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Abstract

BACKGROUND—Cardiac autonomic perturbations frequently antecede onset of paroxysmal 

atrial fibrillation (AF). Interventions that influence autonomic inputs to myocardium may prevent 

AF. However, whether low heart rate or heart rate variability (HRV), which are noninvasive 

measures of cardiac autonomic dysfunction, are associated with AF incidence is unclear.

OBJECTIVES—We sought to study the association between HRV and risk of AF.

METHODS—We studied 11,715 middle-aged adults in the ARIC (Atherosclerosis Risk in 

Communities) cohort with heart rate and HRV measures obtained from 2-min electrocardiogram 

(ECG) recordings performed at baseline (1987 to 1989). These measures included standard 

deviation of RR intervals (SDNN), high frequency (HF) (0.15 to 0.40 Hz), low frequency (LF) 

(0.04 to 0.15 Hz), and the LF/HF ratio (denoting a higher sympathetic to parasympathetic 

dominance). Incident AF cases were ascertained by ECG at ARIC follow-up visits, hospital 

discharge diagnosis, or death certificates through 2011.

RESULTS—During an average follow-up of 19.4 years, 1,580 or 13.5% of participants developed 

AF. A baseline heart rate <60 beats/min was modestly associated with increased AF risk. Lower 

overall HRV as well as increased sympathetic/parasympathetic tone were independently associated 
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with higher risk of AF; the hazard ratio for each 1 SD lower SDNN was 1.14 (95% confidence 

interval [CI]: 1.08 to 1.21), for HF was 1.12 (95% CI: 1.06 to 1.17), and for LF/HF was 1.08 (95% 

CI: 1.03 to 1.14).

CONCLUSIONS—Cardiac autonomic dysfunction denoted by low resting short-term HRV was 

associated with higher AF incidence. Also, a low heart rate may be associated with higher AF risk. 

Further studies are needed to determine whether interventions in the general population to restore 

autonomic balance may prevent AF.
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Introduction

Atrial fibrillation (AF), a prevalent arrhythmia, is associated with increased risk of stroke, 

heart failure, mortality, and possibly dementia (1). Traditional cardiovascular disease (CVD) 

risk factors and CVD itself may explain only one-half of AF cases (2), prompting calls for 

improved understanding of its pathophysiological basis (3).

The role of cardiac autonomic dysfunction, an abnormality of the autonomic nervous system 

(ANS), has been long suspected in the initiation and maintenance of AF (4). While heart rate 

reflects an individual's baseline autonomic tone, heart rate variability (HRV) components 

provide some insight into the ANS-mediated modulation of heart rate (5). Variations in heart 

rate during breathing (high-frequency [HF] HRV, defined as 0.15 to 0.40 Hz, attributable 

mostly to parasympathetic modulation), and during the day and sleep (low-frequency [LF] 

HRV, specifically 0.04 to 0.15 Hz, mostly sympathetic modulation) require a well-

functioning ANS. Both divisions of the ANS (sympathetic and parasympathetic) and their 

interactions with the underlying atrial substrate play a role in AF initiation or maintenance 

(6,7). For instance, ANS fluctuations are common prior to paroxysmal AF onset (8,9). Their 

role is becoming more evident with the success of multiple interventions that prevent AF 

recurrence via reductions in myocardial autonomic input (6,10).

Despite mounting evidence of a possible link between the ANS and AF, the only population-

based studies examining such a relationship included a limited number of AF cases (fewer 

than 80 in each study) and did not find consistent independent associations between HRV 

and AF risk (11,12). Conversely, recent population-based studies have reported a consistent 

association between orthostatic hypotension, another proxy of autonomic dysregulation, and 

AF incidence (13). In this context, we studied the association between HRV measures and 

AF incidence among middle-aged men and women in the biracial, population-based ARIC 

(Atherosclerosis Risk in Communities) study.

Methods

ARIC enrolled 15,792 black and white men and women ages 45 to 64 years from 4 U.S. 

communities. The baseline examination (1987 to 1989) was followed by 3 triennial follow-
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up examinations, annual telephone interviews, and continuous active surveillance of 

hospitalizations and deaths in the communities (14).

