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Abstract

Objective—Resting heart rate (RHR) is an established predictor of myocardial infarction (MI)
and mortality, but the relationship between variation in RHR over a period of several years and
health outcomes is unclear. We evaluated the relationship between long-term variation in RHR
and the risks of incident M1 and mortality among older adults.

Methods—1,991 subjects without cardiovascular disease from the Cardiovascular Health Study
were included. RHR was taken from resting electrocardiograms at the first five annual study visits.
RHR mean, trend, and variation were estimated with linear regression. Subjects were followed for
incident MI and death until December 2010. Hazard ratios (HRs) for RHR mean, trend, and
variation are reported for differences of 10 bpm, 2 bpm/yr, and 2 bpm respectively.

Results—262 subjects had an incident M1 event (13%) and 1326 died (67%) during 12 years of
median follow up. In primary analyses adjusted for cardiovascular risk factors, RHR mean (HR
1.12; 95% confidence interval [CI], 1.05-1.20) and variation (HR 1.08; 95% CI, 1.03-1.13) were
associated with the risk of death while trend was not. None of the RHR variables were
significantly associated with the risk of incident MI events, however confidence intervals were
wide and the MI associations with RHR variables were not significantly different from the
mortality associations. Adjusting for additional variables did not affect estimates, and there were
no significant interactions with sex.
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Conclusion—Variation in RHR over a period of several years represents a potential predictor of
long-term mortality among older persons free of cardiovascular disease.

INTRODUCTION

METHODS

Resting heart rate (RHR) is an established prognostic marker for mortality and
cardiovascular disease among the general population [1, 2, 3, 4], the elderly [5, 6], and
individuals with a variety of conditions including coronary heart disease (CHD) [7, 8] and
congestive heart failure (CHF) [9, 10]. A recent population-based study found that an
increase in RHR over a ten year period was associated with increased mortality [11].
However, the use of one or two observations to approximate the average and trend in RHR
may result in measurement error [12].

The potential for measurement error to bias estimates of association with health outcomes
has long been recognized in the blood pressure literature [13]. Furthermore, variation of a
measurement over time can be quantified and may yield additional prognostic information.
Using repeated blood pressure measurements from four stroke prevention clinical trials,
Rothwell and colleagues demonstrated that long-term variation in blood pressure over a
period of several years was a more powerful predictor of stroke and CHD than the average
blood pressure [14]. This analytic framework -- using repeated measurements over a period
of several years to estimate the mean, trend, and long-term variation for each person -- has
not yet been applied to evaluate the association of RHR with the long-term risks of health
outcomes such as mortality and myocardial infarction (Ml).

We used data from the first five yearly study visits of a prospective population-based cohort
study of older adults to estimate these RHR elements and their associations with two
outcomes, incident M1 and death. We sought to replicate the finding of an association
between RHR trend and CHD risk, and we hypothesized that greater long-term variation in
RHR is associated with a higher risk of incident MI and death, independent of the RHR
mean and trend.

Study Design

The Cardiovascular Health Study (CHS) is a prospective population-based cohort study of
risk factors for CHD and stroke in older adults [15]. In 1989-1990, 5,201 non-
institutionalized participants over the age of 65 were recruited from four field centers. In
1992-1993, 687 additional minority participants were recruited. At the baseline examination,
information on risk factors and medication use was collected [16], and a variety of
measurements were made: seated and supine blood pressure and heart rate, ankle-arm
systolic blood pressures, height and weight, laboratory tests including creatinine and fasting
cholesterol, 12-lead resting electrocardiogram (ECG), duplex carotid ultrasound, and
echocardiography. Until 1999, medication data, blood pressure, heart rate, ECGs, and
information from various questionnaires were collected at yearly clinic visits. The analyses
described in this manuscript have been approved by the CHS Publications & Presentations
Committee. The University of Washington Human Subjects Division does not consider
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theses analyses, which use de-identified data on CHS participants, to be Human Subjects
research.

