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Abstract

Evidence on the relations between heart rate, brain morphology and cognition is limited. We 

examined the associations of resting heart rate (RHR), visit-to-visit heart rate variation (VVHRV), 

brain volumes and cognitive impairment. The study sample consisted of postmenopausal women 

enrolled in the Women’s Health Initiative Memory Study and its ancillary MRI sub-studies 

(WHIMS-MRI 1 and WHIMS-MRI 2) without a history of cardiovascular disease, including 

493 with one and 299 women with two brain MRI scans. Heart rate readings were acquired 

annually starting from baseline visit (1996–1998). RHR was calculated as the mean and VVHRV 

as standard deviation of all available HR readings. Brain MRI scans were performed between 

2005 and 2006 (WHIMS-MRI 1), and approximately 5 years later (WHIMS-MRI 2). Cognitive 

impairment was defined as incident mild cognitive impairment or probable dementia until 

December 30, 2017. An elevated RHR was associated with greater brain lesion volumes at 
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the first MRI exam [7.86cm3 (6.48, 9.24) vs. 4.78cm3 (3.39, 6.17), p-value<0.0001] and with 

significant increases in lesion volumes between brain MRI exams [6.20cm3 (4.81, 7.59) vs. 

4.28cm3 (2.84, 5.73), p-value=0.0168]. Larger ischemic lesion volumes were associated with a 

higher risk for cognitive impairment [Hazard Ratio (95% confidence interval), 2.02 (1.18, 3.47), 

p-value=0.0109]. Neither RHR nor VVHRV were related to cognitive impairment. In sensitivity 

analyses, we additionally included women with a history of cardiovascular disease to the study 

sample. The main results were consistent to those without a history of cardiovascular disease. In 

conclusion, these findings show an association between elevated RHR and ischemic brain lesions, 

probably due to underlying subclinical disease processes.
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INTRODUCTION

Higher resting heart rate (RHR) has been shown to predict myocardial infarction, coronary 

death and stroke.1 Beyond cardiovascular disease, there is accumulating evidence that 

RHR and visit-to-visit heart rate variation (VVHRV) may also be related to subclinical 

cerebrovascular disease and cognitive impairment later in life.2–4 However, evidence on the 

relations between RHR, VVHRV, and cognition is mostly limited to populations already 

suffering from a high burden of cardiovascular disease.2,3 This is problematic given that 

the risk of cognitive impairment and brain lesions is greater among those with longer 

duration and more severe exposure to cardiovascular disease or risk factors. To this point, 

it is not entirely clear, if RHR and VVHRV are also associated with brain morphology 

abnormalities and cognitive function in older individuals without a history of cardiovascular 

disease as longitudinal data on brain morphology and cognitive functioning are largely 

missing.4 Such data can help to identify subclinical disease processes at an early stage which 

may predispose to brain lesions and to brain volume changes and ultimately to cognitive 

impairment over time. Thus, this study evaluates the relations of RHR, VVHRV, brain 

morphology and cognitive impairment in a cohort of older (≥63 years) women with and 

without a documented history of cardiovascular disease or major cardiovascular risk factors 

using longitudinal brain MRI scans with concomitant structured cognitive assessment.

METHODS

The study cohort consisted of postmenopausal women enrolled in the Women’s Health 

Initiative Memory Study and its subsequent ancillary MRI sub studies (WHIMS-MRI 1 

and WHIMS-MRI 2).5 WHIMS, which enrolled women between May 1996 and December 

1999 investigated the effect of postmenopausal hormone regimens on cognitive function and 

cognitive impairment in 39 clinical centers across the United States.6 The WHIMS-MRI 

1 study and its subsequent follow-up, the WHIMS-MRI 2 study, were conducted in 14 of 

the 39 WHIMS clinical sites to investigate if postmenopausal hormone therapy affects brain 

structure over time. WHIMS-MRI 1 recruitment began in January 2005 and was completed 

in April 2006. The WHIMS-MRI 2 study occurred an average of 4.7 years after WHIMS-
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MRI1 recruitment. WHIMS-MRI 1 conducted brain scans on 1,403 women, 51 of whom 

failed subsequent quality checks and were therefore excluded (n= 1,352). This main analysis 

excluded women with a history of diabetes, coronary heart disease, stroke, atrial fibrillation, 

hypertension or current smokers at baseline (n=757). The risk of cognitive impairment and 

brain lesions is greater among those with longer duration and more severe exposure of these 

risk factors. Unfortunately, infrequent screening, delayed diagnoses, and poor management 

are common problems which is why we excluded women with presence of these risk factors 

in order to restrict the analysis to a relatively healthy population. Nonetheless, we also 

conducted a sensitivity analysis, where we included women with these risk factors. Among 

the 757 participants with low cardiovascular risk at baseline, we further excluded women 

with ethnicities other than white due to small sample sizes (n=41) and women with very low 

