers. To assure 

CLINICAL PERSPECTIVE

What Is New?
• The 24-hour cardiovascular effects of ad libitum 

electronic cigarettes (EC) versus tobacco ciga-
rette use have not been described.

• This study compares mechanistic biomarkers of 
cardiovascular disease for EC versus tobacco 
cigarette versus no nicotine use.

• Results demonstrate ad libitum EC use is asso-
ciated with similar circadian hemodynamic ef-
fects as cigarette smoking, reflecting persistent 
sympathetic neural stimulation.

What Are the Clinical Implications?
• Both cigarette smoking and EC use are asso-

ciated with increased inflammatory biomarker 
levels compared with no product use, which 
might contribute to cardiovascular risk.

• The cardiovascular effects of ECs should be 
considered in counseling a patient with cardio-
vascular disease in the use of ECs to quit smok-
ing, and in the duration of EC use once they 
have switched.

Nonstandard Abbreviations and Acronyms

CS cigarette smoking
EC electronic cigarette
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that daily nicotine intake was clinically significant, 
participants were required to have a salivary cotinine 
level of ≥50  ng/mL. Exclusion criteria included the 
following: use of EC liquids with <6 mg/mL nicotine 
concentration, <21 years of age, intent to quit ECs or 
cigarettes over the next 3 months, pregnancy, use of 
nicotine metabolism-altering medications, use of car-
diovascular medications such as α- and β-blockers, 
chronic medical diseases, and active substance de-
pendence or recent use of drugs of abuse other than 
marijuana. We excluded potential participants who 
vaped liquids containing <6  mg/mL nicotine to en-
hance the likelihood that they were vaping for phar-
macologic effects of nicotine. Individuals who used 
other tobacco products >15 times per month or used 
EC devices with re-buildable atomizers were ex-
cluded from the study. Re-buildable atomizers were 
excluded because these devices need to be refilled 
often and because they tend to leak e-liquid, making 
tracking the amount of e-liquid consumed during the 
day challenging. Demographic data including base-
line smoking and vaping behaviors, types of devices, 
and e-liquid nicotine concentrations are shown in 
Table 1. The study was approved by the Institutional 
Review Board at the University of California San 
Francisco. Written, informed consent was obtained 
from each participant and all participants were finan-
cially compensated.

Experimental Protocol
Broadly, this within-subject crossover study was 
designed to compare nicotine intake, subjective ef-
fects, biomarkers of exposure, and pharmacologic 
effects in dual users while smoking cigarettes only, 
vaping ECs only, and with no tobacco product use. 
The study was conducted between December 2015 
and February 2018. The results of nicotine pharma-
cokinetics and titration, subjective effects, and toxi-
cant exposure from this study have been published 
previously.21–23

Participants were screened for eligibility, con-
sent was obtained, questionnaires completed, and 
saliva samples collected for cotinine measurement. 
Participants were not asked to modify their smoking 
or EC use behavior before screening. After screening, 
participants completed two 1-week study blocks: 1 
cigarette only and 1 EC only block. The sequence 
of blocks was counterbalanced in sequential order 
of participant entry into the study. The first 4  days 
of each block consisted of at-home use of ECs or 
cigarettes and served as a washout and stabiliza-
tion period for the 5th to 7th days. On the 5th day, 
participants were admitted to a clinical research 
ward at Zuckerberg San Francisco General Hospital. 
On the first hospital day (5th study block day), fixed 

administration of the products was assessed and the 
6th and 7th days (hereafter referred to as the “first” 
and “second” days of ad libitum use) consisted of 
ad libitum use of EC or cigarettes. An enforced to-
bacco product abstinence block of 2 days followed 
the last tobacco product block. While confined, the 
participants ate an unrestricted hospital diet with the 
exception that there was only 1 caffeinated beverage 
permitted per day.

