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Abstract

Atrial fibrillation and obesity are increasing in prevalence and are inter-related epidemics. There
has been limited assessment of how obesity and the metabolic syndrome impact P wave indices,
established electrocardiographic predictors of atrial fibrillation. We conducted a cross-sectional
analysis to determine the association of obesity and the components of the metabolic syndrome
with P wave indices in the population-based Atherosclerosis Risk in Communities (ARIC) Study.
Analyses were adjusted for demographic, anthropometric, and clinical variables and
cardiovascular diseases and risk factors. Following relevant exclusions, 14,433 subjects were
included (55% women and 24.7% black). In multivariable analyses, we identified significant,
progressive increases in PR interval, P wave maximum duration, and P wave terminal force with
BMI 25-30 kg/m? and BMI =30 kg/m? compared to the reference group <25 kg/m?2 (P<0.0001 for
trend for all P wave indices). These effects were present in both blacks and whites. Presence of
metabolic syndrome was also associated with longer P wave indices. When components of the
metabolic syndrome were examined separately, hypertension resulted in significant (P<0.001)
augmentation of the three P wave indices. Similarly, waist circumference was associated with
greater P wave maximum duration in both races (p<0.001). We concluded that P wave indices are
significantly associated with obesity and particularly with hypertension and waist circumference.
P wave indices may comprise intermediate markers, independent of age and cardiovascular risk, of
the pathway linking obesity and with the risk of AF.
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Atrial fibrillation (AF) and obesity have emerged as concurrent epidemics with profound
societal and medical costs. The burgeoning prevalence of AF has been well documented
(1;2) and highlights the necessity for aggressive interventions to target novel and established
risk factors.(3) The increasing prevalence of obesity in the United States, demonstrated by
findings from the National Health and Nutrition Examination Survey (NHANES) ,(4)
likewise underscores the importance of broad public health interventions. Obesity is highly
related to AF, increasing risk by 40-75% in men and women (5) and associated with
increased transition from paroxysmal to permanent AF.(6) The metabolic syndrome has
similarly been associated with AF.(7) Thus, the nation’s rising obesity rates anticipate
continued escalation in the prevalence of AF.

One potential mechanism for obesity and the metabolic syndrome increasing AF risk
concerns atrial electromechanical remodeling. P wave indices serve as intermediate
phenotypes reflecting alterations in atrial electrophysiology and morphology. We
hypothesized that obesity and metabolic syndrome’s impact on atrial electrophysiologic
properties would be evident as alteration of P wave indices in the resting 12-lead ECG.
Consequently, we examined the cross-sectional association of the components of the
metabolic syndrome with P wave indices. Specifically, we sought to distinguish how obesity
and metabolic syndrome impacted P wave indices. Second, recognizing the established
racial differences between P wave indices in whites and blacks(8) and the decreased
incidence of AF in blacks despite identified risk factors,(9) we examined racial differences
of the impact of obesity and metabolic syndrome on P wave indices.

Study Cohort

The Atherosclerosis Risk in Communities (ARIC) Study is a longitudinal, population-based
study evaluating cardiovascular epidemiology. The study consists of a cohort of 15,792
participants, aged 45 to 64 years, enrolled 1987-1989 from four U.S. locations (Forsyth
County, NC; Jackson, MI; suburbs of Minneapolis, MN; and Washington Country, MD). At
the initial enrollment visit, cohort participants underwent an interview, standardized exam,
electrocardiography (ECG), and laboratory assessment. Evaluation was repeated at three
triennial visits accompanied by on-going adjudication of cardiovascular end-points. Further
details concerning the study, design, recruitment, and methodology have been described
elsewhere.(10-12) The ARIC study was approved by the institutional review board at each
participating institution and all participants provided informed consent.

