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Abstract

Tobacco cigarette smoking is associated with increased sudden death risk,
perhaps through adverse effects on ventricular repolarization. The effect of
electronic (e-)cigarettes on ventricular repolarization is unknown.

Objective

To test the hypothesis that tobacco cigarettes and e-cigarettes have similar
adverse effects on electrocardiogram (ECG) indices of ventricular
repolarization, and these effects are attributable to nicotine.

Methods

ECG recordings were obtained in 37 chronic tobacco cigarette smokers, 43
chronic e-cigarette users, and 65 non-users. Primary outcomes, Tpeak to
Tend(Tp-e), Tp-e/QT ratio, and Tp-e/QTc ratio, were measured in tobacco
cigarette smokers pre/post straw-control and smoking one tobacco cigarette,
and in e-cigarette users and non-users pre/post straw control and using an e-
cigarette with and without nicotine (different days).

Results

Mean values of the primary outcomes were not different among the 3 groups
at baseline. In chronic tobacco cigarette smokers, all primary outcomes
including the Tp-e (12.9%£5.0%vs1.5+5%, p=0.017), Tp-e/QT
(14.9+5.0%vs0.7+5.1%, p=0.004), and Tp-e/QTc (11.9+5.0%vs2.1+5.1%,
p=0.036), were significantly increased pre/post smoking one tobacco
cigarette compared to pre/post straw-control. In chronic e-cigarette users,

the Tp-e/QT (6.3£1.9%, p=0.046) was increased only pre/post using an e-



cigarette with nicotine, but not pre/post the other exposures. The changes
relative to the changes after straw-control were greater after smoking the
tobacco cigarette compared to using the e-cigarette with nicotine for Tp-e
(11.4%x4.4% vs 1.1£2.5%, p<0.05) and Tp-e/QTc (9.8+4.4% vs -1.6+2.6%,
p=0.05), but not Tp-e/QT(14.2 = 4.5% vs 4.2+2.6%, p=0.061) . Heart rate
increased similarly after the tobacco cigarette and e-cigarette with nicotine.
Conclusions

Baseline ECG-indices of ventricular repolarization were not different among
chronic tobacco cigarette smokers, electronic cigarette users and non-users.
An adverse effect of acute tobacco cigarette smoking on ECG indices of
ventricular repolarization was confirmed. In chronic e-cigarette users, an
adverse effect of using an e-cigarette with nicotine, but not without nicotine,

on ECG indices of ventricular repolarization was also observed.

Key words: Electronic cigarettes, tobacco cigarettes, nicotine, ventricular

repolarization, smoking, sudden death



Introduction

Tobacco cigarette smoking is the most important modifiable risk factor for
cardiovascular disease and the leading preventable cause of sudden death in
the United States. Surprisingly, the risk of sudden death from tobacco
cigarette smoking is largely independent of smoking burden and reverts to
that of a non-smoker soon after smoking cessation (15, 30). These
observations have led to the hypothesis that smoking-related sudden death
is a direct toxic effect of constituent(s) in tobacco cigarette smoke, rather
than a consequence of progressive coronary artery disease. Although
controversial, electronic (e-)cigarettes are widely perceived as a safer
alternative to lethal tobacco cigarettes, and switching from tobacco
cigarettes to e-cigarettes has been advocated as a harm reduction
strategy(18, 25). Toxic constituents in e-cigarette emissions, generated from
heating a mixture of solvents, flavorings, and nicotine, are orders of
magnitude lower than in tobacco cigarette smoke - that is, except for
nicotine(16, 17, 24). Similar plasma nicotine levels are achievable in e-
cigarette users and tobacco cigarette smokers(32, 37).

The mechanisms by which tobacco cigarettes trigger sudden death are
unknown, but some studies in tobacco cigarette smokers have reported
abnormal ventricular repolarization, which increases vulnerability to
ventricular arrhythmias, especially in the setting of ischemia(2, 3, 5, 10, 12,
20, 21, 34). The increase in sympathetic tone and heart rate attributable to

nicotine in cigarette smoke could unmask abnormal ventricular repolarization



in predisposed individuals (41). Furthermore, smoking may precipitate
coronary vasospasm and ischemia, which could also result in prolongation of
ventricular repolarization(2). Even in the absence of sympathetic excitation,
nicotine may directly prolong ventricular repolarization. In studies of isolated
ventricular myocytes, nicotine has been shown to directly inhibit potassium
channels(8, 38, 39). Potassium channel inhibition has been shown to prolong
ventricular repolarization, thereby potentially increasing risk of ventricular
arrhythmias and sudden death (8, 38, 39). All of these potential mechanisms
attributable to tobacco cigarettes could also apply to e-cigarettes, since e-
cigarettes contain nicotine, and e-cigarette use increases sympathetic tone
and heart rate(26).

