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Abstract

Background—An increased resting heart rate (RHR) has long been associated with unhealthy 

life. Nevertheless, it remains uncertain whether time-varying measurements of RHR are predictive 

of mortality in older persons.

Design—The purpose of this study was to assess the relationship between repeated 

measurements of RHR and risk of death from all causes among older adults.

Methods—We evaluated repeat measurements of resting heart rate among 5691 men and women 

(aged 65 years or older) enrolled in the Cardiovascular Health Study. RHR was measured annually 

for six consecutive years by validated electrocardiogram. All-cause mortality was confirmed by a 

study-wide Mortality Review Committee using reviews of obituaries, death certificates and 

hospital records, interviews with attending physicians, and next-of-kin.

Results—Of the study cohort, 974 (17.1%) participants died. Each 10 beat/min increment in 

RHR increased the risk of death by 33% (adjusted hazard ratio, 95% confidence interval (CI) = 

1.33, 1.26–1.40). Similar results were observed (adjusted hazard ratio, 95% CI = 2.21, 1.88–2.59) 

when comparing the upper-most quartile of RHR (mean = 81 beats/ min) with the lowest (mean = 

53 beats/min). Compared with participants whose RHR was consistently ≤65 beats/min during the 

study period, the risk of death increased monotonically for each 10 beat/min (consistent) 

increment in RHR, with adjusted hazard ratios (95% CI) ranging from 1.30 (1.23–1.37) for 75 

beats/min to 4.78 (3.49–6.52) for 125 beats/ min.

Conclusions—Elevations in the RHR over the course of six years are associated with an 

increased risk of all-cause mortality among older adults.
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Introduction

Given the substantial burden of adverse health conditions associated with older age, 

identifying modifiable risk factors for these outcomes is crucial for prolonging the capacity 

to live independently and function well during the later years of life.1 With advancing age, 

however, some conventional risk factors implicated in a number of health-related disorders 

tend to lose their predictive ability.2

A wealth of epidemiological data suggests that a high resting heart rate (RHR) is an 

important predictor of all-cause mortality.3–6 Hence, highlighting the relative importance of 

RHR as a distinct marker of health status may provide a straightforward and non-invasive 

means for risk stratification in the elderly, for whom prevention strategies could be 

implemented. Prior studies, however, have evaluated RHR at only a single point in time. 

Therefore, little is known about the deleterious effects of changes in RHR over time, 

especially in older persons.

In the current investigation, we sought to examine the relationship between repeated 

measurements of RHR and the risk of death from all-causes in a large cohort of older 

persons. Specifically, we hypothesized that sustained elevations in RHR over time would be 

strongly and independently associated with all-cause mortality.

Methods

Study population

In this investigation, the Cardiovascular Health Study (CHS) limited access files were used. 

The CHS is a population-based longitudinal investigation, designed to determine risk factors 

for coronary heart disease (CHD), stroke, and other cardiovascular diseases (CVDs) in 

persons aged 65 years and older.7 The initial sample comprised 5201 men and women 

enrolled from four US communities: Pittsburgh, Pennsylvania; Forsyth County, North 

Carolina; Washington County, Maryland; and Sacramento County, California between May 

1989–June 1990. An additional cohort of 687, predominantly African Americans, was 

recruited to the study between November 1992–June 1993. All of the participants were 

identified from the Medicare eligibility lists of the Health Care Financing Administration. 

Inclusion criteria required all individuals to be 65 years or older, non-institutionalized, 

expected to reside in the area for the next three years, capable of providing written informed 

consent, and did not require the assistance of a proxy respondent. Those who were 

wheelchair-bound or receiving hospice treatment, radiation therapy or chemotherapy for 

cancer were excluded. Written informed consent was obtained from each study participant. 