(<40 beats/min) or very high (>120 beats/min) heart rate (n=1). Furthermore, we excluded 

women with missing baseline data, dementia at baseline, and missing follow-up or covariate 

data from our primary analysis (n=60). Our final study population for the main analysis 

consisted of 493 women for WHIMS-MRI 1 of which 299 women chose to participate 

in WHIMS-MRI 2 (Figure 1). The sensitivity analysis where we included women with 

cardiovascular risk factors was also subject to the same exclusion criteria, leaving 1,047 

participants for the analysis. Institutional review boards at participating institutions approved 

all protocols and all participants provided written informed consent.

Heart rate readings were taken at each annual clinic visit starting from baseline visit to 

approximately 6 months to 1 year before the first MRI brain scan (Figure 2). For assessing 

heart rate, women sat quietly for 5 minutes before a trained observer measured heart rate 

by palpating the radial pulse for 30 seconds. RHR was calculated using the mean of all 

available heart rate readings. VVHRV was computed as standard deviation (SD) of heart rate 

measures or as coefficient of variation (CV) defined as the ratio of SD and mean (CV=SD/

mean×100%).3 To capture the longitudinal changes in heart rate measures, both RHR and 

VVHRV were calculated using the first 3 measures then updated at each subsequent visit 

until outcome ascertainment occurred.

Brain MRI scans were performed using a standardized protocol developed by the 

MRI Quality Control (QC) Center in the Department of Radiology of University of 

Pennsylvania.5,7,8 MRI scans were obtained with a field of view = 22 cm and a matrix 

of 256×256. Included were oblique axial spin density/T2-weighted spin echo (TR:3200 ms, 

TE = 30/120 ms, slice thickness = 3 mm), fluid-attenuated inversion recovery (FLAIR) 

T2-weighted spin echo (TR = 8000 ms, TI = 2000 ms, TE = 100 ms, slice thickness = 

3 mm), and oblique axial three-dimensional T1-weighted gradient echo (flip angle = 30 

degrees, TR = 21 ms, TE = 8 ms, slice thickness = 1.5 mm) images from the vertex to 

the skull base parallel to the anterior commissure–posterior commissure (AC-PC) plane.8,9 

Brain volumes, measured in cubic centimeters (cm3), were computed using automated 

computer-based template warping to sum voxels in anatomic regions of interest following a 

standardized imaging and reading protocol. For detecting ischemic lesions, all brain tissue 

was grouped into either normal or ischemic gray or white matter tissue using anatomic 

regions of interest.10 A further more detailed description on the assessment of brain MRI 

measurements and quantification of brain lesions was previously published.5,7,8
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Cognitive impairment was defined as centrally adjudicated mild cognitive impairment (MCI) 

or probable dementia (PD). Cognitive function was assessed annually from baseline to 

December 30, 2017 using a neurocognitive assessment protocol based on four phases.6,11–14 

In phase 1, all participants were screened annually with Modified Mini-mental State 

examinations (3MSE). If a participant scored at or below a pre-defined cut point at the 

3MSE depending on education, she progressed to further in-person cognitive evaluation 

by a specialist (phase 2 to phase 4). In phase 2, certified technicians administered a 

modified Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) battery 

of neuropsychological tests. Furthermore, a designated informant was administered a 

questionnaire that assessed observed cognitive and behavioural changes. In phase 3, 

participants were examined by a specialist who performed a clinical neuropsychiatric 

evaluation using a standardized protocol and classified the WHIMS participant as having no 

cognitive impairment, MCI or PD based on the Diagnostic and Statistical Manual of Mental 

Disorders, Fourth Edition (DSM-IV) criteria. Women suspected of having PD underwent 

phase 4 which included a noncontrast computed tomography brain scan and laboratory 

blood tests to rule out possible reversible causes of cognitive decline. In July 2008, the 

‘Women’s Health Initiative Memory Study-Epidemiology of Cognitive Health Outcomes’ 

(WHIMS-ECHO) succeeded the WHIMS study. A panel of experts at the study coordinating 

center (Wake Forest School of Medicine) reviewed all WHIMS and WHIMS-ECHO results.