Participant demographics, anthropometrics, medical history, ECG and medications were
obtained simultaneously at the enrollment exam. Alcohol and tobacco use, education,
income level, and physical activity were obtained by self-report using a standardized
questionnaire. The standardized exam included three blood pressure measurements obtained
while seated by trained study technicians, the last two of which were averaged and reported
here. Hypertension was defined as a systolic blood pressure = 140 mm Hg, diastolic blood
pressure = 90 mm Hg, or use of antihypertensive medications. Diabetes was defined as
having a fasting glucose > 126 mg/dL, non-fasting glucose = 200 mg/dL, prior reported
diagnosis of diabetes, or use of hyperglycemic medications or insulin. Cholesterol
measurement for determination of total cholesterol, high density lipoprotein (HDL), and
triglyceride levels have been summarized previously.(13;14) Heart failure was defined by
validated criteria employing cardiopulmonary signs and symptoms and heart failure
medications.(15) History of myocardial infarction was obtained at the baseline interview by
individuals’ report of prior myocardial infarction, adjudicated reading of the baseline ECG,
and history of coronary intervention by catheter or surgical revascularization. Stroke
ascertainment and validation was performed as described previously.(16) Participants with
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prevalent AF (n=37); lacking or unreadable ECGs (n=243); pre-excitation (Wolff-
Parkinson-White), pacemakers, third degree heart block, PR intervals <= 80 or >=320 ms,
were excluded (n=394); and lacking clinical covariates relevant to the current analysis
(n=685) were excluded. Following exclusions, there were 14,433 subjects included in the
analysis. In a secondary analysis, we excluded those taking pharmacologic therapies
including beta blockers, cardiac glycosides, calcium channel blockers and antiarrhythmics
(n=2010) leaving a total of 12,423 subjects in this analysis.

Electrocardiography and ascertainment of P wave indices

All ARIC participants had an ECG at the enrollment and each subsequent visit. ECGs were
recorded on MAC PC Personal Cardiographs (Marquette Electronics Inc., Milwaukee, WI)
and were subsequently submitted to a central reading center at the EPICORE Center
(University of Alberta, Edmonton, Alberta, Canada) and thereafter to the Epidemiological
Cardiology Research Center (EPICARE), Wake Forest University, Winston-Salem, NC. All
ECGs were visually inspected for quality and legibility at their acquisition and by the
reading centers and then stored in a digital format.

P wave indices selected for the present analysis included PR interval, maximum P wave
duration, and the P wave terminal force. The methods for calculating P wave indices in
ARIC study have been published elsewhere (8). In summary, the PR interval was
determined as the mean duration in milliseconds from the P wave onset until the initiation of
the QRS segment in the 12 ECG leads. Maximum P wave duration was defined as the
longest median P wave duration in milliseconds in any of the 12 leads. P wave terminal
force was calculated from the negative component of P wave in lead V1 (P prime) by
multiplying the duration in seconds and voltage in microvolts. Heart rate was derived from
the mean rate identified on the ECG. Electrocardiographic left ventricular hypertrophy was
identified from the ECG using the Cornell criteria.(17) The QRS duration was determined as
the mean on-set to off-set of the QRS segment in milliseconds.

Determination of the metabolic syndrome

Components of the metabolic syndrome were determined according to the definition adapted
by the American Heart Association and the National Heart, Lung and Blood Institute(18)
and include the following components: (1) waist circumference = 102 cm in men or 88 cm
in women; (2) presence of elevated blood pressure, defined as systolic blood pressure = 130
mm Hg, diastolic blood pressure = 85 mm Hg, or use of antihypertensives; (3) presence of
insulin resistance, defined as fasting glucose = 100 mg/dL or history of diabetes; (4) fasting
triglyceride level = 150 mg/dL or use of medication for dyslipidemia; and (5) HDL
cholesterol < 40 mg/dL in men or < 50 mg/dL in women, or use of medication for
dyslipidemia. The metabolic syndrome is defined by presence of three or more of these
components.

