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Abstract

Purpose—To estimate the heart rate variability (HRV)-related lifetime cardiovascular disease
(CVD) risk.

Methods—We followed 9,744 participants without baseline CVD, and used a life table approach
to estimate lifetime CVD risk (coronary heart disease, heart failure and stroke) from 45 through 85
years according to several HRV measures [the standard deviation of RR intervals (SDyp), the root
mean square of successive differences of successive RR intervals (RMSSD), the mean of all
normal RR intervals (meanyy), low (LF) and high (HF) frequency power, and the LF/HF ratio].

Results—During 192,110 person-years of follow-up, we documented 2,856 CVD events. Cox
regression analyses with the false discovery rate method correction showed independent
associations of SDyy, meanyn, LF, and LF/HF in women with CVD. Lifetime CVD risks in the
lowest compared with in the highest tertile were significantly increased in men for LF/HF [51.3%
(95% confidence interval, 47.3-54.7) vs. 43.9% (40.1-47.2)], and in women for SDyy [39.4%
(36.0-43.0) vs. 29.9% (26.3-33.0)], meannn [39.3% (35.7-42.7) vs. 28.9% (25.7-31.7)], LF
[39.4% (35.9-43.0) vs. 30.0% (26.2-33.2)], and LF/HF [37.6% (33.9-40.9) vs. 30.0% (26.8-
32.7)].

Conclusions—Greater HRV was modestly associated with lower lifetime CVD risk.
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INTRODUCTION

Heart rate variability (HRV) is a well-established marker of autonomic nervous system
function—both sympathetic and parasympathetic (1). Reduced HRV, which reflects
sympatho-vagal imbalance (i.e. increased sympathetic or reduced vagal activity), is
associated with cardiovascular risk factors such as physical inactivity, hypertension, and
diabetes (2-4), and cardiovascular disease (CVD), itself (5). Simple and convenient
commercial devices and telephone or computer applications to assess HRV have become
increasingly available to the public, and exercisers often now monitor HRV to identify
training stress (6, 7). Anecdotal comments on the World Wide Web suggest that some people
monitor HRV because they believe it is a marker of cardiovascular health. Thus, it seems
important to further understand whether there is a meaningful association between HRV and
long-term risk of CVD.

One way to do this may be to calculate HRV-related lifetime risk of CVD. Lifetime risk
estimates, that is, absolute risks from a certain age through death, can readily convey the
burden of CVD in a population (8). Yet, to the best of our knowledge, no study has estimated
lifetime risks of CVD as it relates to HRV.

Therefore, the objectives of the present study were (i) to reevaluate the association between
HRV in middle-age and incidence of CVD (coronary heart disease, heart failure and stroke)
using Cox proportional hazards regression, and (ii) to estimate the lifetime risks of CVD
from age 45 through age 85 years in relation to HRV in a large biracial cohort study.

MATERIALS AND METHODS

Study Design, Setting, and Population

The Atherosclerosis Risk in Communities (ARIC) Study is a population-based longitudinal
prospective study of CVD (9). In 1987-1989, 15,792 mostly Caucasian or African American
men and women aged 45 to 64 years were recruited from 4 U.S. communities: Forsyth
County, North Carolina; Washington County, Maryland; suburban Minneapolis, Minnesota,
and Jackson, Mississippi (African Americans only). Various demographic characteristics,
health behaviors, and cardiovascular conditions were measured at the baseline home
interview and clinic examination. Participants were followed through 2013 by clinical
examinations and telephone interview for CVD events. All institutional review boards of the
collaborating institutions approved the study protocol, and written informed consent was
provided by each participants.