Information on covariates was derived from self-report or by physical measure.15 Clinic 

blood pressure was assessed at baseline and each annual study visit with the use of 

standardized procedures.15 Hypertension was defined as a self-report of current drug 

therapy for hypertension or clinic measurement of SBP ≥ 140mmHg or DBP ≥ 90mmHg. 

Antihypertensive medication use included ACE inhibitors, Angiotensin II receptor blockers 

(ARBs), beta blockers, calcium blockers, and diuretics. Medication use was assessed at 

baseline and year 1, 3, 6, 9 by clinic interviewers. Atrial fibrillation was identified through 

review of ECG data in years 3, 6 and 9 after baseline. The presence of ApoE-ε4 allele was 

identified by DNA genotyping in a subset of study participants. Data on depression were 

based on self-report of depressive symptoms. Physical activity was assessed with metabolic 

equivalent tasks (in hours per week) using a questionnaire on leisure activities.16

Descriptive statistics of demographic characteristics and other covariates are presented as 

mean (±SD) or frequencies. Each exposure variable of interest was broken down by tertiles 

based on the distribution of the overall analytic sample. To assess the associations of RHR 

and VVHRV with brain volumes and brain volume changes, multivariate linear regression 

models were used with RHR or VVHRV as the main independent variable, adjusting for 

age, education, physical activity, depression, alcohol intake, coffee intake, presence of 

ApoE-ε4 allele, WHI Hormone Trial Randomization assignment (HTR arm), mean systolic 

blood pressure over time, antihypertensive medication use across visits as well as incident 

cases of cardiovascular disease (CHD, stroke, diabetes and atrial fibrillation) over time. All 

the covariates included in the model were assumed to have a linear relationship with the 

outcomes. Time-varying covariates (antihypertensive medication use, CHD, stroke, diabetes, 

and atrial fibrillation) were used when these variables were updated after WHIMS baseline 

visit (1996–1999) and before the model outcomes occurred. Main exposure variables were 

assumed to have a linear relationship with the outcomes of interest. We also looked at the 
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possibility of non-linear trend (e.g. quadratic term) and there was no evidence to suggest a 

non-linear relationship. Tests of linear trends were performed by using tertiles of exposure 

variables as continuous variables in the multivariate models.

To address the concern of restricting our study population too much by excluding women 

with a history of cardiovascular disease or major cardiovascular risk factors, we conducted 

a sensitivity analysis and repeated our primary analyses with inclusion of women with a 

history of diabetes, coronary heart disease, stroke, atrial fibrillation, hypertension or current 

smoking at baseline. The multivariate regression models were adjusted for age, education, 

WHI Hormone Trial Randomization assignment (HTR arm), depression, physical activity, 

alcohol intake, coffee intake, presence of ApoE-ε4 allele, history of diabetes, coronary heart 

disease, stroke, atrial fibrillation or hypertension, current smoking, mean systolic blood 

pressure over time, anti-hypertensive medication use over time and incident cardiovascular 

disease over time.

To address the concern of loss-to-follow-up between WHIMS-MRI 1 and MRI 2 exam, 

inverse probability weighting was used to adjust for bias in a sensitivity analysis. First, 

the probability of remaining in the study was estimated through as a function of baseline 

age, education, smoking alcohol, self-rated health and presence of depression. Then, the 

reciprocal of this predicted probability of remaining in the study was used as weights in 

the linear regression model of VVHRV and change in brain and lesion volume such that 

participants who had a lower probability of remaining in follow-up were given more weight 

in the analysis.

Cox proportional hazards models were used to estimate the hazard ratios (HRs) of MCI 

or PD with increasing tertiles of RHR or with increasing tertiles of total lesion volumes 

adjusting for the aforementioned variables. In the Cox regression models, cases were 

defined as first occurrence of MCI or PD from WHIMS baseline visit (1996–1999) through 

December 30, 2017 controls were defined as free of MCI or PD throughout the follow-up 

period and censored at time of death from any cause or last known contact. In sensitivity 

analysis, we excluded all MCI or PD cases that occurred before WHIMS-MR 1 exam 

(2005–2006). Proportional hazard assumption for Cox regression model was accessed and 

deemed satisfied for the main exposure variable.

