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Abstract

Introduction: Smoking is associated with cardiac arrhythmia, stroke, heart failure, and sudden 

cardiac arrest, all of which may derive from increased sympathetic influence on cardiac 

conduction system and altered ventricular repolarization. However, knowledge of the effects of 

smoking on supraventricular conduction, and the role of the sympathetic nervous system in them, 

remains incomplete.

Methods: Participants with intermediate-high cardiovascular disease risk were measured for 

urinary catecholamines and cotinine, and 12-lead electrocardiograms (ECGs) were measured for 

atrial and atrioventricular conduction times, including P duration, PR interval, and PR segment 

(lead II), which were analyzed for associations with cotinine by generalized linear models. 

Statistical mediation analyses were then used to test whether any significant associations between 

cotinine and atrioventricular conduction were mediated by catecholamines.
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Results: ECG endpoints and urinary metabolites were included from a total of 136 participants 

in sinus rhythm. Atrial and atrioventricular conduction did not significantly differ between 

smokers (n=53) and non-smokers (n=83). Unadjusted and model-adjusted linear regressions 

revealed cotinine significantly and inversely associated with PR interval and PR segment, but not P 

duration. Dopamine, norepinephrine, and epinephrine all inversely associated with PR interval, 

whereas only dopamine was also inversely associated with PR segment (p<0.05). Dopamine and 

norepinephrine (but not epinephrine) also associated positively with cotinine. Dopamine mediated 

the relationship between cotinine and PR interval, as well as the relationship between cotinine and 

PR segment.

Conclusion: Smoking is associated with accelerated atrioventricular conduction and elevated 

urinary dopamine and norepinephrine. Smoking may accelerate atrioventricular nodal conduction 

via increased dopamine production.

Implications—The electrocardiographic markers of atrioventricular conduction (PR interval and 

PR segment) are particularly sensitive to adrenergic stimulation and predictive of all-cause and 

cardiovascular mortality. Our study findings suggest that cigarette smoke exposure accelerates 

atrioventricular conduction by augmenting dopamine. These observations identify a pathway by 

which smoking may increase risk for cardiovascular morbidity and mortality, and a potential for 

therapeutic target.
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Introduction

Smoking is the leading preventable cause of cardiovascular diseases (CVD), including 

coronary heart disease, stroke and sudden death. There is also a strong dose-response 

relationship between cigarette smoking and risk for arrhythmia, irrespective of coronary 

artery disease 1. It remains unclear which individual tobacco smoke constituents and 

biological pathways mediate this increased risk; however, nicotine may drive some of the 

effects of smoking through sympathetic neural stimulation and systemic catecholamine 

release 2. Smoking compromises oxygen balance within the myocardium, especially in 

coronary artery disease patients, by increasing cardiac workload and coronary resistance 3. 

Such effects may occur secondary to adrenergic receptor activation following nicotine-

induced catecholamine release. Indeed, both acute and chronic activation of the sympatho-

adrenal system, expressed as increased levels of circulating catecholamines, promotes 

cardiovascular dysfunction and disease, including arrhythmia, hypertension, heart failure, 

myocardial infarction, and ischemic stroke 4.

Although the cardiovascular effects of smoking have been well studied, the advent of new 

nicotine delivery systems such as e-cigarettes and heat-not-burn products has increased the 

need to delineate the sympathomimetic effects of nicotine and elucidate the cardiovascular 

effects of nicotine-containing products. Assessment of cardiac electrophysiology can 

provide clear insight into cigarette smoking’s cardiovascular effects, which may derive 
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partly from the sympathomimetic effects of nicotine. Previous work on cigarette-induced 

electrophysiological abnormalities have mainly focused on heart rate variability (HRV) 5 and 

ventricular repolarization 6–9, with little interest in ECG measures of atrial activity and 

atrioventricular (AV) node conduction such as PR interval and its subcomponent, PR 

segment. Yet, because the AV node is particularly responsive to autonomic modulation, 

