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Abstract

Prolonged P-wave duration, a marker of left atrial abnormality, is associated with myocardial 

fibrosis, atrial fibrillation (AF), and all-cause death. It is not known if prolonged P-wave duration 

is associated with sudden cardiac death (SCD) in the general population. We aimed to evaluate 

whether prolonged P-wave duration is independently associated with SCD risk in the 

Atherosclerosis Risk in Communities Study, a community-based prospective cohort study. We 

included 15,321 participants in our analysis (age: 54.2±5.7, 55.2% women, 26.4% black). 

Prolonged P-wave duration was defined as maximum P-wave duration >120 ms and was 

determined from 12-lead electrocardiograms (ECGs) obtained during 4 exams (1987–1999). SCD 

was physician adjudicated and defined as a sudden, pulseless condition in a previously stable 

individual without evidence for non-cardiac cause of death. We used Cox proportional hazard 

models to assess the association between prolonged P-wave duration and SCD, adjusting for 

cardiovascular risk factors and conditions including atrial fibrillation. During a mean follow-up of 

12.5 years (1987–2001), 268 SCDs were identified. The multivariable hazard ratio (95% CI) of 
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prolonged P-wave duration for SCD was 1.70 (1.31–2.20). This association was attenuated, but 

remained significant after updating covariates to the end of follow-up with a hazard ratio of 1.35 

(1.04–1.76). In conclusion, prolonged P-wave duration is independently associated with increased 

risk of SCD in the general population. This association is independent of AF and is only partially 

mediated by shared cardiovascular risk factors.
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Introduction

Most sudden cardiac deaths (SCDs) occur as a result of ventricular tachyarrhythmias 

secondary to undiagnosed coronary heart disease in community-dwelling individuals. 

Electrocardiogram (ECG)-based SCD risk assessment has relied on markers reflecting 

abnormal ventricular conduction.1 There is growing evidence, however, to support a link 

between markers of abnormal atrial conduction, such as atrial fibrillation (AF) or abnormal 

P-wave terminal force in V1, and SCD.2,3 Prolonged P-wave duration (>120ms)4 is an 

accepted marker of left atrial abnormality that reflects impaired inter-atrial conduction, 

possibly secondary to fibrotic remodeling and/or chamber enlargement.5,6 As such, it has 

been linked with electromechanical dysfunction and poor left atrial contractility.7 Prolonged 

P-wave duration has been independently associated with incidence and recurrence of AF,8–12 

embolic stroke, cardiovascular death, and all-cause death.13–16 We hypothesized that 

prolonged P-wave duration is independently associated with SCD in the general population 

and tested our hypothesis in the Atherosclerosis Risk in Communities Study, a community-

based prospective cohort study.

Methods

The Atherosclerosis Risk in Communities Study was designed to identify and evaluate risk 

factors, etiology, and clinical manifestations of atherosclerotic coronary heart disease in the 

general population. Between 1987 and 1989, 15,792 men and women aged 45–64 years 

were recruited and enrolled from four United States communities (Washington County, MD; 

Forsyth County, NC; Jackson, MS; and suburban Minneapolis, MN). Participants underwent 

an initial baseline exam and four follow-up exams, the last in 2011–13. In between study 

visits, participants (or proxy) have been contacted annually by telephone to ascertain 

information on hospitalizations and deaths. Further, active community-wide surveillance of 

local hospitals has been performed to identify additional hospitalizations and cardiovascular 

events. For our analysis, we used follow-up data through 2001 as SCD ascertainment was 

completed through 2001 at the time of analysis. Approval for the study was obtained from 

the institutional review board on human research at each participating institution and all 

participants provided informed consent. Further details regarding outcome ascertainment 

procedures, study design, and population statistics have been previously described.17
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We considered all 15,792 participants at the baseline visit and excluded those with missing 

covariates (n=89), missing ECG data (n=242), prevalent AF (n=37), and those who were not 

white or black from all study sites, and nonwhite from Minneapolis and Washington County 

(due to small sample size; n=103) resulting in a final cohort of 15,321 participants.