For the main study analysis, we excluded those with missing HRV data on 2-min recordings 

(n = 804); prevalent AF determined by electrocardiogram (ECG) (n = 37); other heart 

rhythm abnormalities (atrial flutter, advanced atrioventricular block, pacemakers, 

supraventricular or ventricular tachycardia; n = 60); or self-identified race other than black 

or white (n = 78); or who were missing values of important covariates (n = 587), leaving 

11,715 study participants. For sensitivity analyses, we used HRV measured from 12-lead, 

10-second ECG instead of a 2-min rhythm strip; after similar exclusions, 14,019 participants 

were included.

The ARIC study was approved by institutional review boards at each participating center 

and written informed consent was given by all participants at every visit.

Assessment of HRV and AF

Cardiac autonomic function was measured using mean RR interval (inversely related to heart 

rate and linearly related to autonomic tone), and HRV measures. The HRV measures were 

derived from 2-min ECG recordings obtained from 3 electrocardiograph electrodes placed 

on the midline upper and midline lower epigastrium and left subcostal area and R-to-R 

interval recorded using standardized protocols while participants were in the supine position 

for at least 20 min (15,16). The 2-min, raw heart rate data were first subjected to a filter 

program to remove artifacts under visual control by a single, trained operator (17). A 

computer algorithm labeled data points (RR interval) outside the upper and lower limits 

generated by a 5-beat moving average ± 25% (or set manually by an operator using a mouse) 

with imputations. After smoothing, linear interpolation was applied to neighboring heart rate 

data points, and 256 heart rate data points were resampled with an equal distance of 0.4685 s 

(15). We excluded those participants with flagged HRV measurements (n = 2,511) if 

imputation of the beat-to-beat heart rate data throughout an artifact period was not possible 

while preserving the timing relationships of the adjacent, uncorrupted heart rate data (15). 

Most likely reasons for exclusion included presence of premature atrial or ventricular 

complexes or artifacts that might introduce appreciable errors when estimating RR intervals.

Fast Fourier Transformation was performed to estimate Fourier transform of the heart rate 

residuals from which the power spectral density and the areas (power) under defined 

frequencies were computed.

The following HRV measures were estimated: 1) standard deviation of normal-to-normal RR 

intervals (SDNN); 2) root mean square of successive differences in normal-to-normal RR 

intervals (RMSSD); and, by partitioning of area under power spectral density curves, 3) HF 

and LF variations in heart rate, as defined earlier, as well as the ratio of LF/HF variation. 

Intradata operator reliability coefficient was 0.98 or more, and the interdata operator 

coefficient was 0.86 for HF (15). Given the low reliability of LF variations with short-term 

recordings, we particularly focused on the HF measures commonly reported as SDNN and 

HF, though associations with all measures are reported. Similarly, with the use of 10-s ECG, 

we only described the commonly reported HF time domain measure of SDNN. The 
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correlation coefficient of SDNN measure in a study comparing 10-s with 2-min recordings 

was 0.72 (95% confidence interval [CI]: 0.63 to 0.80) (18).

Incident AF cases were identified from either ECG at ARIC follow-up visits, International 

Classification of Diseases, 9th Revision (ICD-9) diagnostic codes from hospital discharge 

records, or death certificate codes through 2011. At each ARIC examination, a supine 12-

lead resting ECG was recorded at least 1 h after the use of any tobacco product or ingestion 

of caffeine, using MAC PC Personal Cardiographs (Marquette Electronics, Inc., Milwaukee, 

Wisconsin). ECG recordings were computer coded and reviewed by ARIC-certified 

cardiologists at a single reading center to confirm the AF diagnosis.

New hospitalizations or deaths were identified by annual follow-up telephone calls and by 

searching local hospitals records and the National Death Index. Presence of ICD-9 code 

427.3 or ICD-10 code I48 at any position in the death certificate was also used to identify 

AF (19). An AF discharge code during a hospitalization with open heart surgery was not 

considered an event. A physician review of hospital discharge summaries in a subset of the 

ARIC cohort reported sensitivity and specificity of 84% and 98%, respectively, for the 

specified ICD codes (19).