Each of the institutional review committees of the four study sites as well as the 

coordinating center at the University of Washington in Seattle approved the study.
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Participant evaluation

A more detailed summary of the CHS objectives and procedures as well as sample size and 

power calculations have been described elsewhere.7 In brief, the baseline evaluation 

included a home interview and a clinic-based examination. Components of the initial 

evaluation were repeated annually for six consecutive years. During the home interview, 

participants were asked whether they had ever smoked in their lifetime. Potential answers 

were “yes” or “no”. Participants’ level of physical activity was calculated according to a 

previously validated measure of exercise intensity, which has been described in detail.8 

Briefly, four categories of exercise intensity were employed, whereby study members who 

engaged in one or more of six high-intensity activities (i.e. swimming, hiking, aerobics, 

tennis, jogging, racquetball) or walking for exercise at a brisk (>4 mph/6.4 kph) pace were 

classified as having participated in high-intensity exercise. Conversely, those who responded 

to not participating in any leisure-time activities were categorized as being sedentary. 

Educational attainment was used as a measure of socio-economic status.

Assessment of biological covariates

For each evaluation, measured weight (kg) and standing height (cm) were used to calculate 

body mass index (BMI) using the formula: weight (kg)/height (m2). RHR was obtained with 

the participant resting for five minutes in the supine position by 12-lead electrocardiogram 

(ECG) using the MAC PC-DT electrocardiographic recorder (Marquette Electronics Inc., 

Milwaukee, Wisconsin, USA). This method consisted of recording 10-second data from 

leads I, II, and V1–V6, simultaneously, with a sampling rate of 250 measurements per 

second. Following five minutes of rest in the seated position, the 30-second RHR was also 

determined using the radial pulse.

Samples of venous blood were collected early during each annual visit, following 12-hour 

fast. Fasting plasma lipid analyses were performed on an Olympus Demand system 

(Olympus Corp., Lake Success, New York, USA), which involved the collection of high-

density lipoprotein (HDL) cholesterol, and triglycerides. Low-density lipoprotein (LDL) 

cholesterol was determined according to the equation by Friedewald and colleagues. 

Interleukin-6 (IL-6) and C-reactive protein (CRP) were measured in stored plasma samples 

by enzyme-linked immunosorbent assay (ELISA; High-sensitivity Quantine kit, R & D 

Systems, Minneapolis, Minnesota, USA), with an interassay coefficient of variation of 7% 

and 9%, respectively.

Classification of co-morbidities

Hypertension was defined as systolic blood pressure ≥ 140 mm Hg, or diastolic blood 

pressure ≥90 mm Hg, or a previous history of hypertension, or self-reported use of anti-

hypertensive medication. Type 2 diabetes mellitus was defined as a fasting glucose 

concentration ≥126 mg/dl (≥7.0 mmol/l), or two hour post-load glucose ≥200 mg/dl (≥11.1 

mmol/l), or self-reported use of oral hypoglycemic medication, according to the American 

Diabetes Association. Atrial fibrillation was self-reported, or otherwise determined by 12-

lead resting ECG. CHD was defined by the occurrence of angina pectoris, myocardial 

infarction (MI), coronary angioplasty, or coronary artery bypass graft surgery.12 Congestive 

heart failure (CHF) was based on physician diagnosis, supplemented by information from 
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diagnostic and surgical procedures, when available. Family history of CVD was noted when 

a sibling had suffered either a fatal or non-fatal heart attack. Data regarding prescription 

medication was collected directly from prescription bottles, while the use of non-prescribed 

drugs was established by questionnaire.

Ascertainment of death

Cause-specific deaths were unavailable in the limited access files and therefore the primary 

outcome in this study was all-cause mortality. Study participants were contacted semi-

annually and a study-wide Mortality Review Committee confirmed any fatal events from 

reviews of obituaries, death certificates and hospital records, interviews with attending 

physicians, next-of-kin, and witnesses. Contacts and proxies for those missing at follow-up 

were also available for interview. Therefore, ascertainment of mortality status during follow-

up was 100% complete.

Statistical methods

Of the 5888 subjects enrolled, 197 were omitted due to RHR values that were dangerously 

low (≤35 beats/min) or high (≥125 beats/min), occurring at least once, and required clinical 

attention; hence, the analytic sample comprised 5691 individuals. Baseline characteristics of 

the study cohort were summarized according to survival status (all-cause mortality), 

reporting mean and standard error (or median and interquartile range (IQR) for variables that 

were non-normally distributed), or counts and proportions. The decedents and non-

decedents were compared using t-tests for normally distributed continuous data, the Mann-

Whitney U test when non-normally distributed, and the chi-squared test for categorical or 

binary data.

