
Autonomic imbalance and risk of dementia and stroke: The 
Framingham Study

Galit Weinstein, PhD1, Kendra Davis-Plourde, PhD2,3, Alexa S. Beiser, PhD2,3,4, Sudha 
Seshadri, MD3,4,5

1School of Public Health, University of Haifa, 3498838 Haifa, Israel

2Department of Biostatistics, Boston University School of Public Health, Boston, MA, USA

3The Framingham Study, Framingham, MA, USA

4Department of Neurology, Boston University School of Medicine, Boston, MA

5Glenn Biggs Institute for Alzheimer’s and Neurodegenerative Diseases, University of Texas 
Health Sciences Center, San Antonio, TX, USA

Abstract

Background and purpose: The autonomic nervous system has been implicated in stroke and 

dementia pathophysiology. High resting heart rate (RHR) and low heart rate variability (HRV) 

indicate the effect of autonomic imbalance on the heart. We examined the associations of RHR and 

HRV with incident stroke and dementia in a community based cohort of middle and old-aged 

adults.

Methods: The study sample included 1,581 participants aged >60y and 3,271 participants aged 

>45y evaluated for incident dementia and stroke, respectively, who participated in the Framingham 

Offspring cohort third (1983-1987) examination and had follow-up for neurology events after the 

seventh (1998-2001) examination. HRV was assessed through the SD of normal-to-normal 

intervals (SDNN) and the root mean square of successive differences (RMSSD) from 2-hour 

Holter monitor. Participants were followed-up for stroke and dementia incidence from exam 7 to a 

maximum of 10 years. Cox regression models were used to assess the link of RHR and HRV with 

stroke and dementia risk while adjusting for potential confounders, and interactions with age and 

sex were assessed.

Results: Of the dementia (mean age=55±6y, 46% men) and stroke (mean age=48±9y, 46% men) 

samples, 133 and 127 developed dementia and stroke, respectively, during the follow-up. Overall, 

autonomic imbalance was not associated with dementia risk. However, age modified the 

associations such that SDNN and RMSSD were associated with dementia risk in older persons 

(HR [95%CI] per 1SD=0.61 [0.38-0.99] and HR [95%CI] per 1SD=0.34 [0.15-0.74], 

respectively). High RHR was associated with increased stroke risk (HR [95%CI] per 10 bpm=1.18 

[1.01-1.39] and high SDNN was associated with lower stroke risk in men (HR [95%CI] per 
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1SD=0.46 [0.26-0.79]) but not women (HR [95%CI] per 1SD=1.25 [0.88-1.79]; p for 

interaction=0.003).

Conclusions: some measures of cardiac autonomic imbalance may precede dementia and stroke 

occurrence, particularly in older ages and men, respectively.
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Introduction

The autonomic nervous system regulates multiple involuntary functions in the human body, 

including autonomic control on cardiac function, through complicated equilibrium between 

the sympathetic and parasympathetic activities.1 Specifically, evidence supports the use of 

high resting heart rate (RHR) and low heart rate variability (HRV) (i.e. the change in the 

time between consecutive heartbeats) as non-invasive indicators of autonomic dysfunction.2 

A plethora of evidence exists showing that high RHR3–6 and low HRV7–10 are associated 

with increased risk for cardiometabolic diseases and mortality. In addition, the autonomic 

nervous system may be implicated in stroke and dementia through changes in cardiac output 

alterations and cerebral perfusion.
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Accumulating findings point to a link between autonomic imbalance and cognitive 

performance in dementia-free individuals, thus stressing the potential of autonomic nervous 

system indicators to serve as early biomarkers for cognitive impairment.11, 12 Yet, 

prospective studies exploring whether autonomic dysfunction precedes dementia onset 

include, to our knowledge, only a recently published study from the Atherosclerosis Risk in 

Communities (ARIC) cohort.13 However, this study was restricted to RHR as an indicator 

for autonomic function, and the predictive value of HRV is yet to be tested.

