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Abstract

Reports on the association between the PR-interval and atrial fibrillation (AF) are conflicting. We
hypothesized that inconsistencies stem from that fact that the PR-interval is not a single
electrocardiographic (ECG) phenotype, and it is more likely to represent a composite of several
distinct components. We examined the association of the PR-interval and its components (P-wave
onset to P-wave peak duration, P-wave peak to P-wave end duration, and PR-segment) with
incident AF in 14,924 participants (mean age=54+5.8 years; 26% black; 55% female) from the
Atherosclerosis Risk In Communities study. The PR-interval and its components were
automatically measured at baseline (1987-1989) from standard 12-lead ECGs. PR-interval >200
ms was considered prolonged and values >95t" percentile defined abnormal PR-interval
components. AF was ascertained during follow-up through December 31, 2010. Over a median
follow-up of 21.2 years, 1,985 (13%) participants developed AF. Prolonged PR-interval was
associated with an increased risk of AF (HR=1.19, 95% CI1=1.02, 1.40). However, PR-interval
components showed varying levels of associations with AF (P-wave onset to P-wave peak
duration: HR=1.57, 95%CI=1.31, 1.88; P-wave peak to P-wave end duration: HR=1.20,
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95%CI=0.99, 1.46; and PR-segment: HR=1.05, 95%CI=0.85, 1.29). Additionally, the components
of the PR-interval had weak to moderate correlation with each other (correlation rranged from
-0.44 t0 0.06). In conclusion, our findings suggest that the PR-interval represents a composite of
distinct components that are not uniformly associated with AF. Without considering the
contribution of each component, inconsistent associations between the PR-interval and AF are

inevitable.
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INTRODUCTION

The PR-interval on the resting electrocardiogram (ECG) has been shown to predict atrial
fibrillation (AF).1-3 However, inconsistencies in the association between prolonged PR-
interval and AF have been reported, with some studies showing non-significant
associations,* ® and others showing short PR-interval to be a stronger predictor of AF.6 A
possible explanation for the observed inconsistencies relates to the distinct components of
the PR-interval: time from P-wave onset to peak P-wave (conduction within the right
atrium), time from peak P-wave to the end of P-wave (conduction within the left atrium),
and the PR-segment (atrioventricular (AV) conduction).” This suggests that abnormalities of
the PR-interval are not uniform.8 Therefore, an examination of the association between each
component of the PR-interval and AF is needed to improve our ability to predict AF events
in the general population. Accordingly, we examined the association between each
component of the PR-interval and AF in the Atherosclerosis Risk In Communities (ARIC)
study. We hypothesized that the components of the PR-interval are not strongly correlated,
and that the magnitude of the association with AF will vary by each component.

METHODS

A total of 15,792 community-dwelling men and women between 45 and 64 years of age
enrolled in ARIC between 1987 and 1989 from four field centers across the United States
(Washington County, MD; Forsyth County, NC; Jackson, MS; suburban Minneapolis, MN).
Participants returned for 4 follow-up examinations (1990-1992, 1993-1995, 1996-1998,
and 2011-2013), and participants have continued to be followed via annual telephone calls
to ascertain study endpoints. Endpoints also are ascertained by review of hospital discharge
records that include any cardiovascular diagnoses from hospitals in the study communities.
The study was approved by the institutional review boards at all participating universities
and all participants provided written informed consent at the time of study enrollment. For
this analysis, we excluded participants with baseline AF, those with missing baseline
covariates, and participants with missing follow-up data. Additionally, we excluded ARIC
participants with race other than black or white, and the small number of black participants
from Washington County and Minneapolis.