sympathetic stimulation often manifests as changes in PR interval. Moreover, PR interval is 

predictive of adverse outcomes. Abnormally low and high PR interval are both associated 

with increased risk of atrial fibrillation 10 and cardiovascular mortality 11. Likewise, several 

studies suggest smokers have increased atrial fibrillation risk 12, which may also contribute 

to smoking-associated stroke. However, a mode of action for smoking-induced 

supraventricular arrhythmia remains unidentified. Thus, PR interval and segment provide 

salient indices of smoking-related cardiac risk and may bear key relationships with nicotine 

and catecholamines in smokers.

The current study was therefore designed to study the effect of nicotine and cigarette smoke 

exposure on PR interval and its components in a cohort of patients with intermediate-to-high 

CVD risk and to discern the role of sympatho-adrenal activity in these effects on 

atrioventricular conduction through analyzing urinary metabolites of nicotine and 

catecholamines (dopamine, norepinephrine, and epinephrine).

Methods

Participants and design

The study was approved by the Institutional Review Board at the University of Louisville. 

Individuals (>18 years of age) with intermediate to high CVD risk were recruited from the 

University of Louisville Hospital and affiliated clinic system between October 2009 and 

March 2011 as described previously 13. All accessible patients visiting the clinics during this 

time period were pre-screened through a review of medical records prior to recruitment in 

order to exclude individuals that did not meet the enrollment criteria. In addition, persons 

unwilling or unable to provide informed consent or with significant and/or severe 

comorbidities were excluded. Exclusion criteria included: significant chronic lung, liver, 

kidney, hematological, or neoplastic disease, chronic neurological or psychiatric illness, 

chronic infectious disease such as HIV or hepatitis, severe coagulopathies, drug/substance 

abuse, and chronic cachexia. Pregnant women, prisoners, and other vulnerable populations 

were also excluded from the study. Patients who met the enrollment criteria and gave written 

consent were consented and administered a questionnaire to provide demographic 

information and baseline characteristics. Medical records were reviewed for past medical 

history, vital signs and medication history. To reduce selection bias, all consecutive 

participants who were eligible for this study were recruited. For our analyses, only those 

patients with complete urinary biomarkers and ECG with normal sinus rhythm were 

included (Supplementary Figure 1).

Electrocardiogram (ECG) measurement protocol

Standard 12-lead ECGs with 2.5 seconds of each lead and 10 seconds of rhythm strip (lead 

II) from medical records were used for ECG analyses. The following ECG intervals were 
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measured: P wave duration (from beginning to end of P) and PR interval from lead II (from 

beginning of P to beginning of Q) 11, QRS duration from lead V6 (from beginning of Q to 

end of S) 14, and QT interval from V5 (from beginning of Q to end of T) 15. The PR segment 

was calculated as the difference between PR interval and P wave duration. QT was also 

corrected using the Framingham formula. All intervals were measured with electronic 

calipers and adjusted to scale by reported automated measures of RR (or heart rate). Two 

trained analysts (CA and AI) independently and manually measured each ECG interval 

(except RR) from the first 3 sinus beats. HRV parameters were derived from digital caliper 

measurements of all RRs in the rhythm strip. When average of any ECG interval for a given 

patient differed between the two analysts by >10%, both investigators re-measured that ECG 

interval independently. If the parameter remained >10% different between analysts, the 

analysts reviewed the ECG together and reached consensus on the appropriate measure.