ECGs obtained during the first four study visits (1987–1998) were recorded on MAC PC 

Personal Cardiographs (Marquette Electronics Inc. Milwaukee, WI) and processed at the 

EPICORE Center (University of Alberta, Edmonton, Alberta, Canada) and EPICARE 

Center (Wake Forest University, Winston-Salem, NC) during the early and late study phases, 

respectively. P-wave duration was measured from the conclusion of the T-P segment (P wave 

onset) to return to baseline (PR interval). For biphasic P-waves, P-wave duration 

encompassed both positive and negative deflections from baseline. P-wave duration was 

measured from any single lead and prolonged P-wave duration was present if the maximum 

P-wave duration in any lead was >120 ms on a standard 12-lead ECG.

All fatal coronary heart disease events through 2001 were reviewed by an independent panel 

of physicians to identify SCD. Deaths were classified as definite SCD, possible SCD, not 

SCD, and unclassifiable. Definite SCD was defined as a sudden pulseless condition 

presumed to be of cardiac origin in a previously stable individual without evidence of non-

cardiac cause of death. Possible SCD was defined as an unwitnessed death in a previously 

stable (<24 hours) individual without other evidence indicating non-cardiac origin for 

instantaneous death. All deaths classified as SCD had to occur outside of the hospital or in 

the emergency room. For our analysis, SCD was defined as definite or possible SCD.

The covariates included in our analysis were age, sex, race, study center, educational level, 

smoking status, prevalent coronary heart disease, heart failure, diabetes, hypertension, beta-

adrenergic receptor blocker use, digoxin use, use of anti-arrhythmic drugs, left ventricular 

hypertrophy, body mass index, and AF. Baseline demographic data, medication use (beta-

adrenergic receptor blockers, anti-arrhythmic drugs, and digoxin), and medical history were 

obtained by study staff from participants during the study visit. Prevalent coronary heart 

disease was defined as a self-reported history of myocardial infarction, coronary artery 

bypass grafting, percutaneous coronary intervention, or ECG signs of coronary heart disease. 

Heart failure was defined as stage 3 “manifest heart failure” by the Gothenburg criteria or 

self-reported diagnosis of heart failure. Left ventricular hypertrophy was defined by the 

Cornell ECG criteria. Hypertension was defined as systolic blood pressure ≥140 mm Hg, 

diastolic blood pressure ≥90 mm Hg, or self-reported history of anti-hypertensive medical 

therapy. Diabetes was defined as a fasting (minimum of 8 hours) glucose ≥126 mg/dL, non-

fasting glucose ≥200 mg/dL, self-reported use of oral hypoglycemic agents or insulin, or 

self-reported physician diagnosis of diabetes. Smoking status was self-reported. Participants 

were classified as current smokers and non-current smokers. Education level was also self-

reported and classified as less than high school, high school degree or vocational school, or 

more than high school. AF was ascertained from study visit ECGs, hospital discharge 

records, and death certificates as previously described.18

Person-years at risk were calculated from the date of baseline visit until the date of SCD, 

other death, loss to follow-up, or end of follow-up, whichever occurred first. For those with 
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incident prolonged P-wave duration, time between baseline and prolonged P-wave duration 

diagnosis was considered as non-prolonged P-wave duration follow-up. The analysis was 

based on data obtained from 1987–2001.

We initially explored the association between P-wave duration and SCD using restricted 

cubic splines (Figures 1 and 2). To calculate the hazard ratios and 95% confidence intervals 

of prolonged P-wave duration for SCD, we used Cox proportional hazard models with 

prolonged P-wave duration as a time-dependent exposure. We constructed 4 models. To 

evaluate for confounding, covariates were adjusted to the time point just before the 

development of prolonged P-wave duration, censorship, or SCD, whichever occurred first 

(Models 1 and 2). To evaluate for mediation, covariates adjusted to the time point just before 

the end of follow up (Models 3 and 4). Model 1 was adjusted for age, race, sex, and study 

center. Models 2 and 3 were additionally adjusted for education level, smoking status, body 

mass index, systolic and diastolic blood pressure, use of antihypertensive medication, 

diabetes, coronary heart disease, left ventricular hypertrophy, heart failure, use of anti-

arrhythmic drugs, use of digoxin, and use of beta adrenergic receptor blockers. Model 4 was 

additionally adjusted for AF. We performed sex- and race-stratified analyses using Model 2.