Traditionally, the QT interval, easily identified and measured on the
ECG, has been used to define ventricular repolarization. Even a minor
prolongation of the QT interval, which remains within the normal range, has
been associated with increased risk for ventricular arrhythmias and sudden
death in specific clinical settings, such as following acute myocardial
infarction (2, 11). However, the QT interval includes both ventricular
depolarization and repolarization, and thus may lack the sensitivity and
precision to detect subtle but important alterations in ventricular
repolarization (6, 11, 13, 28), prompting a search for alternate ECG indices of
ventricular repolarization.

The peak of the T wave to the end of the T wave (Tp-e interval)

represents only ventricular repolarization (6, 7, 19), and prolongation of the



Tp-e interval has been shown to be a better predictor of ventricular
arrhythmias and sudden death than the QT interval or the QT interval
corrected for heart rate (QTc, Bazett's) in several clinical settings(4, 6, 9, 11,
19, 22, 23, 28, 33, 35, 43). In fact, the Tp-e interval is prolonged in many
cohorts with increased risk of sudden death, including patients with
congenital long QT syndrome, Brugada’s syndrome, obstructive sleep apnea,
coronary artery disease, hypertrophic cardiomyopathy, inducible ventricular
arrhythmias, survivors of sudden cardiac death - and, importantly, in
otherwise healthy people who smoke tobacco cigarettes (4, 9, 19, 21-23, 28,
33-35, 40).

The purpose of this study was to test the hypothesis that ECG indices
of ventricular repolarization are prolonged in chronic tobacco cigarette
smokers or e-cigarette users compared to age-matched non-users. Further,
we hypothesized that acutely smoking a tobacco or electronic cigarette
would acutely and similarly prolong ECG indices of ventricular repolarization,
likely attributable to increases in plasma nicotine, thus challenging the
concept that switching from tobacco cigarettes to e-cigarettes would lead to

harm reduction.

Methods
As detailed below, ECG recordings were obtained during the period of 2015-
2018 in a large cohort of subjects participating in our clinical investigations

(NCT03072628, NCT02740595, NCT02724241) of tobacco product use;



indices of ventricular repolarization were analyzed in these ECG recordings
for the present study.

Human Subjects. In these studies, ECG recordings were obtained from
healthy male and female subjects, ages 21-45 years, who were: 1) chronic
(>12 months) tobacco cigarette smokers, 2) chronic (>12 months) e-
cigarette users, or 3) non-users. All participants were required to meet the
following criteria: 1) sinus rhythm 2) not competitive or trained athletes, 3)
not pregnant, 4) not taking prescription medications regularly (oral
contraceptives were allowed), 4) alcohol intake < 2 drinks per day, and no
illicit drug use, including marijuana, determined through screening
questionnaire, and confirmed at each visit with a urine toxicology test, 5) no
self-reported chronic illness, including asthma, hypertension, heart disease,
diabetes, or hyperlipidemia, 6) non-obese (BMI < 30kg/m?), 7) no regular
exposure to secondhand smoke in non-tobacco cigarette smokers. End-tidal
CO was measured in e-cigarette users to detect those who were
surreptitiously using tobacco cigarettes. On the day of the written informed
consent, prior to the day of the first experimental session, all subjects were
familiarized and acclimated to the experimental set-up. The experimental
protocol was approved by the Institutional Review Board at the University of
California, Los Angeles, and written informed consent was obtained from
each participant.

Parallel Group Study.



In a Parallel Group comparison, 3 groups were compared: 1) chronic tobacco
cigarette smokers, 2) chronic e-cigarette users, and 3) non-users. The resting
ECG intervals reflecting ventricular repolarization (see outcomes in Statistical
Analysis), were compared among the 3 groups.

Crossover Study.

Acute tobacco cigarette smoking. Chronic tobacco cigarette smokers

participated in up to two acute smoking sessions in random order separated
by 4-weeks: 1) smoking 1 tobacco cigarette (own brand), and 2) puffing on
an empty straw (control).

Acute e-cigarette Use. Chronic EC users and non-users participated in up to

four 30-minute acute exposure sessions in random order separated by 4-
weeks: 1) empty e-cigarette (control), 2) e-cigarette with nicotine, 3) e-
cigarette without nicotine, and 4) nicotine inhaler (a “clean” source of
nicotine, without flavorings or solvents; estimated 4 mg nicotine delivered
per cartridge(29).