For these analyses, the baseline period comprised the first five yearly clinic visits. To avoid
selection bias and confounding, participants were excluded if they died, had prevalent
cardiovascular disease, used medications that directly affect heart rate (inhaled
anticholinergics, beta-adrenergic agonists, beta blockers, and non-dihydropyridine calcium
channel blockers), had an implanted pacemaker, or had a missing RHR measurement during
the baseline period. Prevalent cardiovascular disease included angina, previous Ml,
angioplasty, coronary artery bypass surgery, stroke, transient ischemic attack, carotid
endarterectomy, claudication, peripheral arterial bypass surgery, CHF, atrial fibrillation, or
the use of digoxin or nitrates [17]. Subclinical cardiovascular disease at baseline was defined
as the presence of an ankle brachial index < 0.9, left ventricular hypertrophy on any ECG, or
carotid artery stenosis = 25% [18].

RHR Variables

Outcomes

Analysis

RHR measurements during the baseline study visits were taken from resting 12-lead ECGs.
[15] When ECG data were missing, RHR assessed by palpation over a 30-second interval
was used. For each participant, linear regression was used to estimate mean, trend, and
variation in RHR (Figure 1). RHR trend is the slope of the line of best fit and RHR variation
is the standard deviation of the five residuals around the line of best fit.

The two primary outcomes for these analyses were incident MI events and deaths. Follow up
began at the last baseline study visit [19]. Participants were asked every 6 months about
cardiovascular events and hospitalizations through December 31, 2010. Centers for
Medicare and Medicaid Services data were also used to identify hospitalizations. Discharge
summaries, lab results, and serial ECGs were obtained for all hospitalizations. Deaths were
identified through surveillance calls, scheduling calls for annual visits, and local obituaries.
The identification of MI was based on an algorithm that included symptoms of chest pain,
increased cardiac enzymes, and ECG changes [19]. Fatal events that did not meet criteria for
MI were classified as fatal CHD-related deaths if participants had chest pain within 72 hours
of death or had a history of ischemic heart disease, in the absence a known non-
atherosclerotic cause. An events committee adjudicated all events. Analyses of Ml events
included non-fatal Mls, fatal Mls, and CHD-related deaths. Deaths were classified as fatal
Mls, and CHD-related deaths, or non-CHD related.

For the entire study population, repeated measures ANOVA was used to partition the total
variance in all baseline RHR measurements into between-subject and within-subject
components of variance. The within-subject component was divided by the total variance to
estimate the proportion of RHR variation in the entire study sample explained by changes
from measurement to measurement within individuals. Correlation coefficients between
pairs of the three RHR exposure variables were calculated.
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Cox regression was used to estimate hazard ratios (HRs) for the associations of the three
RHR exposure variables with outcomes. In the first set of analyses, adjustments were made
for age, sex, and race. In the second (primary) set of analyses, adjustments were also made
for cardiovascular risk factors: current smoking (yes/no), treated diabetes mellitus (yes/no),
systolic blood pressure (continuous), high-density lipoprotein cholesterol level (continuous),
and the presence of subclinical cardiovascular disease (yes/no). In the third set of analyses,
additional adjustments were made for: marital status (married/other), education (completed
high school/no), self-reported health status (very good or excellent/other), regular moderate
or high-intensity exercise (yes/no), body mass index (continuous), serum creatinine
(continuous), 15-foot walk speed (continuous), and grip strength (continuous). Each
regression model included all three RHR exposure variables simultaneously, so that
estimates for one RHR variable (e.g. variation) were adjusted for the other two (e.g. mean
and trend). In sensitivity analyses, subjects with any RHR observation from manual
palpation and the first 6 months of observation were excluded.

Potential interactions of sex and subclinical cardiovascular disease with the various RHR
variables were assessed using interactions terms in the primary analysis models. Potential
interactions of RHR mean with RHR variation were also assessed. In exploratory analyses,
associations of RHR variables with different components of the primary outcomes were
evaluated in the primary analysis models: incident Ml events included incident Mls and
CHD-related deaths; deaths were classified as CHD-related (including fatal MI) or non-
CHD-related.