On ad libitum days, participants were provided 
with an amount of their own brand cigarettes or EC 
supplies consistent with their normal consumption, 
with extra product provided considering that they 
normally dual use and the study would allow ad libi-
tum use of only 1 product at a time. During the EC 
block, if participants were cig-a-like users, the study 
purchased their usual cig-a-like brand; if a fixed or 
variable power tank user, the study purchased their 
usual brand of e-liquid; if a pod user, the study pur-
chased the pods. Any remaining products were 

Table 1. Demographics and Baseline Cigarette and EC 
Use Data

N 36

Age, y 35.4 ± 11.7

Female, n 8 (22)

Race

Asian 2 (6)

Black 3 (8)

Latino 4 (11)

White 5 (14)

Mixed 22 (61)

Device type

Cig-a-like 12 (33)

Fixed-power tank 15 (42)

Variable-power tank 6 (17)

Pod 3 (8)

Cigarette dependence (FTCD) 4.4 ± 2.0

EC dependence (PS-ECDI) 5.9 ± 3.9

Measured, liquid nicotine concentration, mg/g

Whole sample 17.0 ± 12.9

Cig-a-like 20.2 ± 13.4

Fixed-power tank 12.2 ± 7.4

Variable-power tank 9.4 ± 3.9

Pod 43.4 ± 4.8

Screening salivary cotinine, ng/mL 189.2 ± 92.8

Baseline cigarettes/d 12.9 ± 6.4

Days of EC use in last 30 d 22.6 ± 7.3

Baseline EC sessions/d 8.1 ± 7.2

Data are presented as n (%) or mean  ±  SD. EC indicates electronic 
cigarette; FTCD, Fagerstrom Test of Cigarette Dependence (Heatherton et 
al., Br J Addict 1991,86:1119–1127); and PS-ECDI, Penn State E-Cigarette 
Dependence Index (Foulds et al., Nicotine Tob Res 2015; 17: 186–192).
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collected by study nurses each night at midnight. 
While on the hospital ward, participants were allowed 
access to television and Internet, and to go on super-
vised walks.

Starting at 8 am on the first day of each 2-day in-hos-
pital block, following at least 8  hours of abstinence, 
participants were free to use their EC (at preferred 
power levels for variable-power devices) or cigarettes 
ad libitum until midnight. Urine samples were collected 
over 24  hours each day. On the second day, blood 
samples were taken via indwelling intravenous cath-
eter every 4 hours from 8 am to midnight, and at 8 am 
the following day.

Device Categorization
Device types and number of participants in each group 
were the following: (1) “Cig-a-likes”: small cylindrical 
devices resembling combustible cigarettes with nonre-
fillable liquid cartridges (N=12), (2) “Fixed-power tanks”: 
devices with refillable liquid tanks and no user-adjust-
able power parameters (N=15), (3) “Variable-power 
tanks”: similar to fixed-power devices but with the abil-
ity to change power parameters (eg, voltage or watt-
age) (N=6), and (4) “Pods”: devices utilizing disposable 
pods with liquid containing salt form nicotine (N=3).

Assessments
Nicotine and Cotinine Measures

Salivary cotinine concentrations at screening were de-
termined by gas chromatography (GC),24 modified for 
capillary GC,25 limit of quantitation 10 ng/mL. Plasma 
nicotine and cotinine were determined by GC-tandem 
mass spectrometry (GC-MS/MS), using a published 
GC-MS method25 modified for MS/MS for improved 
sensitivity, nicotine limit of quantitation 0.2 ng/mL, and 
cotinine limit of quantitation 5 ng/mL.

Questionnaires

At screening, participants completed a basic demo-
graphic questionnaire including their age, sex, and 
race, and a nicotine use history questionnaire on ciga-
rette and EC use in the past 30 days, EC type used 
most often, concentration of nicotine in e-liquid used 
most frequently (in mg/mL), and how many mL of EC 
liquid were typically used per week (Table 1).

Ambulatory Heart Rate and Blood Pressure

Heart rate, systolic blood pressure and diastolic blood 
pressure of each participant were measured every 
30 minutes for 24 consecutive hours in each of the 3 
study arms with a 7100 series ambulatory blood pres-
sure monitor (Welch Allyn, Skaneateles Falls, NY). 
Missing values or out-of-range values (<7%) were 

imputed using a “last-observation-carried-forward” 
approach (excluding the first 8 am measurement). Out 
of range values included a heart rate <40 beats per 
minute, systolic blood pressure <70 or ≥180 mm Hg, or 
diastolic blood pressure <40 mm Hg.

Cardiovascular Effect Biomarkers

Urine epinephrine, norepinephrine, and dopamine 
concentrations were measured by quantitative high-
performance liquid chromatography–MS/MS by ARUP 
Laboratories, Salt Lake City, UT.