Smoking Topography. Tobacco cigarette. Subjects puffed on an empty

straw or smoked 1 tobacco cigarette in 7 minutes, a typical time interval to

smoke 1 tobacco cigarette. Electronic cigarette and nicotine inhaler (NI).

Standardized puff topography consisting of 4-second puffs with a ~30 second
inter-puff interval for 30 minutes (60 puffs) was used, since, we have
reported that this topography was tolerable and sufficient to increase plasma
nicotine levels, even in inexperienced non-user controls (26). According to

the package insert and company literature,(29) utilizing this same
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topography the nicotine inhaler was expected to achieve very similar plasma
nicotine levels seen with our 2nd generation e-cigarette device (26).
E-Cigarette Device. In our earliest studies (2015), subjects used
Greensmoke cigalike e-cigarette device (the highest rated e-cigarette brand
in the United States sold online at the time of the study design) with tobacco-
flavored liquid and the solvents vegetable glycerin/propylene glycol (VG/PG)
with 1) 1.2% nicotine, 2) 0% nicotine (same solvents and flavoring), and 3)
empty (no liquid; sham control). In 2016 we switched to a more-efficient
nicotine delivery system, the second-generation pen-like device (1.0 Q, eGo-
One by Joyetech, Irvine, CA), strawberry-flavored VG/PG liquid with 1) 1.2 %
nicotine, 2) 0% nicotine (same solvents and flavoring), or 3) empty (no liquid;
straw control).

Nicotine and cotinine plasma levels. Before and after tobacco cigarette,
e-cigarette, nicotine inhaler, or control exposures, blood was drawn
according to lab specifications and sent to the UCLA Clinical Laboratories for
nicotine (half-life 1-2 hours) and cotinine (half-life 16-20 hours) levels.
Technique for ECG Recording. Five ECG electrodes were placed on the
chest in standard 5-lead telemetry configuration, right and left upper and
lower chest, and one just to the right of the lower right sternal border.
Recording electrodes were standard silver-silver chloride conductors
(RedDot, 3M Health Care, St. Paul, MN). Five-minute ECG recordings from two

leads (typically Il and V1), using a high-resolution digital recording system
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(1000 Hz sampling frequency, LabPro7, Adinstruments), were obtained, free
from significant artifact or noise.

Analysis of ECG Recordings. The ECG Analysis Module software measures
the QT interval from the earliest onset of the QRS to the end of the T wave,
and the Tp-e is measured from the peak of the T wave to the end of the T
wave. The peak of the T wave is defined as the highest point. If the T wave is
negative, the nadir, rather than the peak, is used (6, 14). The end of the T
wave is defined as the intersection of the tangent to the down slope of the T
wave and the isoelectric line when not followed by a U wave, or if distinct
from the U wave. U waves are not included in the Tp-e interval. Leads in
which the T wave amplitude was less than 1.5 mm were excluded from
analysis (28). The Tp-e was measured in each lead, and the lead with the
maximum Tp-e at baseline was used for statistical analysis(28, 31). The
same lead was used following intervention. Tp-e and QT intervals were
measured, and Tp-e/QT ratio, Tp-e/QTc ratio, and QTc interval (Bazett's)
were calculated.

Outliers. For a given subject and time, we examined normal quantile plots for
primary and secondary outcomes to determine if there were outliers.
Outliers were detected by the normal quantile plots only for outcomes
involving Tp-e. Therefore, to avoid bias, outcomes involving Tp-e were
summarized for a given individual exposure and period with a trimmed
average, since the data followed a normal distribution. Trimmed values were

computed to remove the effect of outliers due to protocol violations (patient
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moving or coughing) or ectopic beats, during the 5-minute continuous ECG
recordings. The trimmed average is the mean value after the lowest 2.5%
and highest 2.5% of the values are removed. If an outlier occurs, it will be in
the lower or upper 2.5% of the distribution.

Reliability. There is no consensus regarding the “best” or preferred lead for
Tp-e analysis, and no systematic comparison among the leads has been
reported(4, 22, 34). Methodology has varied in the approach to the
measurement of the Tp-e and QT intervals. Early reports describe two
observers using magnifying glasses and calipers to make manual
measurements(4, 9, 34). Alternatively, digitized data, either from a 12-lead
ECG or a 24-hour 3-channel ECG recording, has been analyzed with the aid of
commercially available software (23, 28). In our study, ECG recordings were
analyzed using commercially available software, ECG Analysis Module
(LabPro7, Adinstruments) by 2 experienced investigators (M.l. and E.D.) who
were blinded to study group and exposure type. On average, 300 beats were
analyzed per lead. The within subject coefficient of variation (CV) for each
investigator and the interclass correlation coefficient (ICC) between
investigators for each outcome over time and overall was computed; within
subject CV was <0.1% and the corresponding ICC was >99.9%.
Experimental Protocol. After abstaining from caffeine, exercise and
tobacco product use for at least 12 hours, participants were placed in a
supine position in the Human Physiology Laboratory located in the University