Covariates

Race, education level, cigarette smoking status, pack-years of smoking, and alcohol drinking 

status were determined by self-report. Body mass index (BMI) was calculated as weight 

divided by height squared (kg/cm2). Diabetes was defined as fasting glucose >126 mg/dl (or 

nonfasting glucose >200 mg/dl), self-report of a physician diagnosis, or current use of 

medications for diabetes. Blood pressure was measured 3 times, with the last 2 

measurements averaged. Hypertension was defined as an average blood pressure >140 mm 

Hg systolic or >90 mm Hg diastolic from visit measurements, or use of blood pressure 

medication in the past 2 weeks. Prevalent coronary heart disease (CHD) was defined as 

presence of a self-report of myocardial infarction (MI), coronary bypass, angioplasty, or MI 

suggested on the baseline ECG. Prevalent heart failure was identified using the Gothenburg 

criteria or self-report of heart failure medication use in the past 2 weeks. Participants were 

asked to bring all the medications they were currently taking to the field center visit. Given 

their potential influence on HRV, we stratified SDNN results based on beta-blocker use.

Statistical Methods

HRV measures were natural log transformed to normalize the distribution (20). Descriptive 

statistics of baseline characteristics were stratified by incident AF status. We used restricted 

cubic splines to examine the possibility that the association between HRV and incident AF 

was nonlinear. A partial likelihood ratio test compared models using only a linear term to 

models containing both the linear and cubic spline term. We found nonlinearity with 

threshold effects, thus study exposures were included in models described later as both a 

continuous term to compare with published studies and by creating custom categories such 

as RR interval between 600 ms and 1,000 ms as reference.

Cox proportional hazards models were used to estimate relative hazards of AF per SD 

decrease in log-transformed HRV measures in models with incremental adjustment for 
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potential confounders. The primary results (model 3) were adjusted for age, race, sex, 

educational level, BMI, diabetes, hypertension, low-density and high-density lipoprotein 

cholesterol, smoking status, alcohol intake, prevalent CHD, and prevalent heart failure. 

Additional adjustment was done for incident CHD and incident heart failure (model 4) as a 

sensitivity analysis.

To test for differences in the HRV-AF relationship by age, sex, race, diabetes, hypertension, 

and CHD, we included an interaction term between these variables and the exposure variable 

(SDNN was used as it is an easily understood and commonly used metric for HF variations). 

We conducted several sensitivity analyses: 1) to assess selection bias due to excluded 

participants, we assessed the HRV-AF relationship using HRV measures from a 10-s ECG 

strip; 2) to reduce any reverse causality, we assessed the relationship after excluding those 

with incident AF events within 2 years of baseline; and 3) to account for confounding due to 

follow-up CVD events, we adjusted for incident CHD and incident heart failure events. 

Lastly, we were interested in the etiological relationship of HRV with AF and not risk 

prediction; thus, we explored the incremental value of ln (SDNN) to predict AF over 

CHA2DS2-VASc score and an AF-specific score such as CHARGE (Cohorts for Heart and 

Aging Research in Genomic Epidemiology)-AF score (21).

Statistical analyses were performed using SAS version 9.1.3 (SAS Institute, Cary, North 

Carolina). A p value < 0.05 for a 2-sided null hypothesis was considered statistically 

significant, including for interaction terms.

Results

At baseline, the mean age of cohort members was 54 ± 5.7 years (range: 44 to 66), with 57% 

females and 25% blacks. During an average follow-up of 19.4 years, 13.5% (1,580 of 

11,715) had incident AF. Participants who developed AF were older and had a higher 

prevalence of CHD, heart failure, and traditional CVD risk factors (Table 1). Participants 

who developed AF had lower HRV across all measures, and a lower heart rate (higher mean 

RR interval) than those who did not (Table 1). Mean LF/HF ratio was not different by 

incident AF status.

