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Abstract

Introduction—We hypothesized that subclinical disruption in blood pressure (BP) dynamics, 

captured by lower complexity and higher variability, may contribute to dementia risk, above and 

beyond BP levels.

Methods—This prospective cohort study followed 1,835 older adults from 1997-2016, with BP 

complexity quantified by sample entropy and BP variability quantified by coefficient of variation 

using beat-to-beat BP measured at baseline.

Results—334 developed dementia over 20 years. Reduced systolic BP (SBP) complexity was 

associated with a higher risk of dementia (hazard ratio [HR] comparing extreme quintiles: 1.55; 

95% confidence interval [CI]: 1.09-2.20). Higher SBP variability was also associated with a higher 

risk of dementia (HR comparing extreme quintiles: 1.57; 95% CI: 1.11-2.220. These findings were 

observed after adjusting for age, sex, APOE genotype, mean SBP and other confounding variables.
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Discussions—Our findings suggest that lower complexity and higher variability of SBP are 

potential novel risk factors or biomarkers for dementia.
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Introduction

Dementia is the most common neurodegenerative disease in older people, leading to loss 

of functional independence and disability.[1] Hypertension and other vascular risk factors 

are major modifiable contributors in the multifactorial etiology of dementia.[2], but the 

relationship between blood pressure (BP) and dementia is still not fully understood.[3] Most 

studies and clinical guidelines focus on the control of usual BP levels as a stable marker, 

but BP regulation is, in fact, highly dynamic.[3–5] Conventional BP levels may thus fail 

to capture the subclinical changes in numerous neural and hormonal feedback mechanisms 

involved in real-time BP regulation.

It has been reported that excessive BP variability over periods of days or years is associated 

with elevated risk of dementia, independent of mean BP level,[6–8] but the clinical 

translation of such measures of long-term BP variability faces practical challenges, such 

as measuring BP reliably and accurately in clinical settings over multiple days or years. 

Nowadays the measurement of BP variability over shorter periods (e.g., seconds) has been 

made feasible with the advances in wearable devices. Short-term BP variability may capture 

subtle physiological changes in BP regulation that differ from chronic variation spanning 

years, but its relation to dementia risk remains unknown.[9] Additionally, variability 

measures assess the amplitude of BP dynamic processes, and therefore may not adequately 

quantify the complex dynamics of BP regulation, which consists of numerous neural 

and hormonal feedback mechanisms that are interacting with each other over different 

scales of time and space.[10] Entropy, as a well-accepted measure of complexity of 

dynamic systems, provides a new way to quantify the adaptive capacity (i.e. complexity) 

of dynamic BP processes.[11, 12] Previous studies have linked lower complexity in 

the dynamics of given physiological signals (e.g., heart rate, standing postural sway) to 

aging and age-related adverse events (e.g., frailty and falls). [13–18] The complexity 

of BP dynamics is thought to be due to the interaction of multiple blood pressure 

regulatory processes operating on different time scales, including baroreflex sensitivity, 

which adjusts SBP on a beat-to-beat basis, and arterial stiffness, which affects baroreflex 

sensitivity, pulse pressure, and intravascular volume regulation over the longer term [19–22]. 

Alterations in each of these mechanisms may affect BP complexity and variability, which 

could contribute to dementia risk through, for example, impairing cerebral autoregulation, 

threatening cerebral blood flow, and causing ischemic damage to the brain. Alternatively, the 

alterations in BP dynamics may also result from neurodegenerative processes in autonomic 

control centers of the brain. We therefore hypothesized that higher variability and lower 

complexity in BP dynamics are associated with higher risk of dementia. We tested this 

hypothesis in the population-based Rotterdam Study, leveraging its prospective collection of 
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unique continuous beat-to-beat BP measurements and the subsequent follow-up of incident 

dementia for up to 20 years.[23]

Methods

Study Population

This study is embedded in the Rotterdam Study, a prospective cohort study underway since 

1989 in the Ommoord District in the city of Rotterdam, The Netherlands.[23] Briefly, 7,983 

participants (out of 10,215 invitees) aged ≥55 years have been followed for 26 years (since 

July 27, 1989, through January 1, 2016), with the first through sixth examination cycles 

performed in 1989–1993, 1993–1995, 1997–1999, 2002–2004, 2009–2011 and 2014-2015. 