Main Exposure: Heart Rate Variability

The main exposure of interest was HRV. The European Society of Cardiology and the North
American Society of Pacing and Electrophysiology have documented standards and
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procedures for HRV measurement (1). Briefly, heart rate is measured from the intervals
between R waves of successive heartbeats (RR interval); HRV reflects the magnitude of RR
interval variation over time. Protocols for data processing and analysis in ARIC were
previously published (10) and are summarized in Supplementary Table | and Il. ARIC
measured HRV using a 2-minute electrocardiogram (ECG) at baseline. All data were
collected on supine, resting participants, reflect short-term daytime HRV, and were analyzed
using ECG software (time-domain) or a previously developed computer algorithm
(frequency-domain). HRV measures are commonly divided into time- and frequency-domain
measurements. Time-domain measures are calculated directly from heart rate or the duration
between successive RR intervals. Frequency-domain measures are calculated from spectral
imaging of the ECG recording. In this study, we evaluated 3 time-domain and 3 frequency-
domain measures of HRV. The time-domain measures included; (i) the standard deviation of
all normal-to-normal RR intervals (SDyy), which characterizes overall HRV; (ii) the root
mean square of successive differences in normal-to-normal RR intervals (RMSSD), which is
thought to reflect parasympathetic nervous system activity; and (iii) the mean of all RR
intervals (meanNN), which measures both sympathetic and parasympathetic influences. The
frequency-domain measures included; (i) low frequency power (LF, 0.04-0.15 Hz),
considered to include both sympathetic and parasympathetic activities; (ii) high frequency
power (HF, 0.15-0.40 Hz), thought to reflect parasympathetic activity; and (iii) low and high
frequency power ratio (LF/HF), which estimates the balance between sympathetic and
parasympathetic activity. The reliability and validity of our short duration HRV metrics were
previously described (11).

Other Cardiovascular Risk Factors

We assessed other potential CVD risk factors, including race (white or African American),
body mass index, hypertension (systolic blood pressure = 140 mmHg, diastolic blood
pressure 290 mmHg or hypertension medication use), diabetes mellitus (a fasting blood
glucose =126 mg/dl, non-fasting blood glucose =200 mg/dl, a self-reported physician
diagnosis of diabetes, or use of antidiabetic medication in the past 2 weeks) (12), high-
density lipoprotein cholesterol (HDL), low-density lipoprotein cholesterol (LDL), smoking
status (current, former or never), alcohol drinking status (current, former or never), physical
activity, educational attainment (grade school, high school without graduation, high school
with graduation, vocational school, college with or without graduation, or graduate or
professional school) and heart rate. The Baecke questionnaire was used to query participants
regarding their frequency of and number of hours walking and participating in as many as 4
sports during the previous year (13). Each exercise or sport activity was converted into
metabolic equivalents of task (METS) according to the Compendium of Physical Activities
(14). Previous studies evaluated the reliability and validity of the Baecke questionnaire (15).
Moderate activities were defined as those involving a workload of 3-6 METSs and vigorous
activities were those involving a workload of >6 METSs. Physical activity levels were
categorized into the following three levels: “recommended” (=75 minutes/week of vigorous
intensity or 2150 minutes/week of any combination of moderate + vigorous intensity),
“intermediate” (1-74 minutes/week of vigorous intensity or 1-149 minutes/week of any
combination of moderate + vigorous intensity), or “poor” (0 minutes/week of moderate or
vigorous intensity).
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Confirmation of Cardiovascular Disease

For the present study, we defined an incident CVD event as the first-ever coronary heart
disease, heart failure, or stroke. Annual telephones captured participant’s hospitalizations
and deaths related to possible CVVD (16). Lists of discharges from local hospitals and death
certificates were also surveyed from state vital statistics offices for potential CVD events.
ARIC staffs validated CVD outcomes by reviewing medical records and recorded
information. Incident coronary heart disease was defined as a definite or probable
myocardial infarction, definite coronary death, or coronary revascularization procedure.
Incident heart failure was defined as a hospitalization with an International Classification of
Diseases-9th Revision (ICD-9) discharge code of 428 (428.0 to 428.9) among the primary or
secondary diagnoses or else a death certificate with an ICD-9 code of 428 or an ICD-10 code
of 150 among the listed or underlying causes of death (16). A previous study has shown a
sensitivity of 93% for heart failure (16). Definite or probable strokes were classified by
computer algorithm and physician review based on the National Survey of Stroke. When
there were disagreements, they were resolved by a second physician (16).

Statistical Analysis

SAS software, version 9.4 (SAS Institute Inc., Cary, NC, USA) was used for the statistical
analyses.

We excluded participants who reported or had electrocardiographic evidence of prebaseline
CVD (n=1,553), participants taking medication known to affect HRV (B-blockers,
antiarrhythmics, or digoxin; n=1,540), participants with missing or poor quality HRV data
(n=2,461), and participants whose outcome status was missing (n=151). We further excluded
non-white participants in Washington County or Minneapolis and non-white/black
participants in Forsyth County (n=64) due to small numbers in order to allow multivariable
adjustment for race and study site (17), and participants with missing data on any covariates
(n=279). After exclusions, 9,744 participants (4,140 men and 5,604 women) were available
for these analyses.