Because there were far fewer Ml events than deaths, the power to detect RHR variable
associations with MI events was limited compared with the power to detect mortality
associations. Therefore, the presence of significant associations with mortality but absence
of significant associations with MI events could be due to limited power rather than
heterogeneity of the underlying associations. To assess whether associations of RHR
variables with the two primary outcomes were different, we calculated ratios of HRs using
coefficient estimates from models for each outcome that adjusted for cardiovascular risk
factors and constructed confidence intervals from percentiles of bootstrap distributions of
the log HR ratios [20]. This method was also used to assess the statistical evidence for
differences in associations of RHR variables with the different components of the primary
outcomes. The assumption of proportional hazards was evaluated using plots of scaled
Schoenfeld residuals. Stata (Version 11) and R (Version 3.1.0) [21] were used to perform all
analyses.

RESULTS

Study Population

Out of 5,888 total CHS participants, 585 died before the end of the baseline period, 2,119
had prevalent cardiovascular disease, 719 were on medications that affect heart rate, and 4
had a pacemaker. Of the remaining 2,461 participants, 1,991 had RHR measurements at
each baseline study visit and were included in these analyses (Supplemental Figure 1). 33 of
the 9,955 total RHR observations (0.3%) were from manual palpation.
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Age at baseline ranged from 68 to 96 years. During follow up over a median of 12.4 years,
262 (13%) experienced an incident MI event and 1326 (67%) died. Of the incident Ml
events, 189 were nonfatal Mls, 40 were fatal Mls, and 33 were CHD-related deaths. 132
(10%) of the deaths were fatal M1 events or CHD-related deaths, 59 of which were recurrent
CHD events.

RHR Variables

The mean (and standard deviation) of the RHR mean, trend, and variation were 64.6 (8.4)
bpm, 0.1 (2.0) bpm/year, and 4.4 (2.5) bpm. Using repeated measures ANOVA, within-
individual variation in RHR over time accounted for 29% of the total study population
variation. The strongest correlation between RHR variables occurred between RHR mean
and RHR variation (r = 0.21, Supplemental Figure 2).

Participants in the highest tertile of mean RHR were less educated, reported worse health,
exercised less, had higher blood pressure and cholesterol, and had more hypertension and
diabetes mellitus (Table 1). In contrast, there was little difference in the characteristics of
participants among the different tertiles of RHR trend and RHR variation.

Associations with Outcomes

Hazard ratios for associations of RHR mean, trend, and variation with outcomes were
standardized to units of 10 bpm, 2 bpm/year, and 2 bpm respectively, which were the
population standard deviations for each RHR variables. In both the minimally-adjusted and
the primary analyses adjusted for cardiovascular risk factors, RHR trend and variation were
positively associated with incident MI, but confidence intervals were wide and included 1.0
(Table 2). On the other hand, RHR mean and RHR variation were significantly associated
with death while RHR trend was not. To place these findings in context with other
established cardiovascular disease risk factors, in the mortality analysis adjusted for
cardiovascular risk factors, the associations for RHR mean (HR 1.12; 95% ClI, 1.05-1.20)
and variation (HR 1.08; 95% CI, 1.03-1.13) were similar in magnitude to the association for
systolic blood pressure (HR 1.11; 95% Cl, 1.05-1.17) standardized to the study population
standard deviation (19 mmHg). Adjusting for additional variables did not affect RHR
association estimates for either primary outcome (Table 2). Forest plots of RHR variable
associations with the primary outcomes are displayed in Figure 2.

Excluding subjects with any RHR observation from manual palpation and excluding the first
6 months of observation affected estimates only slightly (Supplemental Tables 1 and 2). No
significant interactions with sex or subclinical cardiovascular disease status were identified
(P > 0.05 for all interaction terms). There was marginal statistical evidence of an interaction
between RHR mean and variation in the mortality analysis (P = 0.052): RHR variation was
more strongly associated with mortality among subjects with mean RHR at or below the
median value (HR 1.13; 95% CI, 1.05-1.22) than among subjects with mean RHR above the
median (HR 1.03; 95% ClI, 0.97-1.09). Associations of RHR variables with the components
of the primary outcomes are shown in Table 3 and Figure 2. Plots of Schoenfeld residuals
did not demonstrate violations of the proportional hazards assumption.
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Comparisons of Associations with Different Outcomes

To determine whether associations of RHR variables with incident MI events were different
from associations of RHR variables with mortality, we calculated ratios of HRs for the two
outcomes and estimated confidence intervals (Table 3). For all RHR variables, there was no
strong statistical evidence of different associations for the two primary outcomes. The
evidence was strongest for RHR trend: the ratio of HRs for death compared with MI was
0.89 (95% ClI, 0.77-1.01). For the ratios of HRs comparing different components of the
primary outcomes, the statistical evidence for differences in associations was similarly
weak.