In a subset of 2,531 random participants, continuous beat-to-beat BP measurements were 

measured during the third examination between March 1997 and December 1999. Among 

these 2,531 participants, individuals with any of the following conditions were excluded: 1) 

clinical diagnosis of dementia before and at the third examination (n =60); 2) continuous 

BP measurement ≤ 300 heartbeats (n=195); and 3) history of cardiovascular disease (CVD) 

including stroke, coronary heart disease, and atrial fibrillation, reported and verified before 

and at the third examination (n = 441). Ultimately, 1,835 eligible participants were included 

in the current study. The Rotterdam Study has been approved by the institutional review 

board (Medical Ethics Committee) of the Erasmus Medical Center and by the review board 

of The Netherlands Ministry of Health, Welfare and Sports, and written informed consent 

has been obtained from all participants.

BP Measurement

During the third examination between 1997 and 1999 (i.e. baseline of the current study), 

continuous beat-to-beat finger BP was measured noninvasively using Finapres (TNO 

BioMedical Instrumentation, Amsterdam, The Netherlands) at the middle finger of the 

left hand when the participant was in the supine position. The participant was asked to 

refrain from speaking during the measurement and was explained that movements of hand 

and fingers, laughing and coughing may affect BP measurement. Beat-to-beat BP and 

inter-beat interval were recorded continuously for at least 5 minutes and were sampled at 

100 Hz. The BeatScope software package (TNO BioMedical Instrumentation, Amsterdam, 

The Netherlands) was used to calculate continuous beat-to-beat systolic BP (SBP), diastolic 

BP (DBP) and mean arterial pressure (MAP). The assessment of finger BP using Finapres 

has been validated against brachial BP in previous studies.[24] Our analysis used BP series 

of the first 300 continuous beats of stable BP signals as detected by Finapres.

Assessment of BP Complexity and BP Variability

The BP complexity was quantified using sample entropy, a well-established measure of the 

non-linear dynamics (i.e. complexity) of physiological time-series.[12, 25] Briefly, sample 

entropy is defined as the negative natural logarithm of the conditional probability that a 

time-series, having repeated itself within the similarity criteria of r for m points, will also 

repeat itself for m+1 points, without including self-matches in the probability calculation.

[12] As an a priori procedure, we set m (length of the BP segment being compared) as 2 

following recommendations for short time series data and r as 0.15 after examining sample 
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entropy using multiple values of r (i.e., 0.1, 0.15, 0.2, 0.25 and 0.3) based on the criterion 

that optimizes both the accuracy and discrimination capability of sample entropy estimates.

[26, 27] In our study, sample entropy explicitly calculates the probability that patterns within 

the BP series repeating themselves for any two consecutive SBP points, would also repeat 

themselves for any three consecutive points, within a defined distance of 0.15 times the 

standard deviation (SD) of the entire BP series (i.e., r=0.15*SD). Lower sample entropy 

indicates less complexity in BP dynamics, i.e. reduced adaptive capacity to maintain optimal 

BP regulation (detailed methods in the Supplement).

Beat-to-beat BP variability was quantified using coefficient of variation, defined as SD/

mean of the continuous beat-to-beat BP series. Figure 1 illustrates individual examples 

with similar mean SBP but different complexity and variability levels, with hypothetical 

interpretation provided. To further assess the joint role of BP complexity and variability, 

we constructed an interaction term that identified individuals with both high complexity 

and low variability and individuals with both low complexity and high variability in BP, 

where “high” and “low” were pre-specified as within the top and bottom quintile of the 

corresponding measure, respectively.

Ascertainment of Dementia

Dementia cases were ascertained throughout the study using a standardized protocol.

[28] Specifically, all participants were screened for dementia at baseline and subsequent 

visits using the Mini-Mental State Examination and the Geriatric Mental Schedule.[28] 

Participants having a Mini-Mental State Examination score < 26 or Geriatric Mental 

State Schedule organic level > 0 underwent further examination and informant interview 

with the Cambridge Examination for Mental Disorders of the Elderly.[28] Participants 

who were suspected of having dementia underwent extra neuropsychological testing if 

necessary. Of all 1,835 participants, 412 (22%) did not return to the research center for 

in-person follow-up examinations for dementia assessment. Participants who did not return 

for follow-up were less healthy at baseline, with a lower baseline MMSE score. Because 

the entire cohort was continuously monitored for dementia through electronic linkage with 

medical records from general practitioners and the regional institute for outpatient mental 

healthcare, dementia status for non-visitors were also recorded. Available information 

on cognitive testing and clinical neuroimaging was used when required for diagnosis of 

dementia subtype. Based on all the above information, a consensus panel led by a consultant 

neurologist established the final diagnosis according to standard criteria for dementia (the 

Diagnostic and Statistical Manual of Mental Disorders, Third Edition, Revised; DSM-III-R). 