While autonomic dysfunction after stroke is common14 and may predict secondary ischemic 

events,15 little is known about the predictive value of autonomic imbalance in first acute 

stroke. Although some evidence exists showing that increased RHR may predict incident 

stroke in the general population,16 studies assessing the relationship between decreased 

HRV and stroke risk are limited to small sample-sizes, cross-sectional designs and restricted 

study populations (e.g. patients with atrial fibrillation or renal dysfunction).17 Furthermore, 

previous literature suggests that the link of HRV and stroke risk may be complexed by effect 

modification.18

The aim of the current study was to examine whether autonomic imbalance, assessed by 

RHR and HRV, is an independent predictor of acute stroke and dementia. Findings from this 

study may translate to stroke and dementia prevention strategies through improvement in 

autonomic nervous system function.19 In addition, we tested for possible interactions of 

autonomic function indices with age and sex in order to identify high-risk subpopulations 

which may particularly benefit from potential interventions.

Methods

Data availability

Because of the sensitive nature of the data collected for this study, requests to access the 

dataset from qualified researchers trained in human subject confidentiality protocols may be 

sent to The Framingham Heart Study at https://framinghamheartstudy.org/.

Study sample

The study sample consisted of Framingham’s Offspring cohort participants who were 

recruited in 1971 and have been examined approximately every four years.20 Outcomes 

including cardiovascular events and dementia are under continuous surveillance. We 

included participants who had information on RHR (N=3,868) and HRV (N=1,987), 

measured by electrocardiogram at the 3rd clinic examination (between June 1983 and June 

1987), and who were 18 years of age or older at that time. Of them, 3491 with RHR and 

1831 with HRV were available for dementia and stroke follow-up initiation at the time of the 

7th examination (1998-2001). Of note, we chose to begin the follow-up period at exam 7 

because there were very few incident stroke and dementia cases between exams 3 and 7 (due 

to the young age of the participants) which was reflected by violation of the proportional 

Hazard assumption in the Cox regression models. We excluded those who at the entrance to 

follow-up had a history of atrial fibrillation (AF) or congestive heart failure (CHF) (i.e. 

prevalent cases; N=19). Next, for the dementia sample, we excluded 1,547 participants aged 
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< 60 years at the start of follow-up, 36 individuals with prevalent dementia, 257 with no 

follow-up information, and 53 with missing education or ApoE ε4 status. Thus, our final 

sample size for the dementia analysis was 1,579 and 815 in models including RHR and HRV 

measures as the independent variables, respectively. For stroke, we excluded 103 individuals 

whose age was <45 years at the start of follow-up, 70 with prevalent stroke, and 30 with no 

follow-up information. Thus, the final sample for stroke outcome assessment consisted of 

3,269 and 1716 individuals who had information on RHR and HRV measures, respectively 

(figure 1). All participants provided written informed consent, and the study procedures 

were approved by the Institutional Review Board at Boston University School of Medicine.

Assessment of autonomic imbalance

We assessed autonomic imbalance through RHR and HRV conducted in the third 

examination cycle (1983-1987). These measures are well-established and simple indicators 

of autonomic dysfunction.2 RHR was documented from electrocardiogram and information 

on HRV was abstracted from a 2-hour Holter monitor data, and was based on 100s blocks. 

HRV was assessed by two different indices: 1. the standard deviation of beat-to-beat 

intervals (SDNN), a commonly-used measure of HRV which represents the total variability 

and thus joint sympathetic and parasympathetic modulation of HRV. 2. the root mean square 

of successive differences (RMSSD), which more narrowly represents parasympathetic 

activity only.

Incident stroke and dementia

The outcome measures for this study were incidence of all-cause dementia and acute stroke 

after examination cycle 7. Follow-up for those without the outcome were censored at the 

latest date known free of the event up to a maximum of 10 years. Screening and surveillance 

methods for the development of stroke and clinical dementia have been outlined previously.
21, 22 Dementia was diagnosed according to the criteria of the Diagnostic and Statistical 

Manual of Mental Disorders, 4th Edition.23 Stroke was defined as the rapid onset of focal 

neurological symptoms of presumed vascular origin, lasting >24 hours or resulting in death. 

A diagnosis of Alzheimer’s disease (AD) dementia was based on the criteria of the National 
Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer’s 
disease and Related Disorders Association for definite, probable, or possible AD.24

Statistical analysis

Multivariable Cox regression models were used to separately examine the associations of 

RHR and HRV with incident stroke and dementia. Independent variables were examined 

first as continuous, with Hazard Ratios (HRs) indicating risk for stroke or dementia per 10 

beta-per-minute (bpm) higher RHR. SDNN and RMSSD were standardized using the mean 

and SD of the respective measures in the stroke sample (the larger sample). Mean ± SD used 

to standardize SDNN and RMSSD were 9.54±2.74 and 3.45±1.68, respectively. When we 

found evidence for a threshold, we presented the results according to medians in addition to 

analyses using the independent variable as continuous.