of California, Los Angeles Clinical Translational Research Center. No cell
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phones or digital stimuli were permitted during the study, and no talking was
permitted during the ECG recording. After blood draw and instrumentation,
and 10 minutes of quiet rest, up to 10 minutes of continuous ECG recordings
were obtained. Participants then underwent the assigned exposure, and then
ECG recordings were repeated, and blood samples were obtained.
Statistical Analysis (using statistical software SAS 9.4 and R 3.5.2).
Outcomes for ECG Analysis.

Primary outcomes were the trimmed average of the Tp-e interval, Tp-e/QT

ratio, or Tp-e/QTc ratio over the 5-minute recording period for each subject.
These variables are indicative of spatial dispersion of refractoriness, and
were chosen since they have been most consistently reported to be
predictive of arrhythmia risk in several cohorts (9, 28, 43). Secondary
outcomes were QT and QTc intervals, common indices of ventricular
repolarization, but perhaps less sensitive than the primary outcomes above
(6, 11, 19, 23, 28, 33, 43). Additionally, the trimmed standard deviation of
the Tp-e, QT and QTc intervals over time, indicative of temporal dispersion of
refractoriness, were compared among the groups. The Tp-e, Tp-e/QT ratio
and Tp-e/QTc ratio outcomes were first summarized across the recording
period for each subject by their trimmed average since they have stable
normal distributions within subject and period after a small number of
outliers are removed. The parallel group mean comparisons among three
groups were carried out using analysis of variance models or analysis of

covariance models with gender as the covariate. For the crossover study,
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mean post-exposure minus mean pre-exposure (baseline) change in each
outcome was compared using a repeated measure (mixed) model. When
comparing the change in the outcomes between groups (chronic tobacco
cigarette smokers vs e-cigarette users) the change in each outcome is
relative to the change with straw-control. The mean change outcomes in the
crossover design were compared using a robust repeated measure (mixed)
model with fixed treatment, visit (period) and order (treatment x visit
interaction) effects as well as random subject effects to adjust for possible
effects of visit and allow for the non-independence among observations on
the same subject (R function rlmer in library robustimm). A robust version of
the mixed model was used to reduce the effect of possible outliers and
corresponds to using trimmed means. Additionally, the association of
trimmed average Tp-e and trimmed average Tp-e change from baseline
versus post-exposure plasma nicotine and cotinine levels were assessed by
computing Spearman correlation.

Sample size/Power calculations. Based on Tp-e means and SDs from our
data and conservatively assuming a low correlation across sessions, a
sample size of n=20 had 80% power for confirming mean changes of 15%
from baseline, and a sample size of n=30 had 80% power for confirming
mean changes of 13% from baseline. Other ECG indices of ventricular
repolarization required even fewer subjects. The sample size is computed
using the usual two-sided alpha=0.05.

Results
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Human Subjects.

A total of 145 participants, including 37 chronic tobacco cigarette smokers,
43 chronic e-cigarette users, and 65 non-users were included in this analysis.
All chronic e-cigarette users reported using e-cigarettes with nicotine.
Baseline characteristics are displayed in Table 1. Plasma cotinine levels were
not significantly different in the tobacco cigarette group compared to chronic
e-cigarette group, consistent with a similar daily smoking burden.

Parallel Group Study.

Primary or secondary outcomes representative of ECG indices of ventricular
repolarization were not different among the 3 groups at baseline (Table 2),
even when controlled for sex.

Crossover Study.

Chronic Tobacco Cigarette Smokers

Increase in plasma nicotine levels following acute exposure (Figure 1A). The
increase in plasma nicotine levels from baseline was not different in chronic
tobacco cigarette smokers after smoking 1 tobacco cigarette and in chronic
e-cigarette users after using the e-cigarette with nicotine but was

significantly greater in these groups compared to the other exposures.

Increase in heart rate following acute exposure (Figure 1B). The increase in
heart rate was similar in chronic tobacco cigarette smokers after smoking 1
tobacco cigarette and in chronic e-cigarette users after using the e-cigarette

with nicotine. The change in heart rate was correlated with the increase in
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plasma nicotine levels (tobacco cigarette smokers, rs=0.464 p=0.002, e-

cigarette users, rs=0.375 p=0.04, and non-users rs=0.263 p=0.03).