DISCUSSION

In this prospective cohort study of older adults free of cardiovascular disease, we found that
the mean and long-term variation in RHR, but not the trend, were associated with the risk of
death. These risk estimates were similar in magnitude to the risk estimate for systolic blood
pressure, an established cardiovascular risk factor. Incident MI events were less frequent
than deaths, resulting in wide confidence intervals for HR estimates, and none of the RHR
variables were significantly associated with incident Ml risk. However, there was little
statistical evidence that the incident MI associations were different from the mortality
associations with RHR variables. These analyses adjusted for not only established
cardiovascular risk factors such as smoking and hypertension, but also other predictors of
mortality including education, self-reported health status, physical activity, and grip
strength.

Our findings are consistent with the results of large population-based epidemiologic studies
from the 1980s, in which increased RHR was associated with an increased risk of incident
CHD and death from both CHD- and non-CHD-related causes [1, 2, 3]. At least 36
additional studies had evaluated RHR and mortality with nearly all reporting similar
associations [22]. In most of these studies, RHR was measured only once and the highest
quantiles were compared with the lowest, which estimates associations only at the extremes
of the exposure distribution, limiting generalizability [22, 23]. For example, hon-CHS
investigators have used a publically available CHS dataset, which has limited information on
covariates and outcomes, to evaluate the association of baseline RHR with mortality over 8
years of follow up. In that analysis, the highest quartile of RHR (mean 81 bpm) was
associated with a 2.2-fold increase risk of death compared with the lower quartile (mean 53
bpm) [24].

Recent studies have used two RHR measurements several years apart to evaluate change in
RHR as a prognostic marker among persons free of prevalent cardiovascular disease. Jouven
and colleagues found that an increase in RHR of > 4 bpm over a 4-year period compared
with an increase of -3 to 4 bpm was associated with a 19% increase in mortality (HR 95%
Cl, 1.04-1.37) [25], and Nauman and colleagues found that an increase in RHR from < 70
bpm to > 85 bpm over a ten-year period compared with a RHR that remained < 70 bpm was
associated with a 1.5-fold increase in mortality (HR 95% Cl, 1.2-1.9) [11]. The associations
with CHD-related death were even stronger in both of these studies. In our study, we
evaluated a continuous distribution of RHR trend derived from multiple measurements,
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which is likely to be a more sensitive analytic method. Nonetheless, the upper bound of the
95% confidence interval for the mortality HR was only 1.03, a null result. We also failed to
detect a significant association with the risk of incident Ml events, but the confidence
intervals are wide and our results are consistent with as much as much as a 24% increased
risk per 2 bpm increase in RHR per year. Our failure to replicate the previous findings may
be due to differences in the study populations, limited power in our study, or a lack of a true
association.

In our study, there was strong evidence that greater long-term variation in RHR was
associated with an increased risk of death, but no significant association with an increased
risk of incident MI events was identified. In a previous study of blood pressure variation that
made use of repeated measurements, Rothwell and colleagues also found that RHR variation
across several study visits was not associated with the risk of CHD events, and they did not
evaluate mortality associations [14]. The lack of association between long-term RHR
variation and primarily non-fatal CHD events in both our study and the Rothwell study may
have been due to similarly limited power rather than true differences in the underlying
associations of RHR variation with CHD events and with mortality. The long-term variation
in RHR evaluated in our study is not the same as beat-to-beat heart rate variability (HRV)
during a single episode of measurement [26], which is a marker of autonomic nervous
system activity that has been evaluated previously in the Cardiovascular Health Study [27].