All stroke analyses were adjusted first for age, sex, systolic blood pressure (SBP), prevalent 

cardiovascular disease (CVD) at exam 3, and for incident congestive heart failure (CHF)25 
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and atrial fibrillation (AF) occurring after exam 3.26 Next, models were adjusted additionally 

for smoking status, diabetes, and use of antihypertensives, antiarrhythmics, cardiac 

glycosides and aspirin at exam 3. Dementia analyses included the following adjustments: 

first for age at exam 3, sex, education and positivity for an ApoEε4 allele; then additionally 

for diabetes, smoking status, systolic blood pressure, and use of antihypertensives, 

antiarrhythmics and cardiac glycosides medications. Both stroke and dementia models were 

further adjusted for physical activity index27 in a separate model, because information on 

this variable was available only on a subsample. Because physical activity was not measured 

at exam 3, we used information from exam 2 or 4 based on availability. If information on 

physical activity was available in both exams 2 and 4, the average index from these exams 

was calculated.

For models assessing incident dementia as an outcome, we conducted a sensitivity analysis 

in which prevalent stroke cases at the 3rd examination were excluded, and incident cases 

occurring after the 3rd examination were adjusted for. In addition, we conducted analyses 

restricting to AD dementia as an outcome.

We tested for interaction of the autonomic imbalance measures with age and sex, in 

determining the risk of stroke and dementia by including interaction terms in the Cox 

regression models. If a significant interaction was found, we ran a stratified model. A cutoff 

at 60 years at the time of the electrocardiogram measurement was chosen for age (for both 

interactions and stratification) because this age was close to the mean and median of the age 

distribution at this time point.

All models were tested for violation of the proportional hazards assumption using the zph 

option in PROC PHREG which uses weighted Schoenfeld residuals, and firth correction was 

applied in instances of small number of events.

A two-sided p-value of <0.05 was considered statistically significant, with the exception of 

interaction assessment in which case a p-value of ≤0.10 met our threshold for significance, 

due to low power of the test.

Analyses were performed using Statistical Analyses System software Version 9.4 (SAS 

Institute, Cary, NC).

Results

The baseline characteristics of the stroke and dementia samples are presented in table 1. 

Mean age at exam 3 (exposure assessment) was 55±6 and 48±9 years for the dementia and 

stroke samples, respectively. Mean age when follow-up for dementia and stroke commenced 

was 69±6 and 63±9 years, respectively. In both samples, ~46% were men.

Autonomic balance and the risk of dementia

Overall, none of the assessed autonomic imbalance indices was related to dementia (table 2) 

as well as AD risk (supplementary table I). However, we found significant interactions 

between HRV indices and age (p for interaction=0.038 and 0.005 for SDNN and RMSSD, 

respectively, after controlling for age, sex, education and ApoEɛ4; table 3). In stratified 
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analyses, SDNN and RMSSD were each significantly associated with dementia risk in 

individuals who were 60 years of age or older at the time of the autonomic balance 

assessment (HR=0.48; 95% CI: 0.29,0.80, and HR=0.32; 95% CI:0.15,0.71 per 10 bpm 

increase in RHR and 1 SD increase in SDNN and RMSSD, respectively). After further 

adjustments for all the study covariates in model 3, the association between SDNN and 

dementia incidence attenuated, yet remained statistically significant (HR=0.61; 95%CI: 

0.38, 0.99), and the association of RMSSD with dementia risk remained similar (HR=0.34; 

95%CI: 0.15, 0.74). In addition, sex modified the association between RHR and dementia 

risk (p for interaction=0.092) such that 10 bpm increase in RHR was associated with 25% 

increased risk of dementia among women only (HR=1.25; 95% CI:1.01, 1.54). However, 

these associations were no longer statistically significant after adjustment for additional 

study covariates (HR=0.97; 95% CI:0.73, 1.28; table 3, models 3). The association of 

RMSSD with AD in individuals older than 60 years remained statistically significant. Yet, 

the associations of SDNN and RHR with AD in older adults and females, respectively, were 

no longer significant, probably due to limited statistical power (supplementary table II).