Changes in ECG indices of ventricular repolarization in chronic tobacco
cigarette smokers after acute tobacco cigarette smoking (Figure 2). In
chronic tobacco cigarette smokers, all primary outcomes indicative of
ventricular repolarization, including Tpe, a measure of spatial dispersion of
refractoriness(27, 42), and Tpe/QT and Tpe/QTc,, significantly prolonged
after smoking 1 tobacco cigarette compared to puffing on an empty straw.
This significant prolongation was observed when each parameter was
compared as a percent change from baseline (Figure 2), or as an absolute
change (data not shown).

Of the secondary outcomes, the QT interval significantly decreased
after smoking 1 tobacco cigarette compared to puffing on an empty straw,
but this decrease was eliminated when corrected for heart rate (QTc) (Figure
2). The variability of the Tpe, Tpe/QT and Tpe/QTc (temporal dispersion of
refractoriness) all tended to increase after smoking 1 tobacco cigarette
compared to puffing on an empty straw (Table 3). The increase in Tpe/QT,
the decrease in QT interval, and the variability of the Tpe and Tpe/QT were
all significantly correlated with the increase in plasma nicotine (Tpe/QT
r«=0.34 p=0.03, QT rs=-0.320 p=0.04, variability of the Tpe rs=0.302

p=0.05, and variability of Tpe/QT rs=0.344 p=0.02).

Chronic E-Cigarette Users
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Changes in ECG indices of ventricular repolarization in chronic e-cigarette
users after acute e-cigarette or nicotine inhaler use (Figure 3A). In chronic e-
cigarette users, the primary outcome of Tpe/QT was increased after using an
e-cigarette with nicotine but not after any of the other exposures. This
significant prolongation was observed only when Tpe/QT was compared as a
percent change from baseline (Figure 3A), not as an absolute change (data
not shown). The other primary outcomes Tp-e and Tp-e/QTc ratio, or
secondary outcomes (Figure 3, Table 3) were not changed by any of the
acute exposures. None of the primary or secondary outcomes were

correlated with the increase in plasma nicotine (data not shown).

Chronic Tobacco Cigarette Smokers vs Chronic E-Cigarette Users
Comparison of the effect of smoking a tobacco cigarette versus using an e-
cigarette with nicotine on ECG indices of ventricular repolarization (Figure
3B). The prolongation in Tp-e and Tp-e/QTc, but not Tp-e/QTc, were
significantly greater after smoking the tobacco cigarette compared to using

the e-cigarette with nicotine.

Non-Users

Changes in ECG indices of ventricular repolarization in non-users after acute
e-cigarette or nicotine inhaler use. In non-users, there was no significant
change in any of the primary or secondary outcomes, compared as a percent
change (Figure 4, Table 2) or as an absolute change (data not shown), after

any of the acute exposures.
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Discussion

In this study, we first compared several indices of ventricular repolarization
in abstinent chronic tobacco cigarette smokers, abstinent chronic e-cigarette
users and non-users and found no difference in any ECG index of ventricular
repolarization among the groups. These findings are consistent with prior
reports in chronic tobacco cigarette smokers who had refrained from
smoking before ECG-recordings, in whom ECG indices of ventricular
depolarization, including the QT interval, QTc (Bazett’s) interval, and
dispersion of the QT interval were not different from non-smokers at baseline
(3, 5). In this report, we extended these prior studies by including indices of
spatial dispersion of ventricular repolarization, the Tp-e, Tp-e/QT ratio and
Tp-e/QTc ratio, which also were not different from non-smokers at baseline.
Finally, we extended these comparisons to include a large cohort of chronic
e-cigarette users, and again, the primary and secondary ECG indices of
ventricular repolarization were not different from non-users or tobacco
cigarette smokers at baseline.

We next probed the effects of acute exposures on ECG indices of
ventricular repolarization within each group. In the group of chronic tobacco
cigarette smokers, smoking 1 tobacco cigarette significantly increased
plasma nicotine levels and heart rate compared to puffing on a straw control.
An increase in heart rate is normally associated with a shortening of
ventricular repolarization. Paradoxically, immediately after chronic tobacco

cigarette smokers smoked 1 tobacco cigarette compared to puffing on an
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empty straw (control), all primary outcomes indicative of abnormal
ventricular repolarization, specifically Tp-e, Tp-e/QT ratio and Tp-e/QTc ratio,
prolonged significantly. Importantly, the percentage increase in each
outcome indicative of increased spatial dispersion of repolarization was
similar to the percentage increase detected in other cohorts with increased
risk of sudden death (4, 9, 22, 23, 28, 33, 35, 40). These findings are
consistent with prior reports in chronic tobacco cigarette smokers who had
not refrained from smoking before ECG recordings, in whom ECG indices of
spatial dispersion of refractoriness, including the Tp-e, Tp-e/QT ratio and Tp-
e/QTc ratio were also prolonged compared to non- tobacco cigarette smokers
(21, 34).