Statistical analysis

Continuous variables were summarized to examine their mean and standard deviations. The
distributions of categorical variables were obtained. Body mass index (BMI) was
categorized as <25, 25-30, and >30 kg/m2. The association of BMI, metabolic syndrome,
and its components with P wave indices was estimated using general linear models with
each of the P wave indices as dependent variables. The differences in P wave indices
associated with increasing category of BMI were estimated adjusting for age, race, and sex
(Model 1). Subsequent analysis adjusted for all variables from Model 1 and included study
site, alcohol, smoking status, years smoking, physical activity, heart rate, education, and
income level (Model 2). The next analysis adjusted for all variables from Model 2 and
included systolic blood pressure, diastolic blood pressure, diabetes, prevalent myocardial
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infarction, prevalent heart failure, prior stroke, glucose level, high density lipoprotein, total
cholesterol, hypertensive medication, and electrocardiographic left ventricular hypertrophy.
Effect estimates for each of the P wave indices were also stratified by race. Interactions
between race and BMI were tested including multiplicative terms in the model. We
conducted similar analysis for each component of the metabolic syndrome, treating the
components as dichotomous variables. Linear trends were assessed by including BMI in the
three models as a continuous variable. Interaction for race and sex was assessed. We
examined the possibility of a non-linear relationship between BMI and the P wave indices
using restricted cubic splines, incorporating knots at 5, 27.5, 50, 72.5 and 95 quantiles as
recommended by Harrell(19). All cubic spline analyses were adjusted for race and sex and
run separately by race. Analyses were conducted using SAS version 9.2 (SAS Institute,
Cary, NC) and Stata v10.

The ARIC Study is carried out as a collaborative study supported by National Heart, Lung,
and Blood Institute contracts NO1-HC-55015, N01-HC-55016, NO1-HC-55018, NO1-
HC-55019, N01-HC-55020, N01-HC-55021, and NO1-HC-55022. The authors thank the
staff and participants of the ARIC study for their important contributions. The present study
was supported by NHLBI grants RC1 HL099452 and American Heart Association awards
09SDG2280087 (AA) and 09FTF2190028 (JWM). The authors are solely responsible for
the design and conduct of the present study, the analysis, drafting and editing of the
manuscript, and its final contents.

Table 1 describes the demographic, anthropometric, clinical, laboratory and
electrocardiographic characteristics of the cohort and their distributions by black or white
race. The sample was 55.3% women and 24.6% black race. Blacks had a greater proportion
of BMI > 30 kg/m? (40.1% versus 22.7%), higher mean systolic blood pressure (128.4
versus 118.5 mm Hg), and greater proportion with hypertension (54.2% compared to 27.0%)
or diabetes (16.1% versus 8.6%). All P wave indices were greater in blacks compared to
whites.

PR interval, P maximum wave duration, and P wave terminal force increased significantly
across BMI categories compared to the reference category of BMI < 25 kg/m2. The
differences between each of the P wave indices by BMI category are described in Table 2
and are present even after multivariable adjustment (p<0.0001). PR interval, maximum P
wave duration and P wave terminal force were 6.5 ms (95% CI 5.4-7.6), 6.6 ms (95% CI
6.0-7.1) and 0.24 pV-sec (95% CI 0.16-0.32) higher in obese individuals (BM1>30 kg/m?)
than in those with normal or low BMI (< 25 kg/m?).

P wave indices were stratified by race and examined according to the three BMI categories,
as described in Table 3. Progressive and significant increases in each of the three P wave
indices across BMI categories was observed in both black and white participants (~ for trend
<0.0001 for all three P wave indices). Blacks had greater increases in PR interval and P
wave maximum duration than whites with increasing BMI. When P wave indices were
stratified by sex, similarly significant increases in P wave indices were noted with
progressive BMI groups (Pfor trend <0.0001; data not shown). Because atrial
electrophysiology may be altered by diverse cardiovascular diseases, we conducted a
secondary analyses after excluding subjects with prevalent myocardial infarction, stroke and
heart failure (n=1300). Likewise, in order to examine the impact of atrial conduction without
the influence of pharmacologic therapies including beta blockers, cardiac glycosides,
calcium channel blockers and antiarrhythmics, we conducted a secondary analysis excluding
subjects (n=2010) taking these agents. Both of these secondary analyses observed identically
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significant trends of a similar magnitude (P for trend £<0.0001 for all P wave indices in both
secondary analyses) in increase of P wave indices with progressive BMI category. Race-
BMI interactions were significant both for PR interval (p=0.027) and maximum P wave
duration (p<0.0001).