Digital 12-lead ECGs were obtained at baseline using MAC PC ECG machines (Marquette
Electronics, Milwaukee, WI). All ECGs were read at the Epidemiology Coordinating and
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Research Centre at the University of Alberta (Edmonton, Alberta, Canada) during the initial
phases of the study, and at the Epidemiological Cardiology Research Center at the Wake
Forest School of Medicine (Winston-Salem, North Carolina, USA) during later phases. After
visual inspection for errors and inadequate quality, ECGs were automatically processed
using GE Marquette 12-SL version 2001 (GE, Milwaukee, Wisconsin). The maximum
values in all 12 leads for the following were computed: P-wave duration, P-wave onset to P-
wave peak duration, and PR-interval. P-wave onset to P-wave peak was defined as the time
from P-wave onset to first large peak of the P-wave. P-wave peak to P-wave end duration
was computed by subtracting maximum P-wave onset to P-wave peak duration from
maximum P-wave duration. Similarly, PR-segment was computed by subtracting maximum
P-wave duration from maximum PR-interval. The PR-interval components used in this
analysis are depicted in Figure 1. To appropriately compare the magnitude of the association
between PR-interval components and AF, we used the 95t percentile value of each
component to define abnormality/prolongation. The common clinical cut-off point of PR-
interval >200 ms also was used. In additional analysis, we used the 95t percentile as a cut-
off point to define prolonged PR-interval.

Cases of AF were identified from study visit ECGs, review of hospital discharge diagnoses,
and death certificates.® A cardiologist visually confirmed all AF cases automatically
detected from the study ECGs.! Information on hospitalizations during follow-up was
obtained from annual follow-up calls and surveillance of local hospitals, with hospital
discharge diagnosis codes collected by trained abstractors. AF during follow-up was defined
by International Classification of Diseases, 9th Revision codes 427.31 or 427.32. AF cases
detected in the same hospitalization as open cardiac surgery were not included since these
were considered transient.10

Age, sex, and race were self-reported. Tobacco use was defined as ever (e.g., current or
former) or never smoker. Diabetes was defined as a fasting glucose level 2126 mg/dL (or
non-fasting glucose 2200 mg/dL), a self-reported physician diagnosis of diabetes, or the use
of diabetes medications. Systolic blood pressure was obtained from each participant using
sphygmomanometers to measure 3 readings in the upright position after 5 minutes of rest.
The average of the last 2 measurements was used as the final reading. Antihypertensive
medication use was self-reported. Body mass index was defined as the weight in kilograms
divided by the square of the height in meters. Resting heart rate was obtained from baseline
ECG data. Low-density lipoprotein cholesterol levels were calculated indirectly using
cholesterol values assayed from serum samples obtained at the baseline study visit. Prevalent
heart failure was defined as present if participants reported taking heart failure medications
or if participants met all 3 of the Gothenburg criteria.11 Prevalent coronary heart disease was
defined by self-reported history of physician-diagnosed myocardial infarction, coronary
artery bypass surgery, coronary angioplasty, or electrocardiographic evidence of myocardial
infarction.

Baseline characteristics were examined by the presence of incident AF. Differences between
groups were tested using the chi-square method for categorical variables and the student’s t-
test for continuous variables. The correlation among the components of the PR-interval was
examined and Pearson's coefficient (/) was calculated. Kaplan-Meier estimates were used to
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compute the cumulative incidence of AF. Follow-up time was defined as the time between
the baseline visit until AF development, loss to follow-up, death, or end of the study period
(December 31, 2010). Cox regression was used to compute hazard ratios (HR) and 95%
confidence intervals (CI) for the associations of prolonged PR-interval (>200 ms) and
prolonged components (values >95™ percentile) with AF. Multivariable models were
constructed with baseline characteristics as follows: Model 1 adjusted for age, sex, and race;
Model 2 adjusted for Model 1 covariates plus body mass index, heart rate, systolic blood
pressure, smoking, diabetes, low-density lipoprotein cholesterol, coronary heart disease, and
heart failure. Subgroup analyses were performed by age (dichotomized at the median age for
study participants), sex, and race. Although the focus of the analysis was prolongation of the
PR-interval and its components as categorical variables, we also examined the dose—
response relationship between each component of the PR-interval as continuous variables
and AF using a restricted cubic spline model with incorporated knots at the 5th, 50th, and
95th percentiles.12 Due to the results of these graphs that showed non-linear associations, we
conducted additional analyses to examine the associations of short (<5t percentile) and
prolonged (>95! percentile) PR-interval components with AF (reference group=values
between 5™ and 95™ percentiles). For the PR-interval, we used values <120 ms and <5t
percentile, separately, to define short PR-interval and values >200 ms and >95™ percentile,
separately, to define prolonged PR-interval (reference group=values between 120 ms and
200 ms, and between 5 and 95™ percentiles, respectively). Statistical significance,
including tests for interactions, was defined as p <0.05. SAS version 9.4 (Cary, NC) was
used for all analyses.