These findings that tobacco cigarette smokers do not exhibit abnormal
ventricular repolarization at baseline, but that smoking even a single tobacco
cigarette does induce significant and pervasive abnormalities in ECG indices
of ventricular repolarization associated with increased arrhythmia risk, may
explain prior observations that 1) the risk of cardiac death following smoking
cessation reverts towards that of a non-smoker soon after quitting tobacco
cigarette smoking, and 2) smoking only 1-3 tobacco cigarettes/day markedly
increases cardiovascular mortality, approaching that of individuals who
smoke 1-3 packs per day (15, 30). It remains unknown if the adverse effect
of tobacco cigarette smoking on ECG indices of ventricular repolarization is
attributable to nicotine, or one or more of the 7000 other constituents

present in tobacco cigarette smoke. It would be interesting to repeat acute



20

exposure studies utilizing tobacco cigarettes without nicotine to help clarify
the role of nicotine versus non-nicotine constituents in tobacco cigarette
smoke.

When chronic e-cigarette users used the e-cigarette with nicotine,
plasma nicotine levels increased similarly compared to the increase in
plasma nicotine when chronic tobacco cigarette smokers smoked 1 tobacco
cigarette. Immediately after using the e-cigarette with nicotine, only one of
the three primary outcomes, the Tp-e/QT ratio, was significantly increased
compared to straw control, and the mean increase (6.3+£1.9%) in the Tp-e/QT
ratio was less than half that seen in chronic tobacco cigarette smokers after
smoking a tobacco cigarette (14.9 = 5.0%). While the increase in this ECG
index of ventricular repolarization falls within the range of percentage
increase in the Tp-e/QT ratio in other cohorts with increased sudden death
risk, it is at the lower end (4, 9, 22, 23, 28). The clinical significance of an
abnormality in any of the 3 parameters indicative of increased spatial
dispersion of repolarization is unknown.

The increases in two of the three primary outcomes were significantly
greater after smoking a tobacco cigarette compared to using the e-cigarette
with nicotine (Figure 3B). This greater effect cannot be attributed to a
greater acute exposure to tobacco cigarette compared to e-cigarette
emissions since the increase in plasma nicotine levels was similar in each
cohort after their respective acute exposures. Additionally, the increase in

heart rate was similar, in fact tended to be greater, in chronic e-cigarette
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users after using the e-cigarette with nicotine compared to the chronic
tobacco cigarette smokers after smoking 1 tobacco cigarette. This
observation suggests that one or more of the 7000 non-nicotine constituents
in tobacco cigarette smoke likely contributes to the more marked acute
prolongation of ventricular repolarization associated with acute tobacco
cigarette smoking.

In the group of non-users, immediately after using the e-cigarette with
nicotine compared to straw control, heart rate increased significantly. In fact,
the increase in heart rate was not different from the increase in heart rate
after chronic tobacco cigarette smokers smoked 1 tobacco cigarette,
although the increase in plasma nicotine levels were significantly lower. The
robust increase in heart rate in non-users after using the e-cigarette with
nicotine despite only a small increase in plasma nicotine levels could be
attributable to an alerting response provoked by using a potentially noxious
device. In the non-user group, after using the e-cigarette with nicotine
compared to straw control, none of the primary outcomes indicative of
spatial dispersion in ventricular repolarization were significantly increased. It
remains unknown if non-users, like chronic e-cigarette users, would develop
abnormalities in ventricular repolarization after using an e-cigarette with
nicotine if a greater exposure (as indicated by plasma nicotine levels) were

achieved.