Urinary measurements

A spot urine sample was collected on the day of study enrollment. Urinary cotinine is a well-

established metabolite for cigarette smoke exposure 16, and was measured by Ultra 

performance liquid chromatography - tandem mass spectrometer (UPLC-MS/MS) using D3-

cotinine as an internal standard 17. For UPLC-MS/MS analysis of dopamine, 

norepinephrine, epinephrine, and their metabolites (metanephrine, normetanephrine, 

vanillylmandelic acid, 3-methoxytyramine, homovanillic acid), urine samples were thawed 

on ice, vortexed and diluted 1:50 with 0.2% formic acid containing isotopic labeled internal 

standards. 1 μL of the mixture was analyzed on an UPLC-MS/MS instrument (ACQUITY 

UPLC H-Class system and Xevo TQ-S micro triple quadrupole mass spectrometer, all from 

Waters Inc., MA). Separation was performed on an Acquity UPLC HSS PFP (150 mm × 2.1 

mm, 1.8 μm) column (Waters Inc., MA) with a binary gradient comprised of 0.2% formic 

acid (Solvent A) and methanol (Solvent B). Three multiple reaction monitoring (MRM) 

transitions were set up for each sample: one for quantification, one for confirmation, and one 

for labeled internal standard. At least 12 data points were collected for each peak. Analytes 

were quantified using peak area ratio based on 8 point-standard curves run before and after 

the urine samples. The concentration values of analytes were normalized to creatinine level 

which was measured on a COBAS MIRA-plus analyzer (Roche, NJ) with Infinity Creatinine 

Reagent (Thermo Fisher Scientific, MA).

Statistical Analysis

Baseline subject characteristics were summarized by smoking status. Categorical 

characteristics, frequencies and percentages are reported along with Chi-square test p-values, 

which were used to compare distributions across study groups. In addition to visual 

inspection of histograms, Shapiro-Wilk tests were conducted for continuous characteristics 

to determine if the characteristics were approximately normally distributed. Mean and 

standard deviation are reported for continuous characteristics with a normal distribution, 

whereas median and interquartile range are reported for continuous characteristics with a 

skewed distribution, and the study groups were compared by the appropriate statistical test 

based on normality. P-values were derived from Student’s t-tests for study group 

comparisons of normally-distributed variables, whereas Mann-Whitney tests were used for 

variables lacking a normal distribution. The urinary metabolites (cotinine, dopamine, 
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norepinephrine and epinephrine and their daughter metabolites) were log-transformed 

because their distribution was skewed. We tested the associations between ECG parameters 

and urinary metabolites by linear regression. ECG parameters were dichotomized by their 

median levels into high- and low-value groups. Baseline characteristics associated with ECG 

variables in bivariate analyses (with p<0.01) were used to build fully adjusted models using 

linear regression analyses. Smoking status was determined as reported by the participant 

(active smoker, former smoker or non-smoker) and by urinary cotinine levels of 50 μg/g 16. 

Finally, mediation was assessed by the bootstrapping technique and macro put forth by 

Preacher and Hayes 18. Statistical analyses were performed using Statistical Package for 

Social Sciences (SPSS) software (version 24, SPSS, Inc, Chicago, IL, USA).

Results

Baseline characteristics (Table 1)

A total of 136 participants were in normal sinus rhythm and had ECGs and urinary 

metabolites available. The participants were approximately evenly split by gender (male 

n=72, 53%), about half of all participants were Caucasians (n=77, 57%), and mean age was 

52 years. Participants had a high prevalence of CVD risk factors; with a majority diagnosed 

with hypertension (n=119, 87%) and/or on beta blockers (n=98, 73%). Several of the 

participants were diagnosed with diabetes (n=43, 32%) or prior myocardial infarction (n=62, 

46%), and/or were taking calcium channel blockers (n=32, 24%) or beta blockers (n=98, 

73%). The relationship of baseline characteristics with dichotomized PR interval, P duration, 

and PR segment are shown in Supplementary Table 1. Mean age and proportion of females 

were significantly higher among individuals in the upper stratum for PR interval, whereas 

mean BMI, or proportion of participants who were female, hypertensive, or taking calcium 

channel, ACE, or angiotensin receptor inhibitors were higher among those with longer P 

duration. Conversely, only the number of participants on diuretics were higher among those 

with longer PR segment

Smoking status and catecholamine levels

Overall smoking prevalence was 61% (n=83) by self-report and 46% when defined by 

urinary cotinine >50 μg/g (Cohen’s κ=0.79, p<0.001 for agreement between these 

measures). Three participants self-reported as never smokers had urinary cotinine levels >50 