The proportional hazards assumption was assessed with scaled Schoenfeld residuals for both 

graphical and numerical tests, time interaction terms, and inspection of log negative log 

survival curves. Modeling assumptions were not violated in any model. Statistical analysis 

of data was performed using SAS version 9.3 (SAS Institute Inc., Cary, NC) and STATA 

13.0 (StataCorp LPCollege Station, TX). All P values reported were 2-sided, and statistical 

significance threshold was chosen as 0.05.

Results

We identified 268 SCDs in our cohort of 15,321 participants over a mean follow up period 

of 12.5 years. There were 2,273 participants with prevalent prolonged P-wave duration at 

visit 1 and 2,406 incident cases of prolonged P-wave duration during follow up. Table 1 lists 

the baseline characteristics of our cohort. Participants with prolonged P-wave duration were 

more likely to be black and male compared with participants with normal P-wave duration. 

They also had significantly higher prevalence of hypertension, coronary heart disease, 

diabetes, left ventricular hypertrophy, and heart failure.

Figure 1 shows the distribution of P-wave duration in our cohort and the association between 

prolonged P-wave duration and SCD modeled as a restricted cubic spline. We observed a 

threshold effect as the positive association between P-wave duration and SCD risk was 

observed only for P-wave duration >110 ms. SCD risk increased almost linearly with 

increasing P-wave duration above this threshold. The results were similar when stratified by 

sex and race (Figure 2).

Table 2 shows the results of our Cox proportional hazards models. Prolonged P-wave 

duration was significantly associated with an increased risk of SCD in the demographically 

adjusted model (Model 1). This association remained significant after adjustment for 

cardiovascular risk factors (Model 2). The association between prolonged P-wave duration 
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and SCD was attenuated, but remained significant after updating covariates in Model 2 to 

the time point just before the end of follow-up (Model 3) and after additional adjustment AF 

updated to the time point just before the end of follow-up (Model 4). The results of our race- 

and sex- stratified analysis using Model 2 are shown in Table 3. We did not find any 

significant sex- or race-based interactions with respect to SCD risk.

Discussion

In this large, biracial cohort of community-dwelling individuals, we found that prolonged P-

wave duration was associated with an increased risk of SCD independent of cardiovascular 

risk factors and conditions including AF. Further, we did not find any interactions in race- 

and sex-stratified analyses..

Prolonged P-wave duration is a marker of left atrial abnormality reflecting 

electromechanical dysfunction7 and structural remodeling of the atrium.5,6 It has been 

independently associated with incident AF 8,10–12 and recurrent AF after pulmonary vein 

isolation.9 Prospective cohort studies have demonstrated that incident AF carries an 

independent risk of death from cardiovascular disease and all causes.2,19 AF can reduce the 

threshold for ventricular arrhythmias by directly reducing refractoriness20 and generating 

pro-arrhythmic short-long-short sequences.21 In a meta-analysis of the data from the 

Atherosclerosis Risk in Communities Study and the Cardiovascular Health Study, AF was 

independently associated with 2.47-fold (95% confidence interval, 1.95–3.13) increased risk 

of SCD.2

Prolonged P-wave duration has been associated with cardiovascular and all-cause mortality 

in the National Heath and Nutrition Examination Survey.13 However, the association 

between prolonged P-wave duration and SCD has not been previously evaluated. To the best 

of our knowledge, our study is the first prospective analysis linking prolonged P-wave 

duration to SCD in the general population independent of cardiovascular risk factors and AF.

We considered several mechanisms to explain our findings. First, this association may have 

been mediated by development of cardiovascular risk factors such as coronary heart disease, 

heart failure, or even AF. To assess for this possibility, we repeated our primary analysis 

with covariates, including AF, updated to the time point just before the end of follow-up. 