Oxidative stress was assessed using urine 
8-epi-prostaglandin F2 α (8-isoprostane), a lipid perox-
idation product formed by degradation of arachidonic 
acid by free radicals. Platelet activation was assessed 
using urine 11-dehydro-thromboxane B2 (11-dhTxB2), a 
metabolite of thromboxane A2 and a marker of in vivo 
platelet activation. These 2 biomarkers were measured 
using a high-performance liquid chromatography–MS/
MS technique at the Exposure Biology and Chemistry 
Lab of Duke University, described as follows. A 2 mL 
of urine aliquot was mixed with 2 mL of 0.1 mol/L ac-
etate buffer (pH=5), 40 µL of internal standard mixture 
(250  µg/µL of d4-8-isoprostane and 250  µg/µL d4-
11-dhTxB2 as internal standards), 20  μL of glucuro-
nidase-arylsulfatase, and 20 µL of ascorbic acid. The 
mixture was vortexed in a shaking bath at 37°C for 
16 hours. Then 6 mL of ethyl-acetate was added to the 
hydrolyzed mixture. Following shaking for 60 minutes, 
the mixture was centrifuged at 2360g for 30 minutes. 
The mixture from this last step was condensed by 
evaporation under nitrogen. Then we reconstituted the 
residue in 200 µL of H2O:MeOH (1:1) and centrifuged 
at 2360g for 30 minutes. This final solution was ana-
lyzed on a high-performance liquid chromatography–
MS/MS system (Thermo TSQ Quantum Access Max) 
equipped with a Luna 3 µm C18 reverse-phase column 
(Phenomenex 50 × 2.1 mm). Mobile phases included 
Solvent A (water with 2.5  mol/L ammonium acetate) 
and Solvent B (100% methanol). The MS/MS param-
eters were 353.1/193.1 and 353.1/247.1 for 8-isopros-
tane, 357.1/197.1 for d4-8-isoprostane, 367.0/161.0 
and 367.0/305.0 for 11-dhTxB2, and 371.0/309.0 for 
d4-11-dhTxB2. Calibration standards were purchased 
from ChemCruz. The limits of detection were 0.016 ng/
mL for 8-isoprostane and 0.065 ng/mL for 11-dhTxB2. 
The recovery was 92% to 110% and 85% to 120%; and 
relative standard deviation from repeated injection was 
11.27% and 10.02% for 8-isoprostane and 11-dhTxB2, 
respectively.

Inflammation was assessed using plasma inter-
leukin-6 (IL-6), a pro-inflammatory cytokine, and in-
terleukin-8 (IL-8), a chemokine secreted as part of the 
inflammatory response, both measured by multiplex 
immunoassay (kits from R & D). These biomarkers are 
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all known to be increased in cigarette smokers com-
pared with nonsmokers, and all are associated with 
increased cardiovascular disease risk.26

Statistical Analysis
Ambulatory heart rate and blood pressures are re-
ported as mean and SD for 24-hour (8  am to 8 am), 
daytime (8 am to 11 pm), and overnight periods (12 am 
to 8 am). The primary comparison between the 3 study 
arms was performed using nonlinear mixed models, 
where study treatment order was also included as a 
fixed effect. Post hoc comparisons are described 
using Tukey’s test.

Area under the plasma nicotine concentration–time 
curve values for plasma nicotine were calculated using 
the trapezoidal rule for 24-hour plasma nicotine lev-
els. For exposure biomarker analyses, concentrations 
with use of both EC and CS are reported relative to 
concentrations on the abstinence condition as geo-
metric mean ratios with 95% CIs. Twenty-four-hour 
pooled urine biomarker concentrations were log-trans-
formed and plasma biomarkers rank-transformed be-
fore further analysis. The effect of each exposure on 
these biomarkers was assessed using a mixed-effect 
repeated measures model. We conducted post hoc 
pairwise comparisons between study arms applying a 
Bonferroni correction for multiple comparisons. Data 
from the EC-only arm were used in an exploratory be-
tween-subject analysis of device type effects describ-
ing urine and plasma biomarker values and reported 
as Wilcoxon rank-sum tests. Because of the small 
number of pod users (N=3), the pod device users were 
not included in the between-device analysis.