In a meta-analysis of hypertension clinical trials, effects of hypertension therapies on blood
pressure variation accounted for more of the treatment effect on stroke prevention than
effects on the mean blood pressure [28]. This finding, together with the strong
epidemiologic evidence of associations with stroke and CHD risks, suggests that long-term
variation in blood pressure may be pathogenic [29]. In contrast, a causal mechanism by
which long-term variation in RHR might lead to cardiovascular events or death remains
unclear. Since the early epidemiologic reports, it has been postulated that an increased RHR
reflects sympathetic overactivity and autonomic imbalance, which can precipitate adverse
cardiovascular events through a variety of mechanisms including increased myocardial
work, platelet activation leading to thrombosis, and arrhythmia [2, 30]. Heart rate is also
marker of physical fitness and perhaps general health [31]. Some have argued for a direct
role of heart rate in the pathogenesis of atherosclerosis [32, 33, 34], although several lines of
evidence argue against this. First, meta-analyses of hypertension clinical trials have shown
that beta-blockers are inferior to other therapies that do not have a heart rate-lowering effect
(e.g. thiazide diuretics) for the prevention of CHD [35, 36]. Second, in a clinical trial of
persons with stable CHD, the drug ivabradine, which has pure heart rate-lowering activity
and no effect on blood pressure or myocardial contractility, failed to reduce the risk of the
primary outcome, even among those with an elevated RHR at baseline [37]. Lastly, the
association of RHR with health outcomes is nonspecific: several epidemiologic studies have
demonstrated that an elevated RHR is associated with the risk of cancer mortality [38], in
one case as strongly as with cardiovascular mortality [39].

Our study had several strengths: RHR measurements from resting ECGs, centrally
adjudicated outcomes ascertained through active surveillance, high quality data on
cardiovascular risk factors collected prospectively, and adjustment for a large number of
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variables that may have accounted for RHR associations with mortality in previous studies.
Also, our analytic method allowed us to simultaneously evaluate the associations of several
measures of long-term variation in RHR with health outcomes using information from
repeated measurements, reducing measurement error.

There were several limitations. In an attempt to avoid confounding, we excluded persons
with prevalent cardiovascular disease and who used medications that affect the heart rate,
limiting generalizability. The number of incident MI events was much lower than the
number of deaths, resulting in low power to detect associations. Also, with only five RHR
measurements, we are limited in our ability to distinguish different patterns of RHR
variation, such as consistently variability across visits or having a single low or high
measurement. Lastly, although we adjusted for a number of predictors of mortality,
including socioeconomic factors, self-reported health, walking speed, and grip strength, the
associations between RHR and mortality could reflect unmeasured confounding.

Although the prognostic relevance of RHR is well established, the relationship between
long-term changes in RHR and health outcomes is not. In this prospective cohort study of
older adults, variation in RHR over a period of four years was a strong predictor of mortality
while the trend in RHR was not, independent of known cardiovascular risk factors and
average RHR. These findings require replication, and populations that include younger
adults and persons with established cardiovascular disease should also be studied.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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KEY QUESTIONS
What is already known on this subject?

Previous studies have established that that a single measurement of resting heart rate is an
important predictor of mortality and coronary heart disease, but the relationship between
long-term variation in heart rate and health outcomes has not been well studied.

What does this study add?

In a population of older adults free of cardiovascular disease, we used repeated
measurements to estimate for each subject the average, trend, and variation in heart rate
over a four-year period, and we estimated associations of these variables with the risks of
myocardial infarction and death. We found that both average heart rate and the variation
in heart rate were strongly associated with the risk of death, and the magnitude of these
associations was similar to the association for systolic blood pressure, a well-established
cardiovascular risk factor. Resting heart rate variables were not associated with the risk
of myocardial infarction, but there were few myocardial infarction events and confidence
intervals were wide.

How might this impact on clinical practice?

Newer biomarkers, some of which are expensive to measure, have added little prognostic
value to well-established risk factors for cardiovascular disease. Although our findings
require replication, variation in the resting heart rate over a four-year period may be an
important prognostic marker, independent of the average heart rate and other
cardiovascular risk factors.
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Figure 1.

Diagram of resting heart rate (RHR) measurements from baseline study visits. RHR trend is
the slope of the line of best fit and RHR variation is the square root of the variance from the
five residuals (the root mean squared error).
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Figure 2.

Forest plots of hazard ratios for resting heart rate variable associations with outcomes. (A)
Hazard ratios for RHR mean. (B) Hazard ratios for RHR trend. (C) Hazard ratios for RHR
variation.
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