Limitations
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In this study, only indirect ECG indices of ventricular repolarization were
measured, which are likely less sensitive than directly measuring spatial
ventricular repolarization or action potential duration. Nonetheless, even
with these non-invasive, indirect measurements, we were able to detect
significant adverse effects of smoking. Two ECG leads, rather than all 12
possible leads, were collected and analyzed for ECG indices of ventricular
repolarization. Recording more leads is unlikely to have altered our findings,
since the methodology for collecting ECG recordings was the same in each
cohort. The detection of abnormal ECG indices of ventricular repolarization
may be difficult, even in patients diagnosed with inherited channelopathies
diagnostic of congenital long QT syndrome, since its phenotypic expression is
influenced by heart rate and autonomic tone. Abrupt changes in heart rate
triggered by provocative testing with brisk standing or exercise testing can
unmask diminished repolarization reserve (1, 36, 41), and thus aid in
diagnosis. Provocative testing was not done in these studies but could be
performed in future studies to unmask abnormal ECG indices of ventricular
repolarization in smokers with concealed abnormalities of at rest (41). Using
the nicotine inhaler only slightly increased in plasma nicotine levels, and
thus was not an adequate test of this “pure” form of nicotine, without
solvents or flavors. This may be explained by our participants’ unfamiliarity
with the nicotine inhaler, as well as by the fact that only 5% of nicotine from
the nicotine inhaler reaches the lungs; the rest is more slowly absorbed

through the oral mucosa (29). Finally, the latest generation, pod-like e-
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cigarette (Juul), which purportedly delivers nicotine at a steeper rate than
earlier generation e-cigarette devices, was not tested in these studies.
Studies of the effects of these latest, pod-like e-cigarettes on ECG indices of
ventricular repolarization are warranted.

Conclusions

In summary, in these studies of 145 healthy participants, resting heart rate
and ECG indices of ventricular repolarization were not different in tobacco
cigarette smokers or e-cigarette users compared to non-users at baseline.
Smoking a tobacco cigarette or an e-cigarette acutely increased heart rate.
Furthermore, an adverse effect of acute tobacco cigarette smoking on ECG
indices of ventricular repolarization was confirmed. In chronic e-cigarette
users, an adverse effect of using an e-cigarette with nicotine, but not without
nicotine, on one of the ECG indices of ventricular repolarization was also
present. If one does not currently smoke, one should not use e-cigarettes,
since they may have adverse cardiovascular effects that are associated with

increased sudden death risk.
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Table 1

Baseline Characteristics
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TC Smokers EC Users Non-Users p value
N=37 n=43 n=65 (overall)
Age (years) 26.7 £ 0.9 28.0 £ 0.9 26.3 = 0.7 0.27
Sex (M/F) 26/11 27/16 29/36 0.03
BMI (kg/m?) 24.3 £ 0.4 24.6 = 0.6 23.2 £ 0.4 0.09
Race 0.71
Asian 9 11 13
Black 3 2 6
Hispanic 1 5 9
Pacific Islander 0 0 1
White 23 23 32
Not stated 1 3 4
Plasma Cotinine 129.1 + 38.4 109.2 + 54.8* 0
(ng/ml)

The p values for age, BMI and (log) Plasma cotinine computed using one way
analysis of variance. The p values sex and race computed using Fisher’s

exact test.

*P=0.35, TC smokers vs EC users

BMI = body mass index, EC = electronic cigarette, TC = tobacco cigarette



value

Tp-e (Ms)

Tp-e/QT

Tp-e/QTc

QT (ms)

QTc (ms)

SDn Tp-e (ms)
0.51

SDn Tp-e/QT
0.21

SDn Tp-e/QTc
0.47

HR (bpm)

TC Smokers

N=37

525+ 2.1

150.3 = 7.2

148.3 = 6.5

351.5 5.1

350.0 = 3.9

6.4 +1.0

17.1 £ 2.9

18.0 £ 2.8

61.6 = 3.0

Table 2

EC Users

n=43

575+ 1.8

166.9 £ 6.2

159.2 £ 5.6

347.0 £ 4.4

360.0 = 3.4

56 £0.9

154 £ 2.5

15.6 £ 2.5

66.5 = 3.8

30

Parallel Study: Primary and Secondary Outcomes

Non-Users p

n=65

544 +1.4 0.16
161.3 = 5.00.22
156.8 = 4.50.42
341.7 * 3.60.27
350.0 £ 2.70.10

7.0 £0.7

19.3 £ 2.0

195+ 2.0

63.7 £ 2.2 0.48

Means (x standard error) are adjusted for sex using a robust two way

analysis of variance model.