A priori, a sample size calculation determined that 
a sample size of 36 would give >80% power to de-
tect corrected differences between cigarette and EC 
arms, on the primary outcome of mean heart rate, 
where values differed by at least 20% with coefficients 
of variation of 0.25. All analyses were conducted with 
SAS version 9.4 or R version 3.5, with 2-tailed P-
values<0.05 considered significant.

RESULTS
Plasma Nicotine and Cotinine Levels
On average, participants smoked 15.6 (SD 22.2) ciga-
rettes and vaped 1.95 g (SD 1.9) during ad libitum use 
days on the research unit. Mean steady-state plasma 
nicotine concentrations over 24 hours while smoking 
cigarettes or using ECs, which have been described 
previously,21 are shown in Figure  1. Overall, plasma 
nicotine levels were significantly higher during cigarette 
smoking, although in 25% of participants, nicotine lev-
els during EC use exceeded levels during smoking. 
Mean (95% CI) plasma cotinine concentrations while 

smoking and using ECs were 246  ng/mL (229–264) 
and 182 ng/mL (158–207), respectively.

Heart Rate and Blood Pressure
Mean heart rates and blood pressure while smoking, 
vaping, and using no nicotine product over 24 hours 
are shown in Figure 2 and mean heart rate and blood 
pressures over 24  hours and during daytime and 
overnight in Table 2. Over 24 hours and during day-
time, heart rate was significantly higher with cigarette 

Figure 1. Plasma nicotine concentrations.
Twenty-four-hour plasma nicotine concentrations during ad 
libitum cigarette smoking or EC use, showing mean values and 
SE bars. EC indicates electronic cigarette.

Figure 2. Mean ambulatory heart rate and blood pressure 
measurements.
Twenty-four-hour mean heart rate during ad libitum cigarette 
smoking or EC use compared with no nicotine product use. EC 
indicates electronic cigarette.
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smoking than with EC use, and higher with EC use 
than with no product use. Overnight, heart rate was 
higher in the smoking condition than other conditions, 
while heart rate in the EC and no product conditions 
were similar. Systolic and diastolic blood pressure 
were similar with smoking and vaping during daytime 
and overnight, with both conditions higher than with no 
product use.

Urine Catecholamines and Cardiovascular 
Effect Biomarkers
Urine epinephrine, norepinephrine, and dopamine ex-
cretion was not significantly different across conditions 
(Table  3). Urine 8-isoprostane and 11-dhTxB2 were 

also not significantly different, although for the latter 
there was a trend for higher levels with EC use and 
smoking compared with no product use (Figure  3). 
Plasma IL-6 and IL-8 were similar while smoking and 
vaping, while both were significantly higher compared 
with no product use (Figure 4).

Comparison of Effects of Different 
Electronic Cigarette Devices
Plasma nicotine levels were on average higher in 
users of variable voltage devices compared with 
users of fixed-voltage devices (P=0.019), the latter of 
which was similar to the cig-a-like condition. Mean 
(95% CI) plasma area under the plasma nicotine 

Table 2. Mean Heart Rate and Blood Pressure in Each Condition

Mean (SD)

Heart Rate (bpm)*†‡ Systolic (mm Hg)*‡ Diastolic (mm Hg)*‡

CS EC Abs CS EC Abs CS EC Abs

24-h 72.5 (12.6) 68.7 (11.8) 66.8 (11.2) 119.9 (14.7) 120.2 (15.3) 116.8 (15.6) 76.8 (12.4) 76.7 (12.5) 73.2 (11.9)

Daytime (8 
am–11 pm)

76.4 (11.7) 72.3 (10.8) 69.2 (11.1) 123.2 (13.9) 124.2 (13.0) 119.5 (15.0) 80.0 (11.4) 80.0 (10.8) 75.7 (11.1)

Overnight (12 
am–8 am)

65.3 (11.0) 62.2 (10.6) 62.6 (10.1) 113.8 (14.3) 113.1 (16.4) 111.7 (15.4) 71.0 (12.3) 70.6 (13.2) 68.6 (12.0)

Means in each study period compared with nonlinear mixed models, which also included random effects for repeated measures within subject and fixed 
effects for treatment order. Study arm effects noted in 24-h measurements: *Cigarette smoking>Abstinence, †Cigarette smoking>EC, ‡EC>Abstinence (all 
2-sided P values≤0.01). Abs indicates abstinence; CS, cigarette smoking; and EC, electronic cigarette.