The multivariable-adjusted dose-response relationship of inverse of heart rate (mean RR) 

with incident AF (Figure 1) showed a threshold effect around 1,200 ms; above this 

threshold (heart rate around ≤50 beats/min) there was a linear relationship between mean RR 

interval and AF. A higher mean RR interval was associated with a higher incidence of AF 

that was nonsignificant after adjusting for confounders (Table 2). Further, mean RR interval 

>1,000 ms (heart rate <60 beats/min) was associated with higher incidence of AF (hazard 

ratio [HR]: 1.15; 95% CI: 0.99 to 1.32) compared to a mean RR interval between 600 and 

1,000 ms); for mean RR >1,100 ms (heart rate <55 beats/min), the incidence of AF was 22% 

higher (HR: 1.22; 95% CI: 1.01 to 1.46) compared to those with mean RR interval between 

600 and 1,100 ms.
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HRV, AF Incidence, and Related Variables

The multivariable-adjusted dose-response relationship between HRV measures (SDNN and 

high frequency) with incident AF suggested an almost log linear relationship with threshold 

effect (Figure 2). A lower HRV was associated with a significantly higher risk of incident 

AF for all measures of HRV (Table 2). In fully-adjusted Cox proportional hazard models 

(model 3 of Table 2), for every 1 SD lower measure, the HR of incident AF was 1.14 for 

log(SDNN), 1.07 for log(RMSSD), 1.12 for log(HF), and 1.17 for log(LF). Also, a higher 

sympathetic tone compared to parasympathetic tone as suggested by lower log(LF/HF) was 

associated with higher risk of AF (HR: 1.08; 95% CI: 1.03 to 1.14 per SD). Additional 

adjustment for incident CHD and incident heart failure did not influence the estimates much 

(Table 2).

On examining differences in HRV-AF relationship by several characteristics (Table 3), there 

was no difference in the relationship by race, sex, CHD, heart failure, or beta-blocker 

therapy. There was a difference in association by diabetes status and age group; specifically, 

a much stronger association was seen among those with diabetes than those without 

(interaction p < 0.01), and no association was found among younger cohort participants.

The estimates did not differ appreciably after excluding AF events that occurred within 2 

years of follow-up. Also, additional adjustment for beta-blockers did not change the 

estimates. Further, there was an association of smaller magnitude seen when using 10-s ECG 

recordings (Online Table 1).

On addition of ln (SDNN) to a model predicting 10-year AF risk with CHA2DS2-VASc 

score as an independent variable (base model), c-statistic improved from 0.576 (95% CI: 

0.547 to 0.605) to 0.611 (95% CI: 0.582 to 0.640). However, the addition of ln (SDNN) to a 

similar model with CHA2DS2-VASc score components as individual variables (age, sex, 

diabetes, hypertension, stroke, etc.), c-statistic did not change appreciably (0.746 [95% CI: 

0.724 to 0.768] to 0.750 [95% CI: 0.728 to 0.773]). The addition of ln (SDNN) to 

CHARGE-AF risk score did not improve prediction.

Discussion

In this large middle-aged, biracial, population-based study, cardiac autonomic dysfunction as 

marked by low HRV and low heart rate was associated with a higher incidence of AF 

(Central Illustration). We found a modest relationship between higher mean RR interval, a 

marker of autonomic tone, and AF incidence. We also observed a log-linear relationship 

with threshold effect for both time and frequency domain measures of HRV and AF 

incidence. Our results suggested that presence of either a high basal parasympathetic tone 

(as seen by a higher mean RR) or poor modulation of heart rate (as assessed by HRV 

measures on a 2-min ECG rhythm strip, relating more to poor parasympathetic modulation 

and independent of heart rate) are associated with a higher AF incidence. Also, a higher 

sympathetic-to-parasympathetic modulation as denoted by an elevated LF/HF ratio was 

associated with higher incidence of AF.
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A high HRV indicates that both parasympathetic and sympathetic ANSs are at physiological 

level, while its reduction is complex and difficult to interpret (5). Our findings persisted after 

adjustment for well-measured confounders and indicated that low HRV measures might 

reflect the possibility of AF initiation in a susceptible patient with sympathetic surge due to 

poor vagal modulation. The LF measure or its ratio with HF is unreliable for the sympathetic 

component when using short-term recordings measured in the resting state, and it might 

reflect not cardiac sympathetic innervation but baroreflex responses (22). The LF component 

has major contributions from the parasympathetic system (Pearson correlation coefficient = 