Because RHR can vary over time, we updated RHR at each annual observation, thus it is a 

time-varying risk factor. This approach provides better accuracy for assessing the 

relationship between RHR and all-cause mortality, compared with using only a single 

measurement that is fixed at baseline. Moreover, since we evaluated RHR as a time-varying 

risk factor, the most immediate value is consistently used for prognostic estimation, thereby 

enhancing the clinical relevance of this study. Further details of this method have been 

described elsewhere. For our prospective analyses, we carefully selected all covariates 

before entering them into our Cox regression models.

We evaluated the non-parametric Spearman’s rank-order correlations for all covariates. 

When a correlation coefficient was greater than 0.33, denoting high collin-earity, we chose a 

single factor based on clinical judgment and the strength of association with the mortality 

outcome. Next, we modeled associations for RHR measured continuously (10 beat/min 

increments) and categorically (fourth versus first RHR quartile) over the course of the study 

period with all-cause mortality, using multivariable Cox regression, reporting hazard ratios 

(HRs) with 95% confidence intervals (CIs). To select the remaining candidate factors for 

inclusion in the multivariable analysis, we used a forward selection procedure as advocated 

by Hosmer and Lemeshow. Specifically, this procedure involved selecting the remaining 

candidate factors with p-values <0.25 in bivariate analysis, and including them in a forward 

selection model. In this iterative procedure, the covariate with the lowest p-value was 
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sequentially added to the multivariable model, until the covariate with the lowest p value 

was eventually ≥0.05. Lastly, an interaction between RHR and sex was evaluated, but did 

not achieve statistical significance; thus, the reduced model without the interaction term was 

used. With the exception of age (65–69, 70–74, 75–79, ≥80 years old), sex, race (Caucasian 

versus non-Caucasian), exercise (sedentary, low, average, high intensity), and education 

attained (high school or less, high school graduate or technical college, college graduate), all 

other measures collected during annual assessments were entered as time-varying covariates. 

Although the amount of missing data was small, ranging from n = 3 (0.03%) for HDL 

cholesterol to n = 398 (7.0%) for IL-6, we imputed values for missing covariates using the 

last-observation-carried-forward method to maintain complete information for the 

multivariable analysis.

We also assessed the association between RHR and all-cause mortality according to 10 

beat/min categories ranging from 36–65 beats/min (reference group), to 125 beats/min 

(highest group). We additionally tested the association between RHR and all-cause mortality 

stratifying by categories of age, as well as by pre-specified co-morbidities at baseline, 

adjusting for those covariates that were retained during the forward selection procedures.

Lastly, we performed an additional set of analyses to test the robustness of our findings. 

First, since ECG may not be routinely obtained in clinical practice, we repeated the analyses 

using RHR as determined by radial pulse. The level of agreement between RHR as 

measured by ECG and radial pulse was high, with intraclass correlation coefficient = 0.68 (p 

< 0.001). Second, we performed a complete-case analysis, including the 4181 (73.4%) 

participants who had no missing data on any variable at baseline. Third, as cardiovascular 

medications (i.e. beta blockers) may lower the RHR, we excluded those who reported the 

use of such agents (n = 1678) at baseline. Results were considered statistically significant at 

a two-tailed p-value of <0.05. Statistical calculations were computed using STATA version 

11.2 (StataCorp LP, College Station, Texas, USA) and SAS version 9.3 (SAS Inc., North 

Carolina, USA).

Results

Over the course of this study (duration 7.9 years), 974 (17.1%) participants died (median 

length-of-survival 6.9 years). Baseline characteristics of the sample are presented in Table 1. 

Most notably, compared with the non-decedents, the decedents were older, were more likely 

to be male, and have a history of smoking, were more physically inactive, and were less-

well educated. IL-6 and CRP were higher among the decedents, whereas BMI, LDL, and 

HDL cholesterol were lower compared with the non-decedents. Most other measures 

including co-morbidities and cardiovascular medications were present relatively more often 

among the decedents. At each time point, RHR was found to be consistently higher among 

the decedents as compared with the non-decedents (Figure 1).