EC = electronic cigarette, HR= heart rate, SDn = trimmed standard

deviation, TC = tobacco cigarette, Tp-e = interval from T peak to T end
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Table 3

Crossover Study: Secondary Outcomes

SDn Tp-e (ms) SDn Tp-e/QT SDn
Tp-e/QTc
TC Smokers
TC 1.16 £ 0.72 3.21 = 2.02 2.43 = 2.24
Straw -0.49 £ 0.74 -1.29 £ 2.08
-1.90 = 2.31
p value 0.062 0.066 0.096
EC Users
ECN 1.67 = 0.46 5.06 £ 1.23 3.35 +1.08
ECO 0.68 = 0.45 2.58 £ 1.21 1.79 £ 1.06
NI 0.12 £ 0.89 0.50 £ 2.36 0.61 = 2.07
Straw control 0.53 = 0.44 1.23+1.18 1.01 £1.04
p value 0.83 0.70 0.88
Non Users
ECN 0.98 = 0.35 2.78 £ 0.96 2.22 £ 0.86
ECO 0.44 = 0.35 0.98 = 0.97 0.76 = 0.87
NI 0.19 £ 0.63 0.97 £1.74 1.58 = 1.56
Straw control 0.55 = 0.44 1.52 £ 1.22 1.15+1.10
p value 0.78 0.71 0.76

Means (x standard error) are adjusted for sex using a robust two way
analysis of variance model.

EC = electronic cigarette, ECN = EC with nicotine, ECO = EC without
nicotine, NI = nicotine inhaler, SDn = trimmed standard deviation, TC =

tobacco cigarette, Tp-e = interval from T peak to T end
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Figure Legends

Figure 1 Changes in nicotine and heart rate. A. The increase in plasma
nicotine levels was not different in chronic tobacco cigarette smokers after
smoking 1 tobacco cigarette (n=25) and in chronic e-cigarette users after
using the e-cigarette with nicotine (n=26) but was significantly greater in
these groups compared to the other exposures. B. The increase in heart rate
was similar in chronic tobacco cigarette smokers after smoking 1 tobacco
cigarette and in chronic e-cigarette users after using the e-cigarette with
nicotine. Means compared using repeated measure (mixed) analysis of
variance model controlling for non-independence via random subject effects.
EC=electronic cigarette, ECN = electronic cigarette with nicotine, ECO =
electronic cigarette without nicotine, HR =heart rate, NI=nicotine inhaler,

TC=tobacco cigarette

Figure 2. Changes in ECG indices of ventricular repolarization in
chronic tobacco cigarette smokers after acute tobacco cigarette
smoking. In chronic tobacco cigarette smokers, all primary outcomes
indicative of ventricular repolarization significantly increased after smoking 1
tobacco cigarette compared to puffing on an empty straw. Observations with
percent change >50% omitted for display purposes only. Means compared
using a robust repeated measure (mixed) model adjusting for visit and
controlling for non-independence via random subject effects.

STR = straw control, TC=tobacco cigarette, Tp-e = Tpeak to Tend interval.
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Figure 3. Changes in ECG indices of ventricular repolarization in
chronic e-cigarette users. A. After acute e-cigarette or nicotine
inhaler use. In chronic e-cigarette users, the primary outcome of Tp-e/QT
was increased after using an e-cigarette with nicotine but not after any of
the other exposures (e-cigarette without nicotine, n=27; nicotine inhaler
n=9; straw, n=40). The other primary outcomes, Tp-e and Tp-e/QTc ratio,
were not changed by any of the acute exposures. Observations with percent
change >50% and <-40% omitted for display purposes only. Means
compared using a robust repeated measure (mixed) model adjusting for visit
and controlling for non-independence via random subject effects.

B. Comparison of the effect of smoking a tobacco cigarette versus
using an e-cigarette with nicotine on ECG indices of ventricular
repolarization. The increases in Tpe and Tpe/QTc , but not Tpe/QT were
significantly greater after smoking the tobacco cigarette compared to using
the e-cigarette with nicotine. No observations omitted. Means compared
using a robust repeated measure (mixed) model adjusting for visit and
controlling for non-independence using random subject effects.
EC=electronic cigarette, ECN = electronic cigarette with nicotine, ECO =
electronic cigarette without nicotine, Nl=nicotine inhaler, STR = straw

control, TC=tobacco cigarette, Tp-e = Tpeak to Tend interval.

Figure 4. Changes in ventricular repolarization in non-users after

acute e-cigarette or nicotine inhaler use. In non-users, there was no
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significant change in any of the primary outcomes, Tp-e, Tp-e/QT. Tp-e/QTc,
or secondary outcomes, QT and QTc (Bazett's)as measure by percent change
after any of the acute exposures (e-cigarette without nicotine, n=53; , EC
without nicotine, n=49; nicotine inhaler n=15; straw, n=49). Observations
with percent change >80% and <-40% omitted for display purposes only.
Means compared using a robust repeated measure (mixed) model adjusting
for visit and controlling for non-independence via random subject effects.
EC=electronic cigarette, ECN = electronic cigarette with nicotine, ECO =
electronic cigarette without nicotine, Nl=nicotine inhaler, STR = straw

control, Tp-e = Tpeak to Tend interval.