RESULTS

A total of 14,924 (mean age=54+5.8 years; 26% black; 55% female) participants were
included in the final analysis. Baseline characteristics stratified by incident AF are shown in
Table 1.

The components of the PR-interval were not strongly correlated with each other (correlation
r=-0.44, 0.06 and —-0.09 for the correlation between P-wave onset to P-wave peak duration
with P-wave peak to P-wave end duration, P-wave onset to P-wave peak duration with PR-
segment and P-wave peak to P-wave end duration with PR-segment, respectively).

Over a median follow-up of 21.2 years, a total of 1,985 (13%) participants developed AF.
Prolonged PR-interval was associated with an increased risk of AF. However, its
components showed varying levels of associations with AF (Table 2). Specifically, PR-
segment was not associated with AF, while P-wave duration was strongly associated with an
increased risk of AF. The association between P-wave duration and AF was limited to P-
wave onset to P-wave peak duration rather than P-wave peak to P-wave end duration (Table
2). Similar results were observed in subgroups stratified by age, sex, and race (Table 3). A
significant interaction was observed for PR-interval, with the association being stronger in
females than males (Table 3).

Figures 2, 3, 4, and 5 show the multivariable-adjusted dose-response relationships of the PR-
interval and its components with AF. As shown, the associations of the PR-interval and its
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components with AF were not entirely linear. However, when PR-interval values between
120 and 200 ms, and PR-interval component values between 5™ and 95™ percentiles were
used as the reference groups, the associations of prolonged PR-interval and its components
with AF were similar to the main analysis (Supplemental Table 1). The association between
prolonged PR-interval and AF did not vary with different cut-off points to define
prolongation (e.g., >95t" percentile and >200 ms) (Supplemental Table 2).

DISCUSSION

The findings in this analysis demonstrate that the associations of the PR-interval components
(P-wave onset to P-wave peak duration, P-wave peak to P-wave end duration, and PR-
segment) with AF are not uniform. Specifically, P-wave duration was found to have the
strongest association with AF, and this largely was explained by P-wave onset to P-wave
peak duration. Additionally, our results show that the components of the PR-interval are not
strongly correlated. Overall, our results suggest that the PR-interval is not a single ECG
phenotype, but likely a composite of distinct components that are not uniformly associated
with AF.

We have recently shown that the predictive ability of the PR-interval is dictated by P-wave
duration, and that the relationship between the PR-interval and outcomes varies across
populations.® In combination with the current findings, recent inconsistencies regarding the
association of the PR-interval with AF likely are related to differences in the predictive
ability of each PR-interval component. That is to say, a prolonged PR-interval will be
predictive of AF if prolongation is mainly due to P-wave duration (e.g., P-wave duration
contributes more to the length of PR-interval). In contrast, a prolonged PR-interval that
largely is related to the PR-segment (e.g., PR-segment duration contributes more to the
length of PR-interval) will not predict AF. This also explains the observation that a short PR-
segment is more predictive of AF, as the P-wave duration would contribute more to the
overall PR-interval.