As shown in Table 2, in multivariable analyses, each 10 beat/min increment in RHR was 

associated with a 33% greater risk of all-cause mortality. Additionally, study members 

belonging to the highest quartile of RHR (mean=81 beats/min) had more than a twofold 
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increase in their adjusted risk of dying, compared with those in the lowest quartile (mean 

RHR=53 beats/min).

Figure 2 describes the multivariable association between increasing 10 beats/min categories 

of RHR and the risk of dying from all-causes. Relative to the reference group, each category 

of RHR was associated with all-cause mortality. Over the course of the study period, the 

adjusted risk increased monotonically according to each 10 beat/min consistent increment in 

RHR, with adjusted HRs (95% CI) ranging from 1.30 (1.23–1.37) for 75 beats/min to 4.78 

(3.49–6.52) for 125 beats/min.

As shown in Table 3 (Supplementary Material), elevations in the RHR were associated with 

a higher risk of death across three of the five co-morbidity subgroups, with the strongest 

association observed for hypertension. Also, the association between RHR and all-cause 

mortality was observed for each of the four age groups (Figure 3, Supplementary Material).

The results for all-cause mortality did not change appreciably when RHR (per 10 beat/min 

increments) was assessed by radial pulse instead of ECG (HR, 95% CI=1.29, 1.21–1.36; 

p<0.001), when only complete cases were analyzed (HR, 95% CI= 1.34, 1.27–1.42; p < 

0.001), when participants who reported the use of cardiovascular medications at baseline 

were omitted (HR, 95% CI=1.33, 1.24–1.43; p<0.001), or when we stratified according to 

beta-blocker treatment (HR, 95% CI=1.35, 1.11–1.65; p=0.003).

Discussion

Over the course of the study period, we found elevations in the RHR to be strongly related 

to the risk of death from any-cause in older persons. Our observations support, as well as 

extend, previous reports that have found an association between a fast RHR and all-cause 

mortality when using only a single measure.3–5

Few prior studies evaluated the longitudinal changes in RHR with the risk of adverse health 

outcomes. Jouven et al.16 highlighted the prognostic implications of elevations in the RHR 

with risk of death from all-causes among apparently healthy middle-aged men. Following 

adjustment, an increment of more than 3 beats/min from the reference category (64–70 

beats/ min) after five years increased the adjusted hazard for mortality by approximately 

20%.16 Likewise, Nauman and colleagues17 demonstrated that elevations in the RHR 

measured almost 10 years apart strongly influenced the risk of death from all-causes among 

middle-aged adults without known CVD. In that study, subjects whose RHR was less than 

70 beats/ min at baseline but greater than 85 beats/min at the second measurement had an 

adjusted risk of 1.5 (95% CI, 1.2–1.9) for all-cause mortality. However, a potential pitfall of 

these studies is the limited number of available RHR measurements, suggesting it may have 

been challenging to formally account for annual changes in RHR over the entire course of 

these study periods. The repeated measurements of RHR collected at one-year intervals in 

this study afforded a unique opportunity to enhance our understanding about the promising 

relationship between RHR and mortality, by utilizing as much RHR data as possible.

Several lines of investigation support the notion that a faster RHR amplifies the risk of 

adverse health conditions by compromising the balance between myocardial oxygen demand 
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and supply. A higher RHR shortens the fraction of cardiac cycle occupied by diastole, which 

in turn diminishes coronary blood supply, encouraging greater myocardial oxygen 

consumption and oxidative stress.18 These functional alterations are accompanied by 

heightened inflammatory activity, which plays a pivotal role in disturbing endothelial 

function by restricting the bioavailability of nitric oxide.19 These changes expose the 

endothelium to a number of deleterious risk factors that provoke impaired vascular tone as 

well as structural wall dysre-gulation.20 In the light of this, an elevated RHR may represent 

a modifiable risk factor that contributes to mortality in later life. Slowing the RHR may 

therefore forestall the risk associated with all-cause mortality.