For consistency throughout the study period, Alzheimer’s disease was defined according to 

the clinical NINCDS-ADRDA-criteria.[28] As of January 1, 2016, follow-up for dementia 

was complete for 98% of potential person-years.

Arterial Stiffness and Cardiovagal Baroreflex Function

Arterial stiffness was assessed by carotid-femoral pulse wave velocity using an automatic 

device at the same time with continuous Finapres BP measurement.[29, 30] A higher 

value of pulse wave velocity indicates elevated arterial stiffness. Baroreflex sensitivity was 

calculated from same beat-to-beat measurements using methods applied to the Rotterdam 
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Study previously.[31, 32] Baroreflex sensitivity was defined as the slope of linear regression 

of the change in inter-beat interval on the change in SBP, with a higher value indicating 

better baroreflex sensitivity.[32] Further details on both measures are provided (detailed 

methods in the Supplement).

Other Measurements

Information on demographic characteristics was collected at the first examination after 

cohort entry in 1989. The apolipoprotein E (APOE) genotype was determined using 

polymerase chain reaction on coded genomic DNA samples. During each follow-up exam, 

smoking habits, alcohol consumption, medication use, body mass index, total cholesterol, 

high-density lipoprotein cholesterol, and diabetes mellitus were assessed with standardized 

protocols. Cardiovascular disease, including coronary heart disease (i.e. myocardial 

infarction, percutaneous coronary intervention or coronary artery bypass grafting) stroke and 

atrial fibrillation, was assessed via interviews and verified by medical records. The diagnosis 

of atrial fibrillation was further verified by a 12-lead resting electrocardiogram test.

Statistical Analyses

Primary Analyses

Our primary analysis focused on the association of SBP complexity and variability 

with incident dementia, and hazard ratios (HR) were estimated by Cox proportional 

hazards models. Person-time accrued from the third examination (time of beat-to-beat BP 

measurement) until the date of dementia diagnosis, date of death, date of loss to follow-up, 

or censoring at the end of study on January 1, 2016, whichever came first. We estimated 

the cumulative incidence of dementia while accounting for the competing risk of death.[33] 

Differences in curves across quintiles of SBP complexity were tested using Gray’s test 

for equality of cumulative incidence functions.[34] We assessed SBP complexity on both 

continuous and categorical scales. As the clinical cut-offs for SBP complexity have yet to 

be established, we used pre-specified quintile-based categories, with the reference group 

defined as the highest quintile for SBP complexity (i.e. high complexity). Testing for linear 

trends across quintiles of SBP complexity was performed by entering a single ordinal 

term into the model. To control for possible confounding, Cox models were built with the 

adjustment for the following covariates in three ways: 1) adjustment for age, sex in model 

1; 2) additional adjustment for mean SBP level in model 2; and 3) further adjusting for 

education level (primary, intermediate, higher education), APOE ε4 carrier status, smoking 

habits (never, past, current), body mass index (<24.9, 25-29.9, ≥30kg/m2), lipid levels 

(quartiles), history of diabetes and antihypertensive medication use in the final model. 

The proportional hazard assumptions were tested by including an interaction term with 

time in the model, and the assumptions were also verified. To provide causal relative risk 

estimates in the presence of competing risk of death, cause-specific HRs were computed.

[35] All covariates, except SBP level and age, were categorical, and missing data were 

handled by adding an additional category indicating missing values (<10%) to the model. 

We also used a multiple-imputation approach with five imputations for missing data in our 

sensitivity analysis. We assessed the association of SBP variability with dementia risk using 

the same approach, except that the reference group was defined as the lowest quintile of SBP 
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variability. We also estimated dementia risk in relation to the interaction term of complexity 

and variability using the same methods.

Secondary Analyses

We repeated the analyses described above for the complexity and variability in DBP, pulse 

pressure (PP) and MAP respectively. To identify potential effect modification, we stratified 

the analyses by age, sex, APOE genotype, antihypertensive treatment and SBP level at 

baseline. Interaction was formally tested on a multiplicative scale by adding a product term 

to the model. To explore potential mechanisms, we further stratified the association by 

pulse wave velocity, the most common indicator of arterial stiffness[29] and by baroreflex 

sensitivity, an established assessment of autonomic control of the cardiovascular system[36]. 

We additionally adjusted for pulse wave velocity and baroreflex sensitivity to test whether 

these two markers could be potential mediators. Finally, to inform the relationship between 

short-term beat-to-beat BP variability and long-term visit-to-visit BP variability, we further 

derived visit-to-visit BP variability using coefficient of variation of BP measured at the first 

three examinations (in 1989–1993, 1993–1995, 1997–1999), and assessed its correlation 

with beat-to-beat BP variability and its association with dementia risk using methods 

consistent with our primary analyses.