Participants were followed from the baseline (1987-1989) to the first endpoint: incident
CVD, death, loss to follow-up, or administratively censored at December 31, 2013. Firstly,
we calculated sex-specific hazard ratios (HRs) for time to first CVD event and
corresponding 95% confidence intervals (Cls) after adjustment for potential confounding
factors using Cox proportional hazard models. Model 1 adjusted for age, and race/ARIC
field center; and Model 2 additionally for body mass index, prevalent hypertension,
prevalent diabetes, high- and low-density lipoprotein, smoking status, drinking status,
physical activity, educational attainment, and heart rate (except for meanyy). In order to
account for multiple tests, we evaluated the association between HRV measures and CVD
risk using the false discovery rate method. P-values adjusted for the false discovery rate
method <0.05 were regarded as significant. Next, we estimated sex-specific remaining
lifetime risks of incident CVD from age 45 years through age 85 years in relation to HRV,
using a modified version of survival analysis (18). This method uses survival age as the time
scale, combines data on participants entering the observation periods at different ages, and
accounts for varying durations of follow-up on individuals. In addition, it adjusts for
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competing risk of non-CVD deaths in order to yield an accurate estimate of age-specific
hazards, incidence rates, cumulative incidences, and survival probabilities (18). The
multiple-decrement life-table approach treats death as a true competing event, and the
decedent’s risk for subsequent events is set to zero (19). This is a more appropriate
assumption when attempting to determine the public health burden of disease because
decedents can no longer be at risk for the disease of interest. In a standard Kaplan-Meier
analysis, it is assumed that all subjects eventually get the disease, and those who die are
treated as censored observations. Thus, a standard Kaplan-Meier method usually
overestimates the remaining lifetime risk (20). We considered the difference of lifetime risks
between two groups as significant when their 95% Cls didn’t overlap.

As shown in Table 1, men and women in lower levels of SDyy Were more likely to be older,
and they had higher prevalences of hypertension and diabetes, and higher body mass index.
Correlation coefficients between pairs of HRV measurements are reported in Supplementary
Table I11. Most pairs of HRV measures were moderately highly correlated, with the
exceptions of pairs involving meanyy with frequency-domain measures or pairs including
LF/HF.

During 1987-2013 and a median of 24 years of follow-up, 9,744 participants (4,140 men
and 5,604 women) provided 192,110 person-years of observation. We identified 2,856
incident CVD events, and 1,646 non-CVD deaths.

In Cox regression analyses, the age- and race-adjusted model generally showed inverse
dose-response relations between middle-age HRV and CVD incidence (Model 1 in Table 2).
Further adjustments for other CVD risk factors attenuated the associations. The false
discovery rate method showed that only SDyp, meanyy, LF, and LF/HF in women were
significantly associated with CVD risk (asterisks in Table 2).

The overall lifetime risks of CVD from age 45 years to age 85 years were 47.0% (95%
confidence interval, 44.7-49.0) for men and 33.7% (31.7-35.5) for women, respectively. As
shown in Table 2 and the Figure, HRV in middle age displayed inverse dose-response
relations with lifetime risk of CVD. Lifetime risks of CVD in the lowest vs. highest tertiles
of HRV were approximately 49% vs. 45% for men, and 38% vs. 30% for women,
respectively. Lifetime risks of CVD were significantly increased in the lowest compared
with the highest tertile in men for LF/HF (the lowest vs. the highest=51% vs. 44%) and in
women for SDyN (39% vs. 30%), meanpyy (39% vs. 29%), LF (39% vs. 30%), and LF/HF
(38% vs. 30%).

DISCUSSION

In this population-based prospective cohort study in the U.S., firstly, we observed inverse

associations between HRV measures in middle age and CVD incidence using Cox regression
models, particularly in women. Secondly, we found inverse dose-response relations between
HRV and lifetime risk of CVD from age 45 years to age 85 years. Furthermore, several HRV
measures, specifically LF/HF for men and SDyn, meanyn, LF, and LF/HF for women, were
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significantly inversely associated with lifetime risk of CVD. Although an inverse association
between HRV and CVD risk is well established, this is the first estimate of how HRV
measures translate into lifetime CVD risk.