Table 3. Relative Biomarker Concentrations

Geometric Mean of Ratio (95% CI)

EC/Abstinence Smoking/Abstinence Smoking/EC

Urine biomarkers

Epinephrine (µg/24 h) 1.15 (0.94–1.40) 1.15 (0.97–1.36) 1.00 (0.87–1.15)

Epinephrine (ng/mL) 1.12 (0.96–1.31) 1.04 (0.90–1.20) 0.92 (0.80–1.07)

Epinephrine (ng/mg Cr) 1.18 (0.98–1.40) 1.22 (1.03–1.45)* 1.04 (0.90–1.20)

Norepinephrine (µg/24 h) 0.95 (0.85–1.06) 0.97 (0.88–1.07) 1.02 (0.90–1.15)

Norepinephrine (ng/mL) 0.94 (0.81–1.08) 0.87 (0.75–1.01) 0.93 (0.81–1.06)

Norepinephrine (ng/mg Cr) 1.00 (0.92–1.08) 1.03 (0.93–1.14) 1.03 (0.93–1.13)

Dopamine (µg/24 h) 0.95 (0.87–1.04) 0.95 (0.86–1.04) 1.00 (0.90–1.11)

Dopamine (ng/mL) 0.94 (0.81–1.08) 0.86 (0.74–0.99) 0.91 (0.80–1.04)

Dopamine (ng/mg Cr) 1.00 (0.93–1.07) 1.01 (0.93–1.09) 1.01 (0.93–1.10)

8-Isoprostane (ng/24 h) 1.09 (0.81–1.48) 1.23 (0.94–1.63) 1.13 (0.88–1.45)

8-Isoprostane (ng/mL) 1.18 (0.88–1.57) 1.19 (0.89–1.61) 1.02 (0.83–1.24)

8-Isoprostane (ng/mg cr) 1.23 (0.92–1.64) 1.42 (1.07–1.90)* 1.16 (0.94–1.42)

11-dhTxB2 (ng/24 h) 1.25 (0.68–2.30) 1.49 (0.86–2.61) 1.19 (0.92–1.54)

11-dhTxB2 (ng/mL) 1.35 (0.76–2.39) 1.45 (0.85–2.45) 1.07 (0.86–1.34)

11-dhTxB2 (ng/mg Cr) 1.40 (0.77–2.59) 1.72 (0.98–3.03) 1.22 (0.97–1.54)

Plasma biomarkers

Interleukin-6 (pg/mL) 1.84 (1.20–2.82)† 2.26 (1.37–3.74)† 0.89 (0.51–1.53)

Interleukin-8 (pg/mL) 1.36 (1.12–1.63)† 1.43 (1.21–1.69)† 1.06 (0.86–1.30)

Geometric means of relative biomarker concentrations reflect pairwise-differences following mixed model analysis with random effects for repeated measures 
within subject and fixed effects for treatment order. Study arm effects: *P<0.05, †P<0.01. 11-dhTxB2 indicates 11-dehydro-thromboxane B2; Cr, creatinine; and 
EC, electronic cigarette.
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concentration–time curve over 24 hours (ng/mL × h) 
was 209 (154–249), 190 (146–231), and 413 (322–504) 
for users of cig-alike, fixed and variable-voltage de-
vices, respectively. Correspondingly, heart rate was 
significantly greater with the variable-voltage device 
use compared with fixed voltage, which was higher 
than in the cig-a-like condition (Table  4). Systolic 
and diastolic blood pressures were significantly 
higher with use of fixed voltage than cig-a-like, which 
were higher than variable voltage. No significant 

differences were observed in urinary biomarkers or 
IL-8 by device type. Plasma IL-6 was higher with vari-
able voltage versus cig-a-like (P=0.03). Across sub-
jects, there were no significant correlations between 
nicotine plasma area under the plasma nicotine con-
centration–time curve with EC use and various car-
diovascular biomarkers.