Sensitivity Analyses

To test the robustness of the main findings, we performed the following analyses: (1) 

repeating analyses for clinical Alzheimer’s disease as the outcome (analyses for vascular 

dementia were not performed due to the small number of cases); (2) censoring dementia 

cases ascertained within 5 years of BP measurements to reduce potential issue of reverse 

causation; (3) censoring participants at the time of stroke; (4) imputing missing data 

using a multiple-imputation approach; (5) including the 441participants with pre-existing 

cardiovascular disease; (6) adjusting for covariates updated at follow-up examinations using 

time-varying Cox models; and (7) additionally adjusting for baseline cognitive function.

All effect estimates are given with corresponding 95% confidence intervals (CIs). All P 
values presented are two sided, and a P value of 0.05 or less was considered statistically 

significant for all the analyses, except that the significance level for an interaction effect 

was set as 0.1 or less to increase the statistical power to detect biologically meaningful 

interactions. Statistical analyses were performed using SAS version 9.4 (SAS Institute), R 

version 3.6.2 (R Foundation, ggplot2 package) and Matlab (2019b, The MathWorks, Inc).

Results

Among the 1,835 participants (63% women) with mean age of 71.0 (6.4) years, 334 

participants developed dementia during a median follow-up of 14.5 years (interquartile 

range 8.6–16.4), including 271 (81.1%) with clinical diagnosis of Alzheimer’s disease and 

15 (4.5%) with pure vascular dementia. Table 1 and Table 2 describe the characteristics 

of the participants across quintiles of SBP complexity and variability, respectively. SBP 

complexity and variability were inversely correlated (r=−0.49, P<0.001), while SBP 
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complexity only weakly correlated with mean SBP (r=−0.08) and SBP variability did not 

correlate with mean SBP (r=0.01) (Supplementary eFigure 1).

BP Complexity, Variability and Dementia Risk

Lower SBP complexity was associated with higher risk of all-cause dementia. As shown in 

Figure 2A, the incidence rate of all-cause dementia was higher with lower SBP complexity 

across quintiles of SBP complexity, after accounting for the competing risk of death 

(P=0.013). Table 3 further shows the cause-specific HRs of dementia by quintiles of SBP 

complexity. The risk of dementia was higher with lower SBP complexity, and the HR was 

1.59 (comparing lowest versus highest quintile; 95% CI: 1.13–2.24, P for trend=0.003) 

after adjusting for age and sex. The association remained statistically significant after 

further adjusting mean SBP, education, APOE genotype, antihypertensive medication use 

and traditional vascular risk factors (HR:1.55; 95%CI: 1.09-2.20; P for trend=0.007). 

Association estimates for covariates in the final model were also provided (Supplementary 

eTable 1). Dementia risk did not change significantly with the complexity in DBP, PP or 

MAP (Supplementary eTable 2).

Excessive SBP variability was associated with a higher risk of all-cause dementia. Figure 2B 

shows higher incidence rate of all-cause dementia among those with larger SBP variability 

(P=0.011). Table 4 shows the HRs of dementia by quintiles of SBP variability. Higher SBP 

variability measured by coefficient of variation was associated with a higher risk of dementia 

after adjusting for age and sex, mean SBP, education, APOE genotype and traditional 

vascular risk factors. The HR of all-cause dementia for large SBP variability at the highest 

(vs lowest) quintile was 1.57 (95% CI: 1.11-2.22, P for trend=0.017). Association estimates 

for covariates in the final model were also provided (Supplementary eTable 3). Consistent 

associations with dementia risk were observed for variability in DBP and MAP, though the 

association was less consistent for PP variability (Supplementary eTable 4).

When SBP variability and complexity were considered jointly, individuals with both 

low complexity (at the bottom quintile) and high variability (at the top quintile) had 

a significantly higher risk of developing dementia compared with those of both high 

complexity (at the top quintile) and low variability (at the bottom quintile) in SBP (HR: 

2.22; 95%CI: 1.31-3.76, P for trend=0.002; Supplementary eTable 5).