μg/g and two who self-reported as active smokers had urinary cotinine levels of ≤50 μg/g 

(Supplementary Table 2). None of the cohort characteristics were significantly different 

between active smokers and the rest of patients (Table 1); although trends of higher age, 

BMI, and use of calcium channel and/or beta blockers was observed among smokers. All 

urinary metabolites (cotinine, dopamine, epinephrine and norepinephrine) were higher 

among current smokers vs never-smokers. None of the catecholamines were different 

between current smokers and ex-smokers (p>0.05); however, catecholamines were higher in 

the high-cotinine group relative to the low-cotinine group (Supplementary Table 3 A).

Supplementary table 4 shows that cotinine was significantly associated with dopamine and 

norepinephrine, but not with epinephrine. We also explored the possible effect of cotinine on 

catecholamine metabolism by the association of cotinine and the daughter metabolites and 
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their ratios. Each catecholamine’s intermediate metabolite, and none of the final metabolites, 

had a significant positive association with cotinine. Among the ratio of intermediate/parent 

metabolites, cotinine associated positively with 3-methoxytyramine/Dopamine (an index of 

catechol-o-methyltransferase activity) and inversely with vanillyl mandelic acid/

normetanephrine and vanillyl mandelic acid/metanephrine (both indices of monoamine 

oxidase activity).

Association of cotinine with P- and PR-parameters

Smokers did not differ from non-smokers in proportion of participants within strata of long 

or short P duration, PR interval, or PR segment. Distribution of participants into high- or 

low-PR or P-duration parameters also did not differ by cotinine dichotomization 

(Supplementary Table 3 B). When analyzed as a continuous variable, cotinine was 

significantly higher among participants with short PR segment compared to those with long 

PR segment (p=0.03). PR interval also showed a similar trend (p=0.06), whereas cotinine did 

not differ between participants with long vs. short P duration (p=0.25) (Table 2). Among all 

participants, cotinine had a significant negative association with PR interval and PR segment 

(but not with P duration) in linear regressions, even after adjusting for age, gender and heart 

rate (Table 3). Figure 1 shows the scatterplot distributions of PR interval, P duration, and PR 

segment across log-transformed urinary cotinine levels normalized by creatinine. Cotinine 

was not significantly associated with other ECG parameters, including QRS duration, QT 

interval and corrected QT, in unadjusted and adjusted models (supplementary Table 5).

Catecholamines and PR interval

All three catecholamines were significantly elevated among participants with short P 

duration relative to those with long P duration (Table 2). Dopamine was also elevated among 

those with shorter PR-interval relative to those with longer PR-interval (p=0.01). Dopamine 

showed a trend of being higher among patients with short vs. those with long PR-segment. 

The adjusted linear regression showed all three catecholamines inversely associated with PR 

interval (p<0.05), none of the catecholamines associated with P duration, and only dopamine 

inversely associated with PR segment (table 4).

Mediation analyses

In linear regression analyses cotinine was inversely associated with PR segment and PR 

interval, and dopamine was the only catecholamine significantly associated with both PR 

segment and PR interval (inversely in both cases). We therefore conducted mediation 

analyses to determine whether dopamine mediated the association between cotinine and PR 

segment and also between cotinine and PR interval. Figure 2 shows the relationship between 

cotinine and dopamine (path a); the relationship between dopamine and PR interval/segment 

(path b); and the total effect of cotinine on PR interval/segment (path c). The total effect (c) 

is the sum of direct (c’) and indirect (ab) effects. The direct effect is the relationship between 

cotinine and PR interval/segment while controlling for mediators. The indirect effect 

represents the mediated effect. Mediation analysis showed that dopamine completely 

mediated the association of cotinine with PR interval (c’, p=0.46) and PR segment (c’, 

p=0.09). Specifically, the indirect effect (path a × b) of cotinine on PR interval through 

dopamine had a point estimate of −1.23 and an upper and lower 95% CI of −2.90 and −0.26; 
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and the indirect effect (path a × b) of cotinine on PR segment through dopamine had a point 

estimate of −0.52 and an upper and lower 95% CI of −1.57 and −0.08 (Figure 2).