DISCUSSION
This study was performed to investigate and com-
pare the 24-hour cardiovascular effects of EC use 
compared with cigarette smoking and no product 
use in people who regularly used both electronic 
and conventional cigarettes. ECs and conventional 
cigarettes deliver nicotine rapidly by inhalation, but 
the pattern of nicotine self-administration differs. 
Smokers generally take 8 to 12 puffs over 5 to 8 min-
utes from a cigarette, then smoke another cigarette 
at a later time, while vapers tend to inhale intermit-
tently and in a more continuous manner.15 Cigarettes 
deliver high levels of many combustion products, in-
cluding oxidants, carbon monoxide, carbonyls, and 
particles, while ECs deliver much lower levels of oxi-
dants, minimal levels or no carbon monoxide, lesser 
amounts of carbonyl compounds, and particles of a 
different physical composition than cigarette smoke 
and with unclear toxicity.6–9

We observed that in general, nicotine exposure 
was greater with smoking than with EC use, and cor-
respondingly average daily heart rate was higher with 
smoking than with EC use, which was in turn higher 
than with no product use. The heart rate elevation 
while smoking persisted over the 24-hour period, while 
the heart rate effect of EC use was observed during 
daytime only. A small but significant increase in blood 
pressure was observed in both cigarette and EC con-
ditions during daytime.

We also observed, as might be expected, that 
variable-voltage EC use, which delivered higher 
doses of nicotine, was associated with higher heart 
rate. Despite this observation, we did not observe 
across participants a significant correlation between 
nicotine exposure (24-hour plasma area under the 
plasma nicotine concentration–time curve) and he-
modynamic effects. The finding of no significant cor-
relation could be a statistical power issue or it could 
be that variable-voltage devices, which generate 
greater on average amounts of aerosol and particles, 
have effects on heart rate independent of nicotine 
delivery.

While we observed the expected evidence of 
sympathetic neural activation based on heart and 
blood pressure, we did not observe the expected 
increase in urine epinephrine excretion, which we 

Figure 3. Within-participant relative 24-hour urine 
biomarkers concentrations.
Estimated mean difference (%) in urinary biomarker 
concentrations from total 24-h urine collection in 2 exposure 
periods (ad libitum cigarette smoking and EC use) relative to 
the nicotine abstinence period. Error bars indicate 95% CIs. 
11-dhTxB2 indicates 11-dehydro-thromboxane B2; and EC 
indicates electronic cigarette.

Figure 4. Within-participant relative plasma biomarkers 
concentrations.
Estimated mean difference (%) in plasma biomarker 
concentrations in ad libitum exposure periods (cigarette smoking 
and EC use) relative to the nicotine abstinence period. Error bars 
indicate 95% CIs. and EC indicates electronic cigarette.
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have observed in prior studies of smoking versus no 
nicotine use.27 The reason for this negative outcome 
is unclear, but may have been related to individual 
differences in physical activity, which can also affect 
catecholamine excretion. This warrants future stud-
ies with a larger sample size and detailed physical 
activity assessment.

We did not see significant effects of smoking or va-
ping compared with no product use on biomarkers of 
oxidative stress or platelet activation. Both 8-isopros-
tane and 11-dhTx B2 levels are on average 50% higher 
in regular smokers compared with nonsmokers.26 The 
fact that we did not see a significant change during 
2 days of product abstinence may have been because 
the duration of our study and no product use were too 
short. Urine excretion of 8-isoprostane is reported to 
decrease 3 to 7  days after smoking cessation.28 In 
a prior study we observed a significant decrease in 
urine 11-dhTxB2 3 to 4  days after stopping smoking 
or switching from cigarettes to nicotine patches, indi-
cating a rapid change in thrombogenic risk.29 In the 
present study, we did see a trend with higher average 
levels of 8-isoprostane and 11-dhTxB2 during smoking 
compared with vaping, but there was much interindi-
vidual variability and differences were not statistically 
significant.