Indeed, a number of trials have demonstrated a beneficial effect of reducing the RHR 

pharmacologically.21,22 Albeit, this method of intervention is unlikely to be recommended 

to the general population, as no trial has yet evaluated the efficacy of pharmacological 

treatment for lowering the RHR in apparently healthy individuals.23 It is possible, however, 

that the positive effects that accompany some lifestyle modifications may be mediated, in 

part, by reducing the RHR.24 For instance, physical training may exert beneficial health 

effects by augmenting parasympathetic outflow while diminishing sympathetic overactivity 

in the human heart.25 Moreover, slowing the RHR through physical activity could improve a 

host of cardiovascular risk factors, including obesity, type 2 diabetes mellitus, hypertension, 

and increased inflammatory activity,26–29 and in turn, reduce the burden of CVD. 

Nonetheless, further examination of the potential role of exercise training towards slowing 

the RHR is warranted.

Our analyses focused on all-cause mortality, as cause-specific deaths were unavailable in the 

limited access dataset. Thus, we were unable to determine the relationship between RHR 

and CVD mortality. Older adults are frequently accompanied by multiple co-morbidities, 

and it is rare for a single condition of health status to be the sole predictor of adverse 

outcomes.30 We reviewed prior reports from the CHS to guide our selection of previously 

known predictors that may have influenced the relationship between RHR and mortality. 

Nonetheless, we cannot exclude the possibility that unmeasured factors may have given rise 

to confounding. Despite the large sample size, the number of participants belonging to 

increasing 10 beats/min subgroups as well as for some of the specific co-morbidity groups 

was relatively small, leading to estimates with wide confidence intervals. Although we 

conducted a number of sensitivity checks, we were unable to identify (and omit) persons 

who had a pacemaker in the limited access dataset. Nevertheless, important strengths of the 

current study include its large sample size, repeat measurements of RHR, control for an 

extensive collection of clinically meaningful cov-ariates known to influence RHR, complete 

ascertainment of mortality, and an analytic strategy that included a series of sensitivity 

analyses, each of which yielded comparable results. For example, since ECG may not be as 

readily accessible in some clinics, we further evaluated the association between RHR 

assessed by radial pulse and all-cause mortality. The results were similar, suggesting that the 

radial pulse may also prove useful when assessing the risk related with all-cause mortality.

In this study, we found elevations in the RHR to be associated with a greater risk of all-

cause mortality among older adults. These observations confirm prior reports of increased 

mortality among those who presented with a high RHR, and demonstrate a novel 
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relationship between RHR determined annually over the course of this study and all-cause 

mortality. As an easily measurable and modifiable clinical parameter, the RHR constitutes a 

significant threat towards unhealthy life in the burgeoning population of older persons.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Mean resting heart rate at each year of study follow-up according to all-cause mortality. 

Error bars represent 95% confidence limits.
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Figure 2. 
Multivariable associations between time-varying resting heart rate (10 beat/min categories) 

and risk of dying from all-causes. Adjusted model included covariates retained in mul-

tivariable analyses as described in Table 2.

AHR: adjusted hazard ratio; HR: hazard ratio; LCL: lower confidence limit; RHR: resting 

heart rate; UCL: upper confidence limit.
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Table 1

Baseline uncorrelated characteristics according to decedent status

Non-decedent
(n = 4717)

Decedent
(n = 974) p valuea

Age in years, n (%)

  65–69 2,183 (46.3) 249 (25.1) <0.001

  70–74 1591 (33.7) 287(30.0)

  75–79 743 (15.6) 279 (28.6)

  >80 200 (4.4) 159 (16.3)

  Male, n (%) 1853 (39.3) 552 (56.7) <0.001

  Caucasian, n (%) 4004 (85.0) 803 (82.4) 0.06

  Ever smoker, n (%) 2460 (52.2) 579 (59.5) <0.001

Exercise intensity, n (%)

  Sedentary 362 (7.7) 148 (15.2) <0.001

  Low 2201 (46.7) 504 (51.9)

  Average 1690 (35.8) 268 (27.6)

  High 462 (9.8) 52 (5.3)

Education level, n (%)

  Some high school or less 1310 (27.8) 365 (37.5) <0.001

  High school graduate or technical college 2413 (51.2) 437 (45.0)

  College graduate or professional 994 (21.0) 172 (17.5)