Discussion

The effects of smoking on atrial and AV nodal conduction velocity, and their underlying 

mechanisms, are currently unknown. We thus measured PR interval, P wave duration, and 

PR segment from ECGs, in conjunction with measures of urinary catecholamines, nicotine, 

and nicotine metabolites, in a cohort of 136 participants with intermediate-high 

cardiovascular risk. We report three major findings from this study. First, cotinine was 

inversely associated with PR interval and PR segment, but not with P wave duration, in 

adjusted linear regression models. Second, urinary dopamine inversely correlated with PR 

interval and both of its components (PR segment and P duration), whereas epinephrine and 

norepinephrine associated with PR interval but not PR segment or P duration. Third, 

mediation analyses indicated that the cotinine-associated shortening of PR interval and PR 

segment, may, at least in part, be mediated by dopamine. Together, these findings suggest 

smoking may increase cardiovascular morbidity and mortality through nicotine-associated 

increases in catecholamine release and downstream modulation of AV conduction.

Nicotine and PR interval and its components

Previous investigations into the chronic effects of smoking on PR interval have produced 

mixed results. Some studies found short PR interval at baseline among chronic smokers vs 

non-smokers 19,20, while others found no difference 21,22. Similarly, a few studies showed 

increased P wave duration among smokers 23,24, while other studies did not show any 

significant difference 25,26 or found a trend towards decreasing P wave duration with 

smoking 19. There are several reasons for the wide variation in the results of prior studies; 1) 

small sample size, 2) insufficient consideration for the role of the components of PR 

interval, and 3) inadequate assessment of nicotine exposure and its potential impact. To the 

best of our knowledge, to date, this is the first investigation into the effects of nicotine 

exposure on PR interval and its components in humans. This is particularly important in 

light of recent findings in large cohort studies that short PR interval associates with 

increased risk for atrial fibrillation and cardiovascular mortality 10,11. Beyond overall 

cardiovascular mortality, smoking also associates with increased risk of atrial fibrillation 

through unknown mechanisms 12. Thus, by demonstrating that exposure to cigarette smoke 

(and perhaps nicotine specifically) accelerates atrioventricular conduction, our findings 

provide further insight into how smoking may confer cardiovascular risk, including risk for 

atrial fibrillation.

In the present study, cotinine inversely associated with PR interval and PR segment, 

indicating that increased cigarette smoke exposure accelerates atrioventricular conduction. 

PR interval is mainly influenced by the sum of atrial activity and atrioventricular nodal 

conduction. Atrial pathology usually results in prolonged (rather than shortened) PR 

interval, whereas shortened PR interval typically results from accelerated AV nodal 

conduction. Hence, it is plausible from our results that nicotine exposure expedites AV nodal 

conduction. Moreover, because P wave duration was not associated with cotinine, our 
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findings suggest nicotine has limited effects on atrial conduction. Using our linear regression 

coefficient, we found that each 100 μg/g cotinine corresponded with a 12.3-ms decrease in 

PR interval and 9.7-ms decrease in PR segment. Despite that the observed PR interval and 

PR segment values among smokers may fall within clinically normal ranges, our findings 

that a 100-μg/g increase in cotinine corresponded with a 12.3-ms decrease in PR interval are 

within range of recent observations in a larger cohort (9,637 participants), for whom 10-ms 

declines in PR interval below 162 ms corresponded with significant increases in 

cardiovascular mortality and morbidity 27.