Our findings provide support for the concept that conduction within and between the right
and left atria (e.g., P-wave duration) contribute more to AF risk than the PR-segment (e.g.,
AV conduction). Abnormalities detected in the P-wave are more likely to represent
underlying atrial pathology. These atrial abnormalities include inter-atrial block, a delayed
depolarization across the Bachman bundle resulting in P-wave duration prolongation.13
Inter-atrial block disrupts normal electrical activation and predisposes to arrhythmias by
modifying atrial refractory periods.1# These abnormal properties often are observed among
persons with risk factors for myocardial fibrosis and abnormal cardiac remodeling (e.g.,
advanced age, hypertension).1®

Interestingly, AF was associated with P-wave onset to P-wave peak rather than P-wave peak
to P-wave end. Inter-atrial block has been shown to result in prolonged P-wave duration due
to conduction abnormalities in the left atrium without affecting conduction through the
proximal Bachmann bundle.13 This will manifest on the 12-lead ECG without concomitant
left atrial enlargement. Therefore, myocardial fibrosis would slow conduction into the left
atrium and explain the increased risk of AF in the first half of the P-wave. Overall, this

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



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Smith et al.

Page 6

finding supports the hypothesis that conduction abnormalities between the right and left atria
are more likely to detect the abnormal substrate to maintain AF than the entire PR-interval,
which includes the PR-segment.

The current study should be interpreted in the context of several limitations. In addition to
study ECGs, incident AF cases were ascertained from hospitalization discharge records and
death certificates, which possibly resulted in misclassification. However, these codes have
adequate positive predictive value for the identification of AF events in ARIC.2 Additionally,
paroxysmal AF cases potentially were missed due to the time-dependent nature of such
events. Furthermore, although we included several covariates in our multivariable models
that likely influenced the development of AF, we acknowledge that residual confounding
remains a possibility.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2. Risk of Atrial Fibrillation across PR-Interval*
*Each hazard ratio was computed with the median PR-interval value of 160 ms as the

reference, and was adjusted for age, sex, race, body mass index, heart rate, systolic blood
pressure, smoking, diabetes, low-density lipoprotein cholesterol, coronary heart disease, and
heart failure. Dotted-lines represent the 95% confidence interval.
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Figure 3. Risk of Atrial Fibrillation across P-wave Onset to P-wave Peak Duration*
*Each hazard ratio was computed with the median P-wave onset to P-wave peak value of 68

ms as the reference, and was adjusted for age, sex, race, body mass index, heart rate, systolic
blood pressure, smoking, diabetes, low-density lipoprotein cholesterol, coronary heart
disease, and heart failure. Dotted-lines represent the 95% confidence interval.
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Figure 4. Risk of Atrial Fibrillation across P-wave Peak to P-wave End Duration*
*Each hazard ratio was computed with the median P-wave peak to P-wave end value of 38

ms as the reference, and was adjusted for age, sex, race, body mass index, heart rate, systolic
blood pressure, smoking, diabetes, low-density lipoprotein cholesterol, coronary heart
disease, and heart failure. Dotted-lines represent the 95% confidence interval.
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Figure5. Risk of Atrial Fibrillation across PR-Segment Dur ation*

*Each hazard ratio was computed with the median PR-segment value of 52 ms as the
reference, and was adjusted for age, sex, race, body mass index, heart rate, systolic blood
pressure, smoking, diabetes, low-density lipoprotein cholesterol, coronary heart disease, and

heart failure. Dotted-lines represent the 95% confidence interval.

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



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Smith et al. Page 13

Table 1
Baseline Characteristics
Characteristics Incident Atrial Fibrillation  P-value”
Yes No
(n=1,985) (n=12,939)
Age, mean + SD (years) 57+55 54+57 <0.0001
Male 1,077 (54%) 5,611 (43%)  <0.0001
Black 379 (19%) 3,497 (27%)  <0.0001
Ever smoker 1,309 (66%) 7,414 (57%)  <0.0001
Diabetes mellitus 322 (16%) 1,345 (10%)  <0.0001
LDL cholesterol, mean + SD (mg/dl) 139 + 38 137+ 39 0.036
Body mass index, mean + SD (kg/m?) 29+58 27+52 <0.0001
Systolic blood pressure, mean + SD (mm Hg) 126 +19 120+ 19 <0.0001
Antihypertensive medications 868 (44%) 3,599 (28%)  <0.0001
Coronary heart disease 188 (9.5%) 510 (3.9%) <0.0001
Heart failure 160 (8.1%) 507 (3.9%)  <0.0001
Heart rate, mean £ SD (bpm) 66 +11 67 £10 0.012
Prolonged PR-interval 7 174 (8.7%)  875(6.8%)  0.0012
Prolonged P-wave duration” 166 (8.4%) 549 (4.2%)  <0.0001