Body mass index, (kg/m2) 26.7 ±0.07 26.2 ±0.15 0.001

Lipids, mg/dl

  LDL cholesterol 130.7 ±0.59 125.8 ± 1.42 0.002

  HDL cholesterol 54.7 ±0.26 51.4 ±0.57 <0.001

  Triglycerides 120.0 (92.0–164.0) 122.5 (91.0–166.5) 0.53

Interleukin–6, pg/ml 1.59 (1.11–2.40) 2.27 (1.56–3.43) <0.001

C–reactive protein, mg/l 1.83 (0.93–3.25) 2.33 (1.17–4.92) <0.001

Co-morbidities, n (%)

  Hypertension 2019 (42.8) 518 (53.2) <0.001

  Type 2 diabetes mellitus 1340 (28.4) 403 (41.2) <0.001

  Atrial fibrillation 97 (2.1) 39 (4.0) <0.001

  Coronary heart disease 802 (17.0) 302 (31.0) <0.001

  Congestive heart failure 144 (3.1) 108 (11.1) <0.001

Family history of cardiovascular disease 1375 (31.8) 297 (34.0) 0.26

Cardiovascular medication use, n (%)

  Beta-blocker 595 (12.6) 107 (11.0) 0.12

  ACE-inhibitor 286 (6.1) 106 (10.9) <0.001

  Aspirin 144 (3.1) 43 (4.4) 0.03

  Calcium channel blocker 583 (12.4) 174 (17.9) <0.001

ACE: angiotensin converting enzyme; HDL: high-density lipoprotein; LDL: low-density lipoprotein.

Continuous data are presented as mean ± standard error (SE) or median (interquartile range). Categorical data are shown as number and percentage 
values.
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a
t-test and χ2 test were used.
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Table 2

Adjusted hazard ratios for the association between resting heart rate and all-cause mortality

Adjusted hazard ratio (with 95% CIs)a

Per 10 beat/min
increment

Q4 (81 beats/min) versus
Q1 (53 beats/min)

Resting heart rate 1.33 (1.26–1.40) 2.21 (1.88–2.59)

Age in years

  65–69 1.00 (reference) 1.00 (reference)

  70–74 1.32 (1.10–1.58) 1.32 (1.10–1.58)

  75–79 2.41 (2.00–2.91) 2.39 (1.98–3.88)

  >80 4.55 (3.61–5.72) 4.47 (3.54–5.61)

Male sex 2.13 (1.84–2.46) 2.12 (1.83–2.46)

Ever smoke 1.33 (1.15–1.54) 1.34 (1.16–1.55)

Exercise intensity

  Sedentary 1.00 (reference) 1.00 (reference)

  Low 0.67 (0.56–0.80) 0.66 (0.56–0.79)

  Average 0.47 (0.39–0.58) 0.47 (0.38–0.57)

  High 0.39 (0.28–0.56) 0.39 (0.27–0.55)

Education level

  Some high school or less 1.00 (reference) 1.00 (reference)

  High school graduate or technical college 0.96 (0.83–1.12) 0.98 (0.83–1.16)

  College graduate or professional 0.76 (0.62–0.92) 0.74 (0.59–0.92)

Body mass index 0.94 (0.92–0.95) 0.94 (0.92–0.95)

Type 2 diabetes mellitus 1.54 (1.33–1.79) 1.59 (1.37–1.83)

C–reactive protein 1.01 (1.00–1.02) 1.02 (1.01–1.02)

Interleukin–6 1.08 (1.06–1.10) 1.08 (1.06–1.10)

Coronary heart disease 1.53 (1.31–1.79) 1.52 (1.31–1.77)

Congestive heart failure 1.67 (1.32–2.10) 1.67 (1.32–2.11)

ACE–inhibitors 1.55 (1.30–1.86) 1.57 (1.31–1.87)

Aspirin 1.37 (1.05–1.79) 1.36 (1.05–1.78)

ACE: angiotensin converting enzyme; CI: confidence interval; Q: quartile.

a
Multivariable models also included: race, hypertension, high-density lipoprotein and low-density lipoprotein cholesterol, atrial fibrillation, beta 

blocker, and calcium channel blocker therapy.
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