The parasympathetic branch of the ANS directly modulates AV nodal activity through vagal-

mediated release of acetylcholine (ACh), which stimulates M2 muscarinic receptors and, in 

turn, G-protein coupled inward rectifying K+ channels (GIRK) that inhibit AV conduction 

via Gi 28. It is plausible that sympathetic dominance, via either acute nicotine-induced 

sympathetic activation or chronic smoking-induced enhancements in sympathetic tone, 

would diminish parasympathetic slowing of dromotropy and thereby enable PR interval 

shortening.

Cotinine and catecholamines

Cigarette smoking and nicotine exposure result in increased central and peripheral 

sympatho-adrenal activation. The activation of nicotinic acetylcholine receptors in the 

adrenal medulla leads to increased circulating catecholamines. We found urinary dopamine 

and norepinephrine (but not epinephrine) were significantly higher among smokers and 

those with higher cotinine, suggesting smokers have increased sympathetic neuronal activity 

(norepinephrine), but similar adrenal medullary hormone secretion (epinephrine). 

Interestingly, we also found that cotinine significantly associated with the intermediate 

metabolites of all three catecholamines, but not with the final metabolite, and there was a 

negative association between cotinine and the ratio of the final and intermediate metabolites 

of all three catecholamines. This positive association between cigarette smoking and 

synthesis of both dopamine and norepinephrine thus corresponded with a concomitant 

decrease in catabolism of the intermediate metabolites of all three catecholamines. These 

findings corroborate several other studies that determined cigarette smoking inhibits the 

activity of monoamine oxidase 29,30, an enzyme primarily responsible for catabolism of the 

intermediate metabolites of norepinephrine and epinephrine to their final metabolites., both 

atrial and AV conduction did not significantly differ between smokers and non-smokers

Nicotine may increase AV nodal conduction velocity through a number of mechanisms. 

Nicotine stimulates sympathetic neurotransmission via activation of nicotinic acetylcholine 

receptors localized on peripheral postganglionic sympathetic nerve endings and the adrenal 

medulla, which in turn causes catecholamine release. Catecholamines mediate positive 

chronotropic, inotropic, dromotropic, and bathmotropic effects (i.e., increased rate, force 

conductivity, and excitability). Furthermore, evidence from animal models and ex-vivo 

studies suggests nicotine may also directly cause endothelial cell injury 31, a pro-fibrotic 

state 32, and inhibition of cardiac A type potassium channels 33.

A novel component to our study, mediation analysis revealed that, among catecholamines, 

dopamine fully mediated the relationship between cotinine and shortened PR interval/
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segment. In accordance with our observations, the positive dromotropic effects of dopamine 

accelerate AV nodal conduction 34 while not affecting atrial depolarization time 35, and 

would thus be expected to shorten the PR interval/segment without affecting P wave 

duration.

Cotinine was associated with altered metabolism of the three catecholamines (ratio of 

metabolite/parent). The positive association of cotinine with 3-methoxytyramine/Dopamine 

ratio suggests smoking increases dopamine synthesis and/or systemic secretion and, in 

compensation, also increases catechol-O-methyltransferase (COMT) activity. Additionally, 

cotinine’s inverse association with Vanillylmandelic acid/Normetanephrine and 

Vanillylmandelic acid/Metanephrine suggest that smoking decreases monoamine oxidase 

(MAO) activity, consistent with observations of decreased MAO-B in the amygdalae of 

smokers and the antidepressant effects of nicotine 36

Catecholamines and PR interval

Interestingly, dopamine, and neither epinephrine nor norepinephrine, was associated with PR 

interval/segment. As all catecholamines are known to exert a dromotropic effect, plausible 

reasons for our findings include:

1. long-term smoking disproportionately affects circulating dopamine relative to 

norepinephrine and epinephrine 37, potentially via nicotine-mediated decline in 

dopamine uptake;

2. cigarette smoking and/or nicotine increase central neuronal release of dopamine, 

which, with nicotine-mediated increases in permeability of the blood-brain 

barrier 38, lead to increased circulating dopamine;

3. dopamine has less temporal variability than its metabolites, epinephrine and 

norepinephrine, making it a more stable marker of chronic sympathetic nervous 

system activation;

4. at low pathophysiological levels, dopamine has a higher affinity than epinephrine 

and norepinephrine for β1- and β2- adrenergic receptors, which may modulate 

dromotropy in the atrioventricular node 39.