0.82 was seen between HF and LF HRV measures in our study) when measured for a short 

duration. LF/HF ratio was also associated with a higher AF incidence in our study. The 

associations were stronger among those age ≥54 years and among patients with diabetes, 

likely reflecting a higher variation in degree of ANS dysfunction in these subgroups as well 

as a higher risk of AF. An earlier report from the Framingham cohort with limited power 

suggested a positive association between SDNN and LF/HF derived from ambulatory ECG 

and incident AF (sex- and age-adjusted), which attenuated to an HR of 1.13 (95% CI: 0.94 

to 1.38) per unit decrease in log (SDNN) after adjustment for CVD risk factors (11). In 

another cohort of patients with hypertension and their controls, only the LF component of 

HRV was associated with incident AF (12).

In our study, we observed a higher AF risk among those with a higher mean RR interval. In 

previous studies, both a higher resting heart rate (23), as well as a low heart rate after 

moderate exercise, have been associated with higher AF risk (24). A sympathetic overtone is 

often seen with organic heart disease as well as acute states like sepsis and post-cardiac 

surgeries, which are all associated with higher AF risk/burden (25-27), whereas a vagal 

dominance has been implicated for AF especially in young individuals and women (28). 

Also, nonautonomic system-related pathologies such as a sick conduction system in a small 

fraction of participants may present with a low heart rate at baseline, which may also 

predispose them to a higher risk of AF.

In terms of mechanisms, a low HRV is associated with a poor cardiovascular profile as well 

as a higher risk of incident coronary artery disease (29). Though HRV has been reported as a 

marker of general well-being, its association with CVD deaths was higher than a small 

association observed with cancer deaths in the ARIC cohort (30). Experimental evidence 

exists in both animals and humans about a strong role of the ANS in AF initiation and 

maintenance. Vagal stimulation could induce and maintain AF, whereas such induction was 

abolished following ablation of vagal inputs to the atria (31,32). Lowering vagal inputs by 

pulmonary vein isolation or use of class I antiarrhythmic drugs may explain their success in 

reducing AF recurrence (33-36) Also, a drop in blood pressure after 2 min of standing from 

a supine position reflects vascular sympathetic input and response, and has been associated 

with higher AF incidence (13,37).

Risk factors such as obesity, obstructive sleep apnea, lack of physical activity, and 

physiological or emotional stress acts may adversely influence the autonomic nervous 

system and be implicated in the causation of AF (38). Attempts at weight reduction with 

lifestyle changes, moderate physical activity, use of continuous positive airway pressure in 

those with obstructive sleep apnea, and use of mindful meditation and breathing exercises in 
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those with high sympathetic tone, such as heart failure patients, may lead to improved 

autonomic tone and modulation, thus preventing atrial fibrillation. Modifying the ANS to 

reduce AF incidence or recurrence such as during AF ablation through wide circumferential 

ablation, ablation of ganglionated plexi, and dissection of fat pad, or use of drugs/devices is 

an area of active debate and research (39-42). It is worth noting that for a given patient, a 

lower heart rate might not always be a marker of high parasympathetic tone but could be a 

marker of conduction disease. Our findings supported interventions attempting to improve 

autonomic tone as a potential way to reduce AF incidence or recurrence.

Study Limitations

The strengths of our study included its inclusion of a large number of men and women in 2 

race groups, HRV measured from a 2-min rhythm strip as compared to a 10-s ECG strip, 

well-measured confounders, an extended follow-up, and a large number of AF events. 

However, use of 2-min ECG data could also be a study limitation. A resting, supine, ECG 

rhythm strip of 2 min is appropriate to estimate HRV or the parasympathetic component but 

not the sympathetic component, which is better estimated with long records (43). Thus, our 

analysis was primarily focused on high frequency or time domain measures. While use of 

HRV data from the 2-min rhythm strip led to the exclusion of a large proportion of our 

cohort, their characteristics were similar to those included (Online Table 2), and the results 

were robust on using 10-s ECG data with fewer exclusions. Lastly, we did not see 

attenuation of effect estimates after excluding AF events during the initial 2 years of follow-

up; thus, reverse causality is unlikely. Case ascertainment in the absence of continuous 

ambulatory ECG monitoring for paroxysmal AF and outpatient surveillance has lower 

sensitivity especially after 1998 (last visit with field center ECG recordings) and remains 

another limitation, but specificity and positive predictive value of hospital diagnosis is high.