Autonomic balance and the risk of stroke

After controlling for all the study covariates, RHR, but not SDNN or RMSSD, was 

significantly associated with risk of stroke. Each 10 bpm increment in RHR was associated 

with 18% increase in risk of stroke (HR=1.18; 95% CI: 1.01, 1.39), and RHR above vs. 

below the median was associated with an increase of ~70% in stroke risk (HR=1.68; 95% 

CI:1.14, 2.46) (table 4).

There was a significant interaction between SDNN and sex such that SDNN was associated 

with risk of stroke only among men (HR=0.51; 95% CI:0.30,0.84; p for interaction=0.005 

and HR=0.30; 95% CI:0.11,0.81; p for interaction=0.041 per 1SD increased SDNN and top 

vs. bottom median, respectively). These associations remained similar after additional 

adjustment for study covariates (HR=0.46; 95% CI:0.26,0.79; p for interaction=0.003 and 

HR=0.29; 95% CI:0.11, 0.79; p for interaction=0.003 per 1SD increased SDNN and when 

comparing top vs. bottom medians, respectively (table 5). No effect modification by age or 

sex was observed in the association of either RHR or RMSSD with stroke incidence.

No violation of the proportional hazards assumptions was observed in the cox regression 

models.

Discussion

In our community-based cohort, RHR predicted acute stroke in the total sample, and low 

SDNN preceded the development of stroke in men. In addition, cardiac autonomic measures 

were not associated with dementia incidence overall, however SDNN and RMSSD, 

measures of heart rate variability, were associated with dementia risk and specifically with 

AD, in older individuals. These associations were independent of cardiometabolic risk 

factors and medication use.

Autonomic dysfunction is common particularly in the Lewy body dementias,28 but is also 

implicated in all dementia subtypes, including in AD,29 the most common dementia subtype.
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30 Indeed, one of the most prominent features of AD neuropathology is cholinergic loss,31 

which indicates that the sympathetic and parasympathetic systems are affected.32 Additional 

support for the importance of the cholinergic system in AD comes from findings showing 

that FDA-approved Cholinesterase inhibitors, which improve cognition and functionality in 

some patients with AD, are also efficient in increasing autonomic balance.33 In turn, 

substantial evidence from animal models and post-mortem human studies points to a strong 

link between cholinergic depletion and other neuropathological features of AD,31 such as 

promotion of amyloid ß deposition and tau pathology.34 Indeed, AD neuropathology can be 

found in brain regions responsible for autonomic regulation, including the insula and 

anterior cingulate cortex and locus coeruleus.35, 36 In addition to markers of 

neurodegeneration, imbalance between the sympathetic and parasympathetic systems may 

result in irregular cerebral blood flow and perfusion, thus contributing to brain aging and 

cognitive impairment.37–39

Our results suggest that indicators of autonomic imbalance may not predict dementia 

incidence overall. However in a stratified analysis by age, the associations of the two HRV 

indices (i.e. SDNN and RMSSD) were apparent only when the Holter examination was done 

after the age of 60 years, implying that autonomic imbalance may have predictive value only 

after some brain pathology exists during the long prodromal phase of the disease. Despite 

the rarity of prior prospective studies, it has long been speculated that autonomic 

dysfunction is present long before clinical symptoms appear, as indeed, brain areas 

implicated in autonomic regulation are affected early in the disease course.36 Furthermore, 

studies show that autonomic dysfunction is common in MCI,40, 41 a condition which in 

many cases precedes the development of clinical dementia.42 Moreover, accumulating 

literature suggests that decreased HRV is linked with poor cognitive performance in 

dementia-free individuals, thus stressing the possible role of autonomic dysfunction in 

dementia prediction.12 Yet, only recently, a prospective cohort study has been conducted on 

this topic for the first time. In contrast to our findings of no association between RHR and 

dementia risk, this study demonstrated an association of increased RHR with a greater 

decline in cognitive performance and in increased dementia risk over a 20 years follow-up.13 

This inconsistency may be explained by differences in study design (e.g. follow-up 

duration), or sample composition (e.g. differences in mean age and ethnicities).Yet, in 

accordance with our findings, no effect modification by age and sex was observed in this 

former study with regard to the association between RHR and dementia incidence.