While in the current study there were no significant 
differences between EC use and abstinence for 8-iso-
prostane, 2 cross-sectional studies of cardiovascular 
biomarkers in EC users compared with non–tobacco 
users have reported effects of ECs on oxidative stress. 
Singh et al found in a small group of adult self-reported 
vapers who reported never using tobacco products 
that urinary excretion of 8-isoprostane and the oxi-
dative DNA damage biomarker 8-oxo-dG were sig-
nificantly higher in vapers compared with never EC 
users.30 Sakamaki-Ching confirmed in another small 
group that urine 8-isoprostane and 8-oxo-dG were sig-
nificantly higher in vapers than in non–tobacco users.31 
Unfortunately, in neither study was cannabis smoking, 
a source of exposure to toxic combustion products 
and which is very common in EC users, biochemically 
assessed. The lack of a significant difference in 8-iso-
prostane in the current study may be because the ab-
stinence period was too short for significant changes 
to take place in this biomarker.

Both cigarette smoking and EC use were associ-
ated with higher plasma levels of the inflammatory cy-
tokines IL-6 and IL-8 compared with no product use in 
our study. Similarly, higher levels of IL-6 and IL-8 as well 
as other inflammatory biomarkers in vapers compared 
with never tobacco users were reported by Singh et 
al.30 A pro-inflammatory effect of EC use could be me-
diated by exposure to reactive oxygen species, and/or 
particulates in EC aerosol. Carbonyls such as acrolein 
have been considered as possible sources of oxidant Ta
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stress with EC use, but in the present study and in 
other studies there is little evidence of increased urine 
excretion of acrolein metabolites with EC use, while ex-
cretion is high with cigarette smoking.22,32

The role of nicotine in promoting inflammation is 
unclear. The direct effect of nicotine acting via acti-
vation of the cholinergic nervous system is anti-in-
flammatory.33 However, sympathetic nervous system 
activation of the splenocardiac axis can have pro-in-
flammatory effects.12,34 The effect of nicotine on inflam-
mation is informed by studies of users of smokeless 
tobacco, which exposes users to as much nicotine 
as smoking but without combustion products, and is 
associated with a similar circadian profile of plasma 
nicotine concentrations and cardiovascular effects as 
smoking.35 Moist snuff use is associated with relatively 
few increases in inflammatory biomarkers compared 
with non–tobacco users, while smokers have much 
higher levels of a number of inflammatory biomark-
ers compared with moist snuff users.36 Furthermore, 
inflammatory gene expression in peripheral blood 
mononuclear cells in snuff users is similar to that of 
non–tobacco users, and much different from that of 
smokers.37 Such studies suggest that nicotine does 
not play a major role in promoting inflammation.

Strengths of our study include the fact that partic-
ipants were confined to a research unit so that prod-
uct use, nicotine exposure, and various cardiovascular 
effects could be carefully monitored. Ours is also the 
first study to examine cardiovascular effects of ad libi-
tum EC use over 24 hours. Outpatient studies are often 
confounded by noncompliance, with study conditions 
and factors such as other drug use, exercise, stress, or 
heat that can affect cardiovascular measurements. On 
the other hand, we recognize that studying ad libitum 
tobacco use on a clinical research unit reduces exter-
nal validity. Many of the usual social and environmental 
cues for tobacco product use are not present in a re-
search unit environment. However, we do not believe 
that this limitation affects the validity of our cardiovas-
cular measurements.

The main limitation of our study is the relatively 
brief duration of experimental conditions, particularly 
product abstinence, making our findings related to 
biomarkers of harm limited to those that change in a 
short period of time. For example, the normalization 
of urine 11-dhTxB2 and 8-isoprostane, and plasma 
IL-6 and IL-8 takes weeks to months after a smoker 
stops smoking.26 The rate of change in the first few 
days of stopping smoking has not been fully char-
acterized, so we may have missed the true extent of 
differences between smoking and EC conditions com-
pared with abstinence. Furthermore, we studied users 
of a variety of EC devices, but these devices continue 
to evolve. Newer lower-wattage devices (such as pod 
devices, of which we had only 3 users) deliver lower 

levels of oxidants and volatile organic compounds 
and may have different cardiovascular effects than 
higher-wattage devices.38–40 An alternative study de-
sign would have been to investigate only 1 EC device, 
but that would have even less generalizability to EC 
users in general. Future studies of cardiovascular risk 
of EC should compare specific devices and EC liquids. 
Another limitation with respect to understanding how 
EC use might affect vapers with underlying cardiovas-
cular disease is that we studied healthy volunteers, 
none of whom were taking cardiovascular medications.