Figure 1 shows restricted cubic spline estimates of the PR interval by BMI. The figure
identifies a rapid increase in PR interval duration with increasing BMI. In whites (shown in
red), there is continued increase in PR interval with rising BMI. In contrast, blacks observe a
plateau followed by gentle descent after reaching BMI>30 kg/m2. Figure 2 depicts cubic
restricted spline estimates of P wave maximum duration by BMI, again stratified by race.
The figure shows whites having a progressive increase in maximum P wave duration
throughout the distribution of BMI even to levels beyond 30 kg/m?2. In contrast, for black
participants the maximum P wave duration peaks at approximately BMI 30 kg/m? and is
then followed by an extended plateau. Cubic restricted spline estimates were similarly
developed to describe the PR interval and P wave maximum duration by waist
circumference. These are shown as Supplementary Figure 1 and 2, respectively, and are
markedly similar to those describing BMI.

In multivariable analysis, individuals with metabolic syndrome, compared to those without,
had longer PR interval (3.9 ms, 95% CI 3.1-4.8), longer maximum P wave maximum
duration (3.5 ms, 95% CI 3.1-3.9), and higher P wave terminal force (0.27 uV-sec, 95% CI
0.21-0.32). The association of the metabolic syndrome with P wave indices was also
examined according to race and sex. As in the entire sample, in both black and white race,
subjects meeting criteria for the metabolic syndrome had longer PR interval and P wave
maximum duration and greater P wave terminal force compared to those without the
metabolic syndrome (P value for all comparisons p<0.0001; presented in Supplementary
Table). Results were similarly significant for sex-stratified analyses (2 value for all
comparisons p<0.0001; data not shown).

We then examined the five components of the metabolic syndrome separately to determine
the mean increase in each of the P wave indices with the presence of each of the distinct
components. Results of the analyses for the separate components of the metabolic syndrome
are described in Table 4. Participants with waist circumference = 102 cm in men or 88 cm in
women had significantly greater PR interval and P wave maximum duration and P wave
terminal force (all analyses p<0.001) than those without. When the presence of waist
circumference was stratified by race, the increase in P wave maximum duration remained
significant for both black and white participants. Likewise, the presence of hypertension was
associated with a significant increase in each of the P wave indices, again observed across
racial strata (all analyses p<0.001). Triglycerides, HDL, and fasting glucose had more
modest and variable effect on P wave indices. The mean PR intervals and P wave maximum
durations stratified by race and according to progressive increases in the number of
metabolic syndrome components are described by Figure 3 and Figure 4, respectively. The
histograms indicate the direct increase in these P wave indices with incremental addition of
metabolic syndrome components.

Discussion

In this large, population-based cohort of black and white participants, higher BMI was
associated with significant, progressive larger P wave indices of PR interval, P wave
maximum duration and P wave terminal force. These differences remained after adjusting
for demographic, clinical, and metabolic covariates. Indeed, all P wave indices showed a
significant increase (£<0.0001) with augmentation across BMI categories which persisted
after stratification by black and white race. P wave indices were further significantly longer
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in participants with the metabolic syndrome, again persisting after stratification by race.
When the five individual components of the metabolic syndrome were examined, it became
apparent that waist circumference and hypertension were the chief factors responsible for
prolongation of P wave indices.

To our knowledge, this is the largest (n=14,433) assessment of the association of P wave
indices with obesity and parameters of the metabolic syndrome. The analyses presented here
suggest that P wave indices are progressively altered by BMI, obesity, and constituent
components of metabolic syndrome, particularly blood pressure and waist circumference.
The P wave indices examined in this study have been found to have limited correlation and
hence do not demonstrate collinearity.(8) Their substantive modification likely reflects the
alteration of various aspects of atrial electrophysiology in the setting of obesity or metabolic
syndrome’s components. Our analysis therefore establishes the electrocardiographic
alterations which accompany these insults and imply the occurrence of atrial
electrophysiologic remodeling.