Increased RHR has been linked with stroke risk in the current as well as in other analyses.43 

Suggested mechanisms include promotion of endothelial dysfunction, and impairment in 

cerebral circulation and glucose metabolism.37–39 In addition, high SDNN was related to 

decreased stroke risk, but only among men. It has been previously hypothesized that 

autonomic dysfunction may have more impact in populations already at high risk for stroke, 

such as those with type 2 diabetes.18 Hence, our finding of an association only in men may 

be explained in light of this prior hypothesis, because men, compared to women, were 

possibly at higher risk for stroke when autonomic balance was assessed (mean age ~48 

years).44
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Several prior studies suggested that low HRV may have a predictive value for stroke.17 Yet, 

studies are heterogeneous in many aspects including measures of HRV used and duration of 

follow-up.17 Particularly, distribution of the study population characteristics may be 

important in light of our and other’s18 findings indicating effect modification by various 

variables.

Strengths of our study include the community-based, prospective design and the careful 

surveillance for end-points. Several limitations should also be noted: first, measures of 

autonomic imbalance are associated with multiple risk factors for dementia and stroke, 

including diabetes, hypertension, depression and inflammation.3, 4, 6, 45–47 While we were 

able to adjust for many of these factors, the possibility of residual confounding cannot be 

excluded. Second, due to small numbers of incident events, particularly in subgroup 

analyses, our results must be considered hypothesis generating and need to be replicated in 

larger studies. Furthermore, we were underpowered to differentiate between specific 

subtypes of dementia and stroke. Third, the overwhelmingly European origin of the study 

sample limits the generalizability of our findings. Forth, autonomic balance was assessed at 

a single time point, thus may have led to an underestimation of the true associations through 

non-differential misclassification bias. Lastly, it needs to be acknowledged that the 

observational nature of the study does not allow causal inferences.

Summary

In conclusion, our study supports previous research showing that high resting heart rate may 

serve as a risk factor for stroke, and suggests that some indicators of cardiac HRV precede 

the diagnosis of stroke and dementia in specific subpopulations. RHR and HRV are non-

invasive and easy to measure in clinical settings and thus may serve as useful biomarkers for 

incident dementia and stroke in those who may benefit from preventive interventions. In 

light of our findings, we suggest that future research exploring the predictive value of 

autonomic balance to dementia and stroke risk will account for the possible interactions of 

these measures with characteristics such as age, sex and use of medications. Furthermore, 

future research is warranted to explore whether improvement of autonomic tone results in 

reduction of dementia/stroke risk and in slowing of brain aging.
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Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations and Acronyms

RHR Resting Heart Rate
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HRV Heart Rate Variability

AF Atrial Fibrillation

CHF Congestive Heart Failure

SDNN Standard Deviation of beat-to-beat intervals

RMSSD Root Mean Square of the Standard Deviation

HR Hazard Ratio

AD Alzheimer’s Disease
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Figure 1: 
Selection of study participants. The risk of incident dementia and stroke was calculated as 

the 10-year risk starting from examination cycle 7. AF=atrial fibrillation; CHF=congestive 

heart failure; ApoE=apolipoprotein E; RHR=Resting heart rate; SDNN= SD of normal-to-

normal intervals; RMSSD= square root of the mean of the squared differences.

Weinstein et al. Page 12

Stroke. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Weinstein et al. Page 13

Table 1:

Baseline characteristics of the study sample

Study sample for dementia analysis
(N=1581)

Study sample for stroke analysis
(N=3271)

Age at exam 3, mean years ± SD 55.0 ± 6.0 48.4 ± 9.2

Age at start of follow-up, mean years ± SD 69.1 ± 5.9 62.7 ± 9.2

Time between exam 3 and start of follow-up (mean ± SD) 14.1 ± 1.0 14.2 ± 1.0

Follow-up duration* 10.0 [6.9, 10.0] 10.0 [10.0, 10.0]

Men, n (%) 734 (46.4) 1489 (45.5)

Education, n (%)

 < High-school degree 116 (7.3) 175 (5.4)

 High-school degree 538 (34.0) 1016 (31.3)

 Some college 459 (29.0) 946 (29.1)

 ≥ College graduate 468 (29.6) 1113 (34.3)

Body mass index, kg/m2* 26.0 [23.5, 28.7] 25.5 [22.8, 28.5]

Physical Activity Index* 34.7 [32.2, 38.2] 34.9 [32.3, 38.2]

Smoking, n (%) 383 (24.2) 902 (27.6)