Our study suggests that individuals with decreased HRV such as the lowest tertiles of HRV
measures in this study might need to recognize themselves as those with increased lifetime
risk of CVD [in this study, compared with those in the highest tertile, men in the lowest
tertile of HRV had approximately 4% higher lifetime risk of CVD (49% vs. 45%), and
women had 8% higher lifetime risk (38% vs. 30%)]. Since HRV measures are simple and
non-invasive and thus are available to the public, if future studies can confirm abnormal
ranges of HRV in relation to CVD risk, HRV measures might greatly contribute to CVD
prevention.

HRV reflects autonomic nervous system function. Autonomic nervous system function can
be impaired by several lifestyle factors such as smoking and physical inactivity, and
comorbidities such as diabetes as well as aging (2—4, 21, 22). Impaired autonomic nervous
system function has been suggested to trigger inflammation and arrhythmia (1, 23), elevate
blood pressure (3), and disturb the dynamics between blood pressure and blood flow in the
cerebral vessels (circulatory autoregulation) (24), which can increase CVD risk. Thus, these
mechanisms may explain its inverse association with CVD observed in the present study,
and HRV may be a marker for increased risk of CVD. Applications and devices measuring
HRV are increasingly popular, particularly among athletes, to monitor autonomic nervous
system function during exercise or training, and so the relation of HRV to CVD is of
potential interest.

Although lower HRV was associated with higher lifetime risk of CVD, even those with
higher HRV had a substantial lifetime risk of CVD (approximately 45% for men and 30%
for women). A previous study estimated that the lifetime risks of CVD of men and women
aged 45 years through 85 years who had one major risk factor (smoking, hypertension,
diabetes, or hypercholesterolemia) were around 45% and 30%, respectively (20). Thus,
although low HRV may be useful to identify individuals with high CVD risk, those with
higher HRV also need additional risk assessments such as “Life’s Simple 7”” recommended
by American Heart Association and interventions to further reduce their lifetime risk of
CVD. In addition, it is unclear whether attempting to optimize HRV over the long term
would translate into any substantial cardiovascular health benefit. For answering this
question, interventional studies (e.g. exercise) would be needed.

The present study demonstrated generally similar results for multiple HRV measures.
Although each HRV measure is touted to reflect different autonomic nervous system
functions, most measures were moderately correlated with each other. This suggests that the
observed associations are not independent but reflect related pathophysiology.

HRV appeared to correlate with CVD risk in women somewhat better than in men. A
previous study showed that HRV was significantly lower in women with untreated newly
diagnosed hypertension compared with men (25). HRV might reflect end organ damages
more sensitively in women than in men.
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Some limitations of our study need to be mentioned. Estimates of lifetime risks of CVD
should be interpreted carefully as risk markers examined may be to some degree confounded
by other CVD risk factors. Even with such a proviso, our estimates of lifetime risk can help
in understanding the association between HRV and CVD risk. A second potential limitation
is that estimates of lifetime risk are subject to birth cohort effects, and therefore can change
over time. Thirdly, we obtained HRV using a 2-minute ECG. Collection of long-term Holter
ECG recordings is generally preferred to short-term ECG recordings, because longer
recording reduces measurement variability (26), and HRV derived from short term ECG
recordings may not represent the sympathetic and parasympathetic activity in a 24-hour
period. However, a previous study has shown that 2- to 15-minute and 24-hour HRV
measures are highly correlated (11). Finally, we could not conduct any correction such as the
false discovery rate method for lifetime risk estimates. Thus, the association between HRV
and lifetime risk (significant or not) may be to dome degree overestimated.

CONCLUSIONS

In the prospective population-based ARIC cohort, greater HRV in middle age was associated
with modestly lower lifetime risk of CVD through age 85. Those with higher HRV still had a
substantial lifetime risk of CVD, suggesting that they also need risk assessments and
intervention to further reduce their lifetime risk of CVD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure.
Sex-specific risk estimates of cardiovascular disease risk from age 45 to 85 years in relation

to heart rate variability, ARIC, 1987-2013. SDy;, standard deviation of all normal-to-
normal RR intervals; RMSSD, root mean square of successive differences of successive RR
intervals; Meany, mean of all normal-to-normal RR intervals; LF, low frequency power;
and HF, high frequency power.
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