Similar findings for the relation between BMI and P wave indices were identified in a recent
population-based multiethnic analysis examining pericardial fat(20) That study, conducted
on a subgroup of the Multiethnic Study of Atherosclerosis (MESA), reported that increased
BMI was associated with prolongation of P wave indices, consistent with our results, after
adjusting for age, sex, ethnicity and pericardial fat. However, the MESA study’s
examination of BMI and P wave indices did not adjust for clinical variables. In contrast, our
study is strengthened by comprehensive adjustment for cardiovascular risk factors in our
multivariable analyses.

Our analyses provide important insights into an intermediate step in the pathway from
obesity and the other metabolic insults examined here towards increased AF risk. The
metabolic syndrome has an established association with AF and a population attributable
risk as elevated as 22% in a recent ARIC investigation.(7;21;22)

Insulin resistance and obesity have cellular and electrophysiologic effects which alter atrial
tissue architecture and morphology. Atrial tissue of diabetic subjects demonstrates altered
metabolic function, specifically with regard to impairment of mitochondrial function and
resulting oxidative stress.(23) Obesity is associated with increased LA size in cross-sectional
analysis and population-based longitudinal analyses.(24;25) Obesity’s association with
alteration of P wave indices is likely multifactorial, stemming from the interrelated sequalae
of obesity’s vascular and hormonal impacts: obesity increases cardiac loading, resulting in
compensatory remodeling;(26) obesity alters the myocardial matrix, secondary to adipose-
derived hormones, in turn driving electrophysiologic remodeling;(27;28) and obesity
induces paracrine hormone expression with endovascular effects that may also alter atrial
pressures and loading conditions.(29-31) Thus, obesity’s relation to AF is likely mediated
by a complex array of structural and electrical remodeling, reflected in turn by the alteration
of P wave indices seen in our study.

Prolonged P wave duration has further been associated with impaired left atrial diastolic
indices.(32) Thus, P wave indices may represent an intermediate step along a pathway from
obesity towards atrial remodeling. We suspect that the metabolic processes of obesity and
metabolic syndrome components yield ultimately to progressive atrial fibrosis, the common
pathway resulting from chronic inflammation and myocyte dysregulation.(33-35) The end
result is profibrillatory modification of atrial tissue with increased risk for AF.

Our study identified different patterns in P wave indices’ response to obesity and metabolic
syndrome components when we stratified by race. While both blacks and whites had greater
P wave indices corresponding with progressive increase in BMI in multivariable analyses,
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the responses to the rise in BMI differed by race. Specifically, we found that after a BMI of
approximately 30 kg/m?, the PR interval and P wave maximum duration in blacks plateaus.
In contrast, whites showed a continued increase in P wave indices extending beyond BMI >
30 kg/m2. Both blacks and whites had significant (£<0.001) increases in PR interval and P
wave maximum duration with hypertension and waist circumference. Further study of the
demographic and racial determinants of P wave indices is essential towards understanding
the results observed here.

Our study has several limitations. First, the study is cross-sectional and therefore does not
examine the longitudinal associations between P wave indices and components of the
metabolic syndrome. Similarly, the cross-sectional design of the study is unable to
distinguish causality between BMI and metabolic syndrome and alteration of P wave
indices. However, it is unlikely that P wave indices are a causative etiology for obesity or
metabolic syndrome. Second, while we adjusted our analysis for multiple demographic,
clinical, and laboratory variables, there may be unaccounted-for confounders, such as other
disease processes (e.g. valvular disease, diastolic dysfunction, thyroid disorders) associated
with alteration of P wave indices.(36) Third, while we sought to exclude subjects with
prevalent AF, subjects with paroxysmal AF may have inadvertently been included. P wave
indices would be expected to be longer in such individuals. We would expect the number of
such cases to be minimal based upon the comprehensive screening at study enrollment and
the relatively young age of study participants. Finally, while the biracial cohort is a
tremendous strength of this study, the generalizability to other ethnic groups aside from
those studied here remains limited.