Conclusions

Our study found that a decrease in modulation of heart rate was associated with increased 

risk of new-onset AF. Modulation of ANS inputs have proven beneficial among patients 

undergoing wide circumferential AF ablation. Whether interventions ranging from exercise 

and yoga to direct modulation of ANS can prevent AF in high- and moderate-risk 

individuals remains to be examined.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS AND ACRONYMS

AF atrial fibrillation

ANS autonomic nervous system

CHD coronary heart disease

CVD cardiovascular disease

ECG electrocardiogram

HF heart failure

HRV heart rate variability

MI myocardial infarction

RMSSD root mean square of successive differences in normal-to-normal R-R 

intervals

SDNN standard deviation of normal-to-normal R-R intervals
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Perspectives

COMPETENCY IN MEDICAL KNOWLEDGE: In a large, biracial, population-based 

cohort of middle-aged men and women, impaired cardiac autonomic responsiveness, as 

reflected in low heart rate variability, was associated with an increased risk of AF 

independent of several traditional risk factors.

TRANSLATIONAL OUTLOOK: Future studies should investigate whether 

modulation of the autonomic nervous system is effective in preventing AF. Candidate 

approaches include weight management, exercise, yoga, prevention or treatment of sleep 

apnea, or administration of adrenergic inhibitor drugs.
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Central Illustration. Cardiac Autonomic Function and Atrial Fibrillation: Potential Interplay
Abnormalities in cardiac autonomic function, as denoted by a lower heart rate variability 

(HRV) or unbalanced sympathetic to parasympathetic tone, were associated with a higher 

risk of developing atrial fibrillation (AF) in a population-based cohort over 20 years of 

follow-up. Future studies should investigate whether modulation of the autonomic nervous 

system, through strategies such as weight management, exercise, and yoga, may be effective 

in preventing AF. **One SDNN lower HRV measure was associated with 21% higher risk of 

AF development over 20 years of follow up in the ARIC study cohort. Abbreviations: ARIC 

= Atherosclerosis Risk in Communities; A-V = atrioventricular; HF = high frequency; LF = 

low frequency; S-A = sino-atrial; SDNN = standard deviation of normal-to-normal R-R 

intervals.
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Figure 1. Baseline RR Interval and Incident AF
The dose-response relationship of inverse heart rate and incident atrial fibrillation (AF) 

showed a threshold effect around 1,200 ms. The model was adjusted for baseline age, race, 

sex, diabetes, hypertension, high- and low-density lipoprotein cholesterol, prevalent 

coronary heart disease, prevalent heart failure, current smoking status, alcohol drinking, and 

body mass index. Although, the shape of the relationship remained unchanged after 

additional adjustment for beta-blockers, the confidence interval (CI) widened.
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Figure 2. HRV and AF Incidence
The multivariable-adjusted dose-response relationship between HRV measures (SDNN and 

high frequency) with incident AF suggested an almost log linear relationship with threshold 

effect between incident AF and (A) standard deviation normal to normal (SDNN) and (B) 
high frequency, both measures of HRV. The curves were adjusted for prevalent coronary 

heart disease, diabetes, hypertension, prevalent heart failure, smoking status, alcohol intake, 

Agarwal et al. Page 15

J Am Coll Cardiol. Author manuscript; available in PMC 2018 January 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



education level, high- and low-density lipoprotein cholesterol, study center, body mass 

index, heart rate, and Cornell voltage. Abbreviations as in Figure 1.
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Table 1

Baseline Characteristics

Characteristics Incident Atrial Fibrillation

p Value

Yes (n = 1,580) No (n = 10,135)