Diabetes, n (%) 69 (4.5) 97 (3.1)

Fasting blood glucose, mg/dL* 93.0 [87.0, 99.0] 91.0 [85.0, 97.0]

Stage 1 hypertension, n (%) 609 (38.5) 921 (28.2)

Systolic blood pressure, mean mmHg ± SD 127.3 ± 16.8 122.9 ± 16.3

Prevalent CVD, n (%) 99 (6.3) 130 (4.0)

Total cholesterol, mg/dL* 218.0 [194.0, 244.0] 209.0 [183.0, 236.0]

HDL-cholesterol, mg/dL* 49.0 [40.0, 61.0] 49.0 [41.0, 61.0]

Triglycerides, mg/dL* 107.0 [71.0, 156.0] 93.0 [63.0, 143.0]

ApoE4, n (%) 344 (21.8) 690 (22.1)

Use of antihypertensive medications, n (%) 336 (21.3) 466 (14.3)

Use of antiarrhithmics medications, n (%) 10 (0.6) 13 (0.4)

Use of cardiac glycosides, n (%) 10 (0.6) 13 (0.4)

Use of beta-blockers, n (%) 168 (10.6) 234 (7.2)

Use of aspirin, n (%) 373 (23.7) 785 (24.1)

Resting heart rate (beats/minute) * 64.0 [58.0, 70.0] 64.0 [58.0, 72.0]

SDNN* 8.9 [7.3, 10.8] 9.2 [7.6, 11.2]

RMSSD* 2.8 [2.2, 3.7] 3.0 [2.3, 4.1]

CVD=Cardiovascular Disease; HDL=high-density lipoprotein; SDNN=standard deviation of beat-to-beat intervals; RMSSD=root mean square of 
successive differences

*
Values are medians [Q1, Q3]
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Table 2:

Association between autonomic balance indices and dementia risk

Model 1 Model 2 Model 3

Events/N HR (95% CI) Events/N HR (95% CI) Events/N HR (95% CI)

RHR Per 10 bpm 133/1579 1.09 (0.93, 1.29) 129/1530 1.05 (0.88, 1.24) 128/1498 1.02
(0.86, 1.21)

SDNN Per SD 70/815 0.74 (0.56, 0.99) 68/784 0.79 (0.60, 1.06) 67/767 0.81 (0.61, 1.08)

RMSSD Per SD 70/815 0.79 (0.57, 1.09) 68/784 0.77 (0.55, 1.07) 67/767 0.78 s(0.55, 1.08)

RHR=Resting Heart Rate; SDNN= SD of normal-to-normal intervals; RMSSD= root mean square of successive differences

Model 1 is adjusted for age, sex, education and apoe4

Model 2 is additionally adjusted for smoking status, diabetes, SBP, antihypertensives, antiarrhythmics and cardiac glycosides

Model 3 is additionally adjusted for physical activity

Results were similar after controlling for interim CHF and interim AF and after excluding stroke cases at exam 3

Bold values denote statistical significance at the p ≤ 0.05 level
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Table 3:

Association between autonomic balance indices and dementia risk stratified by age and sex

model Events/N HR (95% CI) 
‡ p for interaction

SDNN 1 Age< 60y* 38/653 0.99 (0.70, 1.40)

Age≥ 60y* 32/162 0.48 (0.29, 0.80) 0.038

2 Age≥ 60y* 36/630 1.04 (0.72, 1.48)

Age≥ 60y* 32/154 0.56 (0.34, 0.91) 0.071

3 Age< 60y* 36/616 1.02 (0.71, 1.47)

Age≥ 60y* 31/151 0.61 (0.38, 0.99) 0.158

RMSSD 1 Age< 60y* 38/653 1.19 (0.82, 1.72)

Age≥ 60y* 32/162 0.32 (0.15, 0.70) 0.005

2 Age< 60y* 36/630 1.16 (0.79, 1.70)

Age≥ 60y* 32/154 0.29 (0.13, 0.64) 0.003

3 Age< 60y* 36/616 1.13 (0.77, 1.68)

Age≥ 60y* 31/151 0.34 (0.15, 0.74) 0.008

RHR 1 Females 85/845 1.25 (1.01, 1.54)