All of the statistical tests were 2-sided. To address concern of multiple comparisons, a 

conservative Bonferroni correction was used and P-values < 0.003 (0.05/15 simultaneous 

tests) for Table-2 and p-values <0.005 (0.05/10 simultaneous tests) were considered to be 

statistically significant. Analyses were performed by SAS statistical software version 9.4 

(SAS Inc, Cary, NC).

RESULTS

Baseline characteristics of included women are presented in Table 1. Women were followed-

up over a median period of 8.0 years with an average of 8 HR assessments prior to the first 

brain MRI scan.
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Using data from the first brain MRI assessment (WHIMS MRI 1), high RHR (71–92 beats/

min) was found to be associated with higher ischemic lesion volumes, white and gray matter 

ischemic lesion volumes compared to low RHR (51–66 beats/min) whereas no relationships 

with total brain volume or hippocampus volume were detected (Table 2). Higher tertiles of 

VVHRV were not related to lower brain volumes or lesion volumes.

In longitudinal brain MRI analyses (WHIMS MRI 1 and WHIMS MRI 2), high compared 

to low RHR was associated with increases in lesion volumes but not with changes in 

brain or hippocampus volumes (Table 3). VVHRV did not show any significant association 

with brain volume changes over time (Supplemental Table 1). To address the concern 

of loss-to-follow-up (follow-up rate between MRI-1 and MRI-2 was 299/493=61%), we 

conducted sensitivity analyses using inverse probability weighting (Supplemental Table 2 

and Supplemental Table 3). Results from these were not materially different from those from 

unweighted analyses.

In analyses of cognitive functioning (WHIMS MRI 1), large compared to small brain 

lesion volumes were found to be significantly associated with later incident cognitive 

impairment (Table 4). Neither RHR nor VVHRV showed significant associations with 

cognitive impairment (Supplemental Table 4 and Supplemental Table 5).

In sensitivity analyses we repeated our analyses by including women with a history of 

cardiovascular disease or major risk factors. Our main results were consistent with the main 

reported findings above (Supplemental Tables 6 to 9).

DISCUSSION

In a cohort of older women higher RHR was associated with increases in brain ischemic 

lesion volumes over time. Large brain lesion volume, but not RHR or VVHRV, was 

subsequently found to be associated with cognitive impairment.

There may be several explanations for these findings. Women with higher RHR may be 

more likely to suffer from asymptomatic (paroxysmal) episodes of atrial fibrillation which 

consequently predispose these women to subclinical brain damage. Unfortunately, these 

episodes are hard to catch with regular ECG measurements and our longitudinal study 

may have missed some cases even though ECGs were recorded at three time points. 

Although from a clinical standpoint this explanation seems intuitive, previous studies have 

been controversial regarding the relation of RHR and incident atrial fibrillation. Whereas 

data from the trials ONTARGET and TRANSCEND or the Tromsø study point to an 

increased risk for atrial fibrillation in individuals with low RHR (< 60 or 50/min), results 

from the ARIC Study or the LIFE Study indicate a higher risk with higher RHR (≥ 80/

min).17–20 These findings correspond to prior clinical observations that alterations of the 

sympathetic and parasympathetic nervous system are implicated in initiating paroxysmal 

atrial fibrillation events.21 Second, elevated RHR, as a surrogate for cardiac autonomic 

function, has been described to be an independent risk factor for blood pressure changes 

and hypertension.22 Concomitant vascular structural changes including arterial stiffness, 

endothelial dysfunction and subclinical inflammation most likely also play an additional 
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role. Recently, long-term elevated RHR has been related to arterial stiffness, a finding 

similar to reports on long-term visit-to-visit blood pressure variability.23–25 Nonetheless, 

when we additionally adjusted our RHR results for pulse pressure, a measure of aortic 

compliance, the main findings did not significantly change (data not shown). When we 

correlated RHR and VVHRV with mean systolic blood pressure or visit-to-visit systolic 

blood pressure variability, none or only weak correlations were detected in our study 

population consisting of relatively healthy women without cardiovascular disease at baseline 

(data not shown). In fact, only 3% of our sample developed diabetes, 1% CHD during 

follow-up, which is substantially lower than the rate in the general population of the similar 

age group. When we looked at the one-to-one relationship of hypertension, diabetes, CHD 

and stroke with total lesion volume, only hypertension was related to total lesion volume 

(p-value=0.031). Finally, alternate explanations for our findings may point to the presence 

of other potentially not well documented or detected cardiometabolic risk factors. One 

such factor may be obstructive sleep apnea which has been shown to be a predictor of 

white matter hyperintensities and stroke.26,27 Interestingly, during the follow-up of our study 

snoring more than three times a week was reported more in women with higher RHR which 

may be indicative for an underlying sleep disorder (data not shown).