Other ECG parameters

We did not observe any association of smoking status or cotinine with QRS, QT or QTc. 

Previous studies in this area have yielded mixed results, including QT prolongation 6–8, QT 

shortening 40, or no relationship 9 with smoking.

Limitations

While this is the first known investigation of the role of catecholamines in nicotine-mediated 

alterations in cardiac conduction, the sample size is limited and participants were drawn at 

random from the outpatient clinic setting with intermediate to high cardiovascular risk. 

Thus, we might have missed significant associations between cotinine and other parameters 

(e.g., P-wave duration) due to insufficient statistical power. Additionally, ECGs were 

obtained retrospectively from medical records and not on the day of enrollment. The median 
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and interquartile range of number of days from study enrollment (urine sample collection) 

and ECG was 79 [20 – 320] days. We did not collect data on time of last cigarette/nicotine 

exposure and states that may affect catecholamines (stress, noise, discomfort, body position, 

consumption of food, caffeinated beverages and drugs). Nevertheless, we used urinary 

analytes (cotinine and catecholamines) that are established markers for chronic nicotine and 

sympatho-adrenal activation and are unlikely to exhibit large acute variation in the outpatient 

clinic setting from which this cohort was derived. We did not collect 24-hour urine to 

account for diurnal and intra-individual variation in catecholamines; however, summative 

analysis of 24-h catecholamine production may mask elevations due to dilution. Notably, in 

secondary analyses, we found a heart rate variability parameter (RMSSD: square root of the 

mean of squared differences of successive NN intervals), when dichotomized, tended to 

inversely associate with urinary norepinephrine and dopamine (r= −0.13, p=0.10 for both), 

suggesting concordance between measures of sympathetic activity in both ECG and 

subsequent urine samples. Although most participants were on beta blockers, prevalence did 

not significantly differ by cotinine strata, and PR and P wave durations did not differ by beta 

blocker use. This latter point accords with observations that beta blockers do not alter resting 

PR interval whereas they partially attenuate PR and RR interval shortening during exercise-

induced sympatho-excitation 41. Additionally, we were unable to assess associations 

between other cigarette components or smoking habits (e.g., frequency) and cardiac 

electrophysiology. Other constituents within tobacco smoke (e.g., particulate matter and 

aldehydes) have been shown to alter autonomic balance and may thus plausibly alter 

catecholamine synthesis, secretion, and metabolism. Finally, smoking and nicotine can affect 

myocardial conduction velocity through induction of cardiac remodeling, oxidative stress, 

and/or ion channel dysfunction, which were not assessed in this study and may occur 

independent of sympathetic activation. Most of these are limitations inherent to any 

mediation analyses that are not complemented by manipulation of the putative mediator 

(dopamine). Nevertheless, sympathetic activation can induce all three of these pathogenic 

processes 4 and may thereby indirectly mediate atrioventricular conduction defects.

Conclusions

Collectively, our findings suggest that exposure to cigarette smoke accelerates 

atrioventricular conduction and that dopamine mediates these effects. More research is 

warranted to examine the specificity and selectivity of these effects and to delineate the 

direct contribution of nicotine. These observations identify a pathway by which smoking 

may increase risk for cardiovascular morbidity and mortality.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Scatterplot and linear relationships of (A) PR interval, (B) P wave and (C) PR segment with 

log transformed urinary cotinine levels. P values represent unadjusted linear regression.
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Figure 2: 
Mediation analyses of cotinine, dopamine, and PR interval/segment.
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