In conclusion, we demonstrated the impact of obesity and metabolic syndrome and its
components on P wave indices in a large community-based cohort. Our results indicate that
obesity and hypertension impact P wave indices; prolong the PR interval, P wave maximum
duration, and P wave terminal force. Our results contribute to the epidemiology of P wave
indices, and elucidate intermediate mechanisms relating obesity to substantive AF risk.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Cubic restricted splines depicting the association of PR interval and body mass index in
blacks (shown in black) and whites (shown in red) in the Atherosclerosis Risk in
Communities Study. Dotted lines represent 95% confidence intervals surrounding the
estimate.
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Figure 2.

Cubic restricted splines depicting the association of P wave maximum duration and body
mass index in blacks (shown in black) and whites (shown in red) in the Atherosclerosis Risk
in Communities Study. Dotted lines represent 95% confidence intervals surrounding the
estimate.
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Figure 3.
Mean PR interval (ms), stratified by race, according to progressive increases in number of
metabolic syndrome components.
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Figure 4.
Mean P wave duration (ms), stratified by race, according to progressive increases in number

of metabolic syndrome components.
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Table 1

Baseline characteristics of the Atherosclerosis Risk in Communities Cohort.

Clinical characteristics ™
Age, years
Women, No (%)
Alcohol, g/wk, mean (SD)
Smoking, Prior or current, No (%)
Body mass index, kg/m?2

<25

25-30

=30
Waist Circumference, cm
Systolic blood pressure, mm Hg
Hypertension, No (%)
Diabetes mellitus, No (%)
Ratio of total to HDL cholesterol, mean (SD**)
Prevalent heart failure, No (%)
Myocardial infarction, No (%)
AV nodal agents (beta-blockers or calcium channel blockers), No (%)
Heart rate, mean (SD), beats/min
Electrocardiographic LVH, No (%)
QRS interval, mean (SD)
P wave indices
Maximum P wave duration, ms
Mean P wave duration, ms
P wave terminal force, pV-sec

PR interval, mean (SD), ms

Entire cohort
(n=14,433)

54.2 (5.8)
7981 (55.3)
42.3(94.7)

8409 (58.26)

4819 (33.4)
5718 (39.6)
3896 (27.0)
96.9 (13.9)
120.9 (18.6)
4868 (33.7)
1510 (10.5)
0.25 (0.1)
628 (4.4)
561 (3.9)
1843 (12.8)
67 (10)
287 (2.0)
97.4 (12.3)

108.3 (12.4)
105.4 (12.8)
1.74 (1.8)
164.0 (25.1)

Black Race
(n=3,558)

535 (5.8)
2210 (62.11)
31.7 (96.0)
1899 (53.37)

779 (21.9)
1351 (38.0)
1428 (40.1)
98.9 (15.1)
128.4 (21.0)
1929 (54.2)
571 (16.1)
0.27 (0.1)
228 (6.4)
121 (3.4)
450 (12.7)
67 (11)
189 (5.3)
96.2 (12.3)

112.4 (12.2)
109.5 (12.6)
214 (2.1)
1725 (27.1)

White Race
(n=10,875)

54.4(5.7)
5771 (53.07)
45.8 (94.1)
6510 (59.87)

4040 (37.2)
4367 (40.2)
2468 (22.7)
96.3 (13.4)
1185 (17.0)
2939 (27.0)
939 (8.6)
0.24 (0.1)
400 (3.7)
440 (4.1)
1393 (12.8)
67 (10)
98 (0.9)
97.8 (12.3)

107.0 (12.1)
104.1 (12.6)
1.61 (1.7)
161.2 (23.8)

*
Values are mean (SD) except as noted.

Abbreviations: SD, standard deviation; HDL, high-density lipoprotein; LVH, left ventricular hypertrophy.
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