The implications of our study to assessing cardio-
vascular risk are as follows. We find circadian changes 
in heart rate reflecting persistent sympathetic neural 
activation produced by nicotine with ad libitum smok-
ing and EC use. The magnitude of sympathetic neural 
stimulation was generally less with ECs than smoking, 
and smoking had persistent effects overnight, while 
ECs did not. Persistent sympathetic neural activation 
and heart rate acceleration may be a risk factor for 
future cardiovascular events. Increased resting heart 
rate and/or decreased heart rate variability (a marker 
of sympathetic predominance) has been associated 
with increased risk of future cardiovascular events, 
greater myocardial ischemia in the presence of cor-
onary heart disease, increased vascular shear stress 
and endothelial dysfunction, and accelerated athero-
genesis.19 Increased sympathetic neural activity is as-
sociated with poorer outcome in people with chronic 
heart failure, and smoking cessation is associated with 
considerable clinical benefit in such individuals.19,41 
Sympathetic stimulation may play a role in atrial and 
ventricular arrhythmogenesis and sudden death. We 
found a small but significant increase in blood pressure 
during the day with EC use compared with no prod-
uct use, which could convey cardiovascular risk. Of 
note, however, is that 2 studies have found that blood 
pressure declined in smokers who were able to switch 
to ECs, suggesting reduced risk of EC use compared 
with CS.42,43

While there is a concern about adverse effects of 
nicotine-induced sympathetic neural stimulation and 
persistent heart rate acceleration on cardiovascular 
health, it is important to consider epidemiological data 
from lifelong users of smokeless tobacco (also known 
as snus) in Sweden. Swedish snus users are exposed 
to nicotine at levels similar to cigarette smokers, but 
without exposure to products of combustion. Ad libi-
tum use of smokeless tobacco throughout the day is 
associated with the same circadian pattern of heart 
rate acceleration as we see with cigarettes and smoke-
less tobacco.35 Myocardial infarction and stroke risk is 
no higher in snus users compared with non–tobacco 
users, but when they do occur are more likely to be 
fatal in snus users.44 In Swedish snus users who have 
had a myocardial infarction, mortality is reported to 
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be higher in those who continue to use smokeless to-
bacco compared with those who quit.45 An increased 
risk of cardiac death in snus users with coronary heart 
disease could be related to sympathetic neural-stimu-
lating effects of nicotine aggravating ischemia and/or 
producing fatal arrhythmogenesis.

Our data and the data of Singh et al and Sakamaki-
Ching et al suggest that EC use is associated with a 
chronic inflammatory response, most likely related to 
oxidant delivery.30,31 Chronic inflammation could pose 
long-term cardiovascular risk, contributing both to 
accelerated atherogenesis and, by inducing plaque 
instability, increasing the risk of acute cardiovascular 
events. A pro-inflammatory state produced by EC use 
may also have important implications beyond cardio-
vascular disease, given the wide range of associations 
between biomarkers of inflammation and a variety of 
acute and chronic inflammatory conditions. It should 
be noted that insofar as the pro-inflammatory effects of 
ECs is related to oxidant stress, lower-power devices 
may present much less of an oxidant effect.38,39 This 
could be a place where regulation of EC devices could 
reduce cardiovascular and other disease risk.

In conclusion, we report similar 24-hour patterns 
of hemodynamic effects of CS and ECs, with lesser 
average effects of ECs, particularly overnight. We also 
find similar effects of smoking and ECs on biomark-
ers of inflammation, confirming findings of other recent 
cross-sectional studies. Our findings raise concerns 
about the potential of EC use to cause cardiovascular 
harm, particularly in people with underlying coronary 
heart or cerebrovascular disease. However, given that 
exposure to toxic combustion products from cigarette 
smoke is known to be markedly reduced in EC users, 
and our observations of lower heart rate and trends 
towards reduction in biomarkers of oxidative stress 
and platelet aggregation with EC compared with CS, 
we believe that EC, while not harmless, may provide 
an important harm-reduction opportunity for smokers 
who are able to switch completely from CS to EC. Data 
such as ours may be useful for regulatory purposes 
in the short term, but epidemiological studies of long-
term EC users, including those with preexisting cardio-
vascular disease, are needed to fully understand the 
impact of EC use on cardiovascular health.
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