The association between prolonged P-wave duration and SCD was attenuated, but remained 

significant. This may suggest that the increased risk of SCD attributed to prolonged P-wave 

duration was not entirely mediated by the cardiovascular risk factors and conditions that we 

adjusted for in our models.

Second, prolonged P-wave duration may reflect an arrhythmogenic myocardial substrate in 

the atrium and ventricle. In fact, the degree of interstitial left ventricular fibrosis on cardiac 

magnetic resonance imaging has been linearly associated with both increasing P-wave 

duration (5.4 ms/decile of fibrosis) and increasing negative P-wave terminal force in V1 

(−0.76 mV*ms/decile of fibrosis).22 AF has also been associated with left ventricular 

fibrosis in a dose-dependent manner; left ventricular fibrosis was more severe in permanent 

AF compared with paroxysmal AF.23 Certainly, fibrotic remodeling can represent a common 
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substrate between atrial and ventricular arrhythmias and may, in part, explain the 

relationships between markers of abnormal atrial conduction and SCD.2,3

ECG makers reflecting abnormal ventricular conduction have been independently associated 

with SCD.1 Our findings contribute to the evidence supporting a link between abnormal 

atrial conduction and SCD.2,3 If our findings are validated in independent cohorts, markers 

of abnormal atrial conduction and left atrial abnormality should be investigated for the 

purposes of ECG-based SCD risk assessment. Effective SCD risk models will likely require 

a multi-marker approach given the diverse cascade of events that lead to unstable ventricular 

tachyarrhythmias.

The principal strengths of our study include a large biracial cohort with long follow-up 

duration, extensive measurement of covariates, and physician-adjudication of SCD. Some 

limitations should be noted. First, although we adjusted for multiple potential confounders in 

our analyses, we cannot exclude residual confounding by imperfectly measured and 

unmeasured factors. Second, our final cohort excluded 331 participants due to missing ECG 

and covariate data. This number was small compared to our cohort size and likely random in 

nature. Thus we do not expect it has significantly biased our results.
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Figure 1. 
Cubic spline for baseline P-wave duration and incident sudden cardiac death adjusted for 

baseline age, race, sex, study center, educational level, smoking status, body mass index, 

systolic and diastolic blood pressure, use of antihypertensive medications, diabetes, coronary 

heart disease, left ventricular hypertrophy, heart failure, use of anti-arrhythmic medications, 

use of digoxin, and use of beta-blocker medications.
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Figure 2. 
Sex- and race-stratified cubic splines for baseline P-wave duration and incident sudden 

cardiac death adjusted for baseline age, race, sex, study center, educational level, smoking 

status, body mass index, systolic and diastolic blood pressure, use of antihypertensive 

medications, diabetes, coronary heart disease, left ventricular hypertrophy, heart failure, use 

of anti-arrhythmic medications, use of digoxin, and use of beta-blocker medications.
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Table 1

Baseline Participant Characteristics by P-Wave Duration Status, Atherosclerosis Risk in Communities Study, 