Mean
* SD Mean

* SD

Age, yrs 56.5 5.4 53.7 5.7 <0.001

Male 0.53 0.42 <0.001

White 0.82 0.74 <0.001

Education <0.001

Less than high school 0.28 0.22

High school but less than college 0.41 0.42

College or professional 0.31 0.36

Hypertension 0.45 0.32 <0.001

Diabetes 0.16 0.10 <0.001

Prevalent CHD 0.09 0.04 <0.001

Prevalent heart failure 0.08 0.04 <0.001

Current smoker 0.30 0.25 <0.001

Former smoker 0.35 0.32 <0.001

Cigarette-years of smoking 408.2 496.3 291.1 415.7 <0.001

Usual ethanol intake, g/week 44.63 97.1 40.54 92.0 0.10

LDL cholesterol, mg/dl 139.0 39.1 137.0 39.1 0.05

HDL cholesterol, mg/dl 48.6 15.7 52.7 17.3 <0.001

BMI, kg/m2 28.7 5.6 27.4 5.2 <0.001

Cornell voltage, mm 12.9 5.8 12.1 5.4 <0.001

Mean RR interval, ms 916.2 144.2 904.4 135.3 0.001

Log (SDNN) 3.43 0.53 3.51 0.48 <0.001

Log (RMSSD) 3.10 0.68 3.18 0.61 <0.001

Log (LF) 2.40 1.48 2.71 1.34 <0.001

Log (HF) 1.80 1.45 2.11 1.29 <0.001

Log (LF/HF) 0.60 0.97 0.60 0.92 0.91

BMI = body mass index; CHD = coronary heart disease; HDL = high-density lipoprotein; HF = high frequency; LDL = low-density lipoprotein; LF 
= low frequency; RMSSD = root mean square of successive differences in normal-to-normal R-R intervals; SDNN = standard deviation of normal-
to-normal R-R intervals.

*
Mean or proportion
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Table 2

Relative Hazards of AF with HRV Decrease

Measure Model 1
*

Model 2
†

Model 3
‡

Model 4
§

HR
∥ 95% CI HR

∥ 95% CI HR
∥ 95% CI HR

∥ 95% CI

Mean RR interval 1.01 0.96-1.06 0.96 0.92-1.01 0.91 0.83-1.00 0.91 0.83-1.01

Log (SDNN) 1.18 1.13-1.25 1.10 1.05-1.16 1.14 1.08-1.21 1.12 1.06-1.19

Log (RMSSD) 1.07 1.02-1.13 1.04 0.99-1.10 1.07 1.01-1.14 1.06 1.00-1.12

Log (HF) 1.14 1.09-1.20 1.11 1.06-1.17 1.12 1.06-1.17 1.10 1.05-1.16

Log (LF) 1.24 1.18-1.30 1.16 1.11-1.22 1.17 1.11-1.23 1.16 1.10-1.22

Log (LF/HF) 1.15 1.09-1.21 1.08 1.03-1.14 1.08 1.03-1.14 1.08 1.03-1.14

AF = atrial fibrillation; CI = confidence interval; other abbreviations as in Table 1.

*
Model 1: adjusted for age, race, and sex.

†
Model 2: adjusted for adjusted for model 1 covariates, and prevalent CHD, diabetes, hypertension, prevalent heart failure, smoking status, alcohol 

intake, education level, LDL cholesterol, HDL cholesterol, study center, and BMI.

‡
Model 3: adjusted for model 2 covariates, and heart rate (no change with additional adjustment of Cornell voltage).

§
Model 4: adjusted for model 3 covariates, and incident CHD, and incident heart failure.

∥
Hazard ratios (HR) are expressed per SD lower heart rate variability (HRV) measures.
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Table 3

Demographic Differences in Relative Hazards of AF with HRV Decrease

HR
* 95% CI p for interaction

Male 1.14 1.05 1.23 0.75

Female 1.14 1.05 1.24

White 1.15 1.08 1.22 0.87

Black 1.09 0.97 1.24

Age <54 yrs 1.02 0.91 1.15 0.05

Age ≥54 yrs 1.22 1.14 1.30

No diabetes 1.09 1.03 1.16 <0.01

Diabetes 1.33 1.16 1.52

Abbreviations as in Tables 1 and 2.

*
Per SD lower log (SDNN) after adjusting for variables as in Model 3 (in Table 2). No difference in relationship was seen by prevalent CHD, heart 

failure, or use of beta-blockers (results not shown).
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