Males 48/734 0.92 (0.70, 1.22) 0.092

2 Females 83/809 1.14 (0.92, 1.41)

Males 46/721 0.95 (0.72, 1.24) 0.293

3 Females 82/790 1.09 (0.87, 1.35)

Males 46/708 0.97 (0.73, 1.28) 0.518

RHR=Resting Heart Rate; SDNN= SD of normal-to-normal intervals; RMSSD= root mean square of successive differences

Model 1 is adjusted for age, sex, education and apoe4

Model 2 is additionally adjusted for smoking status, diabetes, SBP, antihypertensives, antiarrhythmics and cardiac glycosides

Model 3 is additionally adjusted for physical activity

*
At time of electrocardiogram (exam 3)

‡
values are per 10 bpm for RHR and 1SD for SDNN and RMSSD

Bold values denote statistical significance at the p ≤ 0.05 level
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Table 4:

Association between autonomic balance indices and stroke risk

Model 1 Model 2 Model 3

Events/N HR (95% CI) Events/N HR (95% CI) Events/N HR (95% CI)

RHR Per 10 bpm 127/3269 1.15 (0.98,1.35) 123/3126 1.18 (1.00,1.38) 120/3037 1.18 (1.01, 1.39)

Below median 52/1654 1.00 (ref.) 50/1581 1.00 (ref.) 49/1537 1.00 (ref.)

Above median 75/1615 1.59 (1.11,2.29) 73/1545 1.71 (1.18,2.50) 71/1500 1.68 (1.14, 2.46)

SDNN Per SD 58/1716 0.88 (0.67,1.17) 56/1635 0.86 (0.64,1.15) 56/1586 0.85 (0.63,1.15)

Below median 40/858 1.00 (ref.) 39/818 1.00 (ref.) 39/792 1.00 (ref.)

Above median 18/858 0.62 (0.35,1.09) 17/817 0.59 (0.33,1.07) 17/794 0.60 (0.33,1.08)

RMSSD Per SD 58/1716 0.93 (0.69,1.26) 56/1635 0.89 (0.64,1.22) 56/1586 0.89 (0.65,1.23)

Below median 39/858 1.00 (ref.) 38/820 1.00 (ref.) 38/795 1.00 (ref.)

Above median 19/858 0.66 (0.38,1.15) 18/815 0.63 (0.36,1.12) 18/791 0.64 (0.36,1.13)

RHR=Resting Heart Rate; SDNN= SD of normal-to-normal intervals; RMSSD= root mean square of successive differences

Model 1 is adjusted for age at exam 3, sex, SBP, CVD, interim CHF, and interim AF

Model 2 is additionally adjusted for smoking status, diabetes, antihypertensives, antiarrhythmics, cardiac glycosides, and aspirin

Model 3 is additionally adjusted for physical activity

Bold values denote statistical significance at the p ≤ 0.05 level
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Table 5:

Association between SDNN and stroke risk stratified by sex

Model Events/N HR (95% CI) p for interaction

1 Per SD Females 36/946 1.21 (0.88, 1.67) 0.005

Males 22/770 0.51 (0.30, 0.84)

Below median females 23/497 1.00 (ref.) 0.041

Above median 13/449 1.01 (0.50, 2.03)

Below median Males 17/361 1.00 (ref.)

Above median 5/409 0.30 (0.11, 0.81)

2 Per SD Females 34/882 1.25 (0.88, 1.79) 0.003

Males 22/753 0.47 (0.27, 0.80)

Below median females 23/497 1.00 (ref.)

Above median 12/415 1.08 (0.51, 2.29) 0.003

Below median Males 17/361 1.00 (ref.)

Above median 5/402 0.29 (0.11, 0.79)

3 Per SD Females 34/851 1.25 (0.88, 1.79) 0.003

Males 0.46 (0.26, 0.79)

Below median females 22/450 1.00 (ref.) 0.003

Above median 12/401 1.08 (0.51, 2.30)

Below median Males 17/342 1.00 (ref.)

Above median 5/393 0.29 (0.11, 0.79)

SDNN= SD of normal-to-normal intervals

Model 1 is adjusted for age at exam 3, sex, SBP, CVD, interim CHF, and interim AF

Model 2 is additionally adjusted for smoking status, diabetes, antihypertensives, antiarrhythmics, cardiac glycosides, and aspirin

Model 3 is additionally adjusted for physical activity

Bold values denote statistical significance at the p ≤ 0.05 level

Firth correction applied to models comparing above and below SDNN medians
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