1987–2001

Characteristic Normal PWD (n=10,624) Prolonged PWD (N=4,697) P-Value

Age (years) † 53.8 ± 5.7 55.0 ± 5.7 <0.0001

Women 6,392 (60.2%) 2069 (44.1%) <0.0001

Black 2464 (23.2%) 1584 (33.7%) <0.0001

Education ≥ high school 8,230 (77.5%) 3469 (73.9%) <0.0001

Current smoker 2954 (27.8%) 1050 (22.4%) <0.0001

Body mass index (kg/m2) † 27.0 ± 5.1 29.3 ± 5.6 <0.0001

Diabetes 563 (5.3%) 393 (8.4%) <0.0001

Hypertension medications 2711 (25.5%) 1954 (41.6%) <0.0001

Systolic blood pressure (mmHg) † 119.4 ± 18.1 125.5 ± 19.9 <0.0001

Diastolic blood pressure, (mmHg) † 72.6 ± 10.8 76.2 ± 11.7 <0.0001

Heart failure 415 (3.9%) 293 (6.2%) <0.0001

Coronary heart disease 387 (3.6%) 346 (7.4%) <0.0001

Incident atrial fibrillation 442 (4.2%) 447 (9.5%) <0.0001

Left ventricular hypertrophy 151 (1.4%) 185 (3.9%) <0.0001

Use of Digoxin 106 (1.0%) 111 (2.4%) <0.0001

Use of Beta-blockers 811 (7.6%) 786 (16.7%) <0.0001

Use of Anti-arrhythmics 49 (0.5%) 66 (1.4%) <0.0001

†
Data are presented as mean ± standard deviation

‡
Abbreviations: PWD (P-wave duration)

Am J Cardiol. Author manuscript; available in PMC 2018 May 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Maheshwari et al. Page 11

Table 2

Risk of Sudden Cardiac Death by P-Wave Duration, Atherosclerosis Risk in Communities Study, 1987–2001.

Normal PWD (n=10,624) Prolonged PWD (n=4697) p-value

SCD Events 153 115

Person-years 145,989 45,784

Incidence Rate per 1.05 (0.89–1.22) 2.51 (2.08–3.00)

1000 person years (95% CI)

HR (95% CI)

 Model 1‡† 1 (Reference) 2.05 (1.60–2.64) <0.001

 Model 2§† 1 (Reference) 1.70 (1.31–2.20) <0.001

 Model 3¶ 1 (Reference) 1.35 (1.04–1.76) 0.02

 Model 4* 1 (Reference) 1.32 (1.02–1.72) 0.04

†
Covariates are updated until the development of prolonged PWD, censoring, or SCD incidence, whichever occurred first

‡
Cox proportional hazards model adjusted for age, race (blacks vs. whites), sex, and study center

§
Model 1 + adjustment for educational level, smoking status, body mass index, systolic and diastolic blood pressure, use of antihypertensive 

medication, diabetes, coronary heart disease, left ventricular hypertrophy, heart failure, use of anti-arrhythmic medications, use of digoxin, and use 
of beta-blocker medications.

¶
Model 2 with covariates updated to end of follow up

*
Model 3 + adjustment for atrial fibrillation updated to end of follow up

#
Abbreviations: CI (Confidence Interval), HR (Hazard Ratio), PWD (P-Wave Duration), SCD (Sudden Cardiac Death)
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Table 3

Risk of Sudden Cardiac Death by Prolonged P-wave Duration Stratified by Sex and Race, Atherosclerosis 

Risk in Communities Study, 1987–2001.

Normal PWD
HR (95% CI)

Prolonged PWD
HR (95% CI)

p-value

Male Model 2‡† 1 (Reference) 1.71 (1.25–2.36) 0.0009

Female Model 2‡† 1 (Reference) 1.72 (1.10–2.69) 0.02

Sex Interaction Model 2‡† 0.50

Black Model 2‡† 1 (Reference) 1.40 (0.94–2.09) 0.10

White Model 2‡† 1 (Reference) 1.98 (1.41–2.77) <0.001

Race Interaction Model 2‡† 0.16

†
Covariates are updated until the development of prolonged PWD, censoring, or SCD incidence, whichever occurred first

‡
Cox proportional hazard model adjusted for age, study center, educational level, smoking status, body mass index, systolic and diastolic blood 

pressure, use of antihypertensive medication, diabetes, coronary heart disease, left ventricular hypertrophy, heart failure, use of anti-arrhythmic 
medications, use of digoxin, and use of beta-blocker medications. When stratified by race, model was also adjusted for sex. When stratified by sex, 
model was also adjusted for race.

§
Abbreviations: CI (Confidence Interval), HR (Hazard Ratio), PWD (P-Wave Duration), SCD (sudden cardiac death)

Am J Cardiol. Author manuscript; available in PMC 2018 May 01.


	Abstract
	Introduction
	Methods
	Results
	Discussion
	References
	Figure 1
	Figure 2
	Table 1
	Table 2
	Table 3