Prolonged P-wave onset to P-wave peak duration” 133 (6.7%) 459 (3.6%) <0.0001
Prolonged P-wave peak to P-wave end duration 1 110 (5.5%) 520 (4.0%) 0.0017
Prolonged PR-segment” 95 (4.8%) 581 (4.5%) 0.56

*
Statistical significance for categorical data was tested using the chi-square procedure and continuous data was tested using the student’s t-test
procedure.

fPR-intervaI >200 ms and PR-interval component values >gsth percentile of their distribution.

bpm=beats per minute; LDL=Ilow-density lipoprotein; SD=standard deviation.
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Risk of Atrial Fibrillation associated with PR-Interval and Components by Age, Sex, and Race

Table 3

PR-interval/component™ Subgroup  HR (9596cl)T  P-value  P-interaction
Prolonged PR-interval Age
<54years 1.22(0.88,1.69)  0.24 0.85
=54 years  1.23 (1.02, 1.47) 0.027
Sex
Female 1.43 (1.14, 1.80) 0.0021 0.033
Male 1.02(0.82,1.27) 087
Race
Black 1.08 (0.82, 1.44) 0.58 0.31
White 1.25(1.03, 1.51) 0.025
Prolonged P-wave Age
<54 years 1.44(1.03,1.99) 0.032 0.67
>54years 1.59 (1.32,1.92)  <0.0001
Sex
Female 1.79 (1.39, 2.31)  <0.0001 0.056
Male 1.34(1.08,1.65)  0.0074
Race
Black 1.67 (1.25,2.24)  0.0006 0.52
White 1.42(1.17,1.73) 0.0005
Prolonged P-wave onset to P-wave peak  Age
<54years 1.33(0.92,1.92)  0.13 0.54
>54years 1.79 (1.46,2.20)  <0.0001
Sex
Female 1.50(1.13,1.99)  0.0048 0.70
Male 1.63(1.29,2.06) <.0.0001
Race
Black 1.48 (1.07, 2.05) 0.018 0.45
White 1.64 (1.32,2.03) <0.0001
Prolonged P-wave peak to P-wave end Age
<54 years 1.23(0.87,1.75) 0.25 0.38
>54years 1.18(0.93,1.49)  0.17
Sex
Female 1.30 (0.96, 1.75) 0.090 0.42
Male 1.13(0.87, 1.45) 0.36
Race
Black 1.12(0.73, 1.74) 0.60 0.78
White 1.22 (0.98, 1.51) 0.078
Prolonged PR-segment Age
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PR-interval/component™ Subgroup  HR (959 cl)t  P-value  P-interaction
<S4years 127(0.84,1.90)  0.26 0.42
>54years 102(0.80,1.29)  0.91

Sex
Female 1.24 (0.93, 1.65) 0.14 0.12
Male 089 (0.65,1.20)  0.44

Race
Black 0.88 (0.60, 1.30) 0.53 0.21
White 1.14 (0.89, 1.46) 0.30

*
PR-interval >200 ms and PR-interval component values >95th percentile of their distribution.

I - . . .
HRs are presented for abnormal P-wave indices compared with those who had normal values. Model adjusted for age, sex, race, body mass index,
heart rate, systolic blood pressure, smoking, diabetes, low-density lipoprotein cholesterol, coronary heart disease, and heart failure.

AF=atrial fibrillation; Cl=confidence interval; HR=hazard ratio.
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