The relationship between brain lesion volume and subsequent cognitive dysfunction is 

well established. Among existing most recent evidence, in the Swedish National study 

on Aging and Care, a population of elderly Swedish individuals with high prevalence of 

hypertension, cerebral microvascular lesion loads were shown to be strongly associated with 

cognitive decline and dementia over a 9-year follow-up period.28 Our results complement 

these findings as we detected a strong relationship between lesion volume and cognitive 

impairment even in a cohort consisting of relatively healthy, well-educated older women 

with no hypertension or diabetes at baseline over approximately 15-years of follow-up. 

However, we did not observe a higher risk for cognitive impairment in individuals with 

higher RHR or VVHRV. Interestingly, these results are comparable to results from the 

SPRINT trial. Whereas an intensive blood pressure control was associated with a smaller 

increase in cerebral white matter lesion volume in the SPRINT trial, this did not result in a 

significant reduction in the risk of probable dementia.29,30

Strengths of this analysis include a well-structured cohort study with long-time follow-up 

including longitudinal brain MRI assessments, confirmed and adjudicated assessment of 

MCI and PD and adjustment for several confounding factors. Nonetheless, there are several 

limitations. Selection bias and residual confounding are present, and generalizability is 

limited as we only included white, well-educated postmenopausal women. We chose to first 

restrict our analysis to a study population without documented cardiovascular disease or 

major risk factors at baseline as the risk of cognitive impairment and brain lesions is greater 

among those with longer duration and more severe exposure to cardiovascular disease 

and thus the risk of confounding is more imminent. We thereafter conducted sensitivity 

analyses and additionally included women with cardiovascular disease or major risk factors 

to compare our findings and to be more representative of the general older population. 

Another limitation is that our classification of cognitive outcomes which was triggered by 

a low 3 MSE score has the potential to underestimate the diagnosis of ‘MCI’, especially 
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MCI with executive dysfunction only. Finally, a considerable proportion of women refused 

to participate in a second brain MRI assessment which limits longitudinal analysis.

In conclusion, our findings show an association between elevated RHR and ischemic brain 

lesions, probably due to underlying subclinical disease processes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Study inclusion
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Figure 2. 
Study timetable
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Table 1.

Analytic study sample of WHIMS-MRI 1 (n=493) and WHIMS-MRI 2 (n=299)

Variable WHIMS-MR 1 n (%) or mean (SD) WHIMS-MR 2 n (%) or mean (SD)

n=493 n=299

Age (years) 69.3 (3.6) 68.8 (3.4)

>High-school diploma/GED 348 (71%) 202(68%)

Alcohol, 1 - <7 drinks per week 155 (31%) 90 (30%)

Physical activities ≥19 METS-hours per week 96 (19%) 55 (18%)

Presence of ApoE-ε4 allele 97 (20%) 58 (19%)

Coffee or tea, med servings/day 2.5 (1.8) 2.6 (1.8)

Presence of Depression 31 (6%) 17 (6%)

WHI Hormone Trial Randomization assignment (HTR arm) 246 (50%) 144 (48%)

Antihypertensive medication use across visits 239 (48%) 142 (47%)

Diagnosed cardiovascular risk factors during follow-up

Hypertension 239 (48%) 142 (47%)

Diabetes 16 (3%) 11 (4%)

Atrial fibrillation 6 (1%) 1 (0%)

Coronary Heart Disease 6 (1%) 2 (1%)

Stroke 5 (1%) 3 (1%)

MRI brain volumes at first assessment (WHIMS-MRI 1)

Total brain volume (cm3) 868.12 (78.15) 868.37 (73.08)

Hippocampus volume (cm3) 5.84 (0.76) 5.97 (0.72)

Total lesion volume (cm3) 5.90 (6.98) 5.51 (6.99)

White matter lesion (cm3) 4.07 (4.14) 3.92 (4.28)

Grey matter lesion (cm3) 1.83 (3.32) 1.59 (2.93)
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