Secondary Analysis

The association of SBP complexity with dementia risk was significant for individuals with 

both low and elevated (defined as >75th percentile of the measure) levels of arterial stiffness, 

but tended to be stronger in the presence of elevated pulse wave velocity (adjusted P 

for interaction=0.07; Supplementary eFigure 2 ). The magnitude of the association also 

appeared to be slightly (statistically non-significant) larger with lower baroreflex sensitivity; 

the associations did not differ significantly by antihypertensive medication, age, sex, or 

APOE ε4 carrier status. (Supplementary eTable 6). The association with SBP variability 

also did not differ significantly across these subgroups, and the association patterns stratified 

by arterial stiffness and baroreflex sensitivity were similar to those for SBP complexity 

(Supplementary eTable 7). The association remained similar with additional adjustment 
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for pulse wave velocity and baroreflex sensitivity (Supplementary eTable 8). Additionally, 

short-term beat-to-beat BPV was not correlated with long-term visit-to-visit BPV (r=0.02, 

P=0.35). When both short-term and long-term SBP variability were assessed in the same 

model, they both were significantly associated with dementia risk (Supplementary eTable 9).

Sensitivity Analysis

Risk estimates of SBP complexity and variability were similar for all-cause dementia 

and the clinical diagnosis of Alzheimer’s disease (Supplementary eTables 10–11). The 

association of SBP complexity with dementia risk remained essentially the same after 

removing dementia cases that occurred during the first five years of follow-up, using 

multiple imputation, adjusting for time-varying covariates, and additionally adjusting for 

baseline cognitive function. The association was slightly attenuated after censoring the 

35 post-stroke dementia cases and without excluding pre-existing cardiovascular cases at 

baseline (Supplementary eTable 12). Similar results were observed for SBP variability (data 

not shown).

Discussion

In this population-based prospective cohort study among older adults, we observed that 

both lower complexity and higher variability of beat-to-beat SBP were associated with 

elevated long-term dementia risk, after adjusting for age, sex, mean SBP and other potential 

confounding.

Our study provides novel evidence that lower SBP complexity was associated with increased 

dementia risk in older adults. The “complexity theory of aging” postulates that aging and 

age-related diseases alter dynamic physiological feedback loops and their structural and 

functional connectivity, contributing to reduced system functionality and impairment in an 

organism’s ability to adapt to stress, i.e. loss of complexity.[13] Previous studies showed 

the relationship between SBP complexity and other diseases. For example, a case-control 

study showed that SBP complexity was lower in patients with type I diabetes mellitus.

[37] Similarly, in pediatric patients with acute brain injury reduced SBP complexity was 

associated with a higher risk of death.[38] The findings on SBP complexity and risk of 

dementia in our study further demonstrates that lower physiological complexity of SBP 

regulation may capture subtle abnormalities in the central nervous and cardiovascular 

systems that occur at the early subclinical stage of dementia.

In terms of BP variability, it has been linked to coronary heart disease, stroke and renal 

disease.[5, 39] Both higher day-to-day and visit-to-visit BP variability over years were 

also associated with higher dementia risk.[6, 7, 40] Our study adds new evidence by 

showing that excessive beat-to-beat SBP and DBP variability over a short period of minutes 

were associated with the elevated risk of dementia. Interestingly, the association of DBP 

variability with dementia risk was slightly stronger than that of SBP variability. Given 

that SBP is mathematically composed of DBP and PP, the findings suggest that DBP 

may be more relevant to dementia etiology than SBP as a whole or PP. Additionally, and 

importantly, we observed that beat-to-beat SBP variability was not correlated with long-term 

visit-to-visit BP variability and that both were associated with elevated risk of dementia 
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with mutual adjustment, suggesting that the underlying mechanisms of BP variability over 

different time periods may vary. Notably, compared to BP variability measured spanning 

years or days, beat-to-beat BP can be measured more conveniently in clinical settings, 

making short-term BP dynamic measures potentially more useful in practice. Incorporating 

variability and complexity measures of different BP components over different timescales 

into prediction models for dementia might also help improve dementia risk stratification.

The relationship between the complexity and variability of SBP and risk of dementia was 

observed in older adults free of major cardiovascular events after adjusting for traditional 

vascular risk factors, suggesting that SBP complexity and variability may capture important 

early subclinical changes in BP regulation that contribute to dementia through pathways 

independent of traditional vascular risk factors. We observed similar association after 

censoring dementia cases occurring after incident stroke. This observation suggests that BP 

complexity and variability may be linked to dementia risk mainly through the accumulation 

of chronic subclinical vascular pathology, instead of pathways mediated by major sudden 

vascular events such as stroke. It thereby indicates the importance of vascular pathology, 

assessed by BP complexity and variability, in the early-stage etiology of dementia.

The biological explanations of SBP complexity and variability are largely unknown. 

Numerous neural and hormonal feedback mechanisms operate simultaneously to precisely 

maintain the oscillation of BP within a certain range.[10] This complex rhythm of the real 

time BP regulation may decrease if the underlying feedback loops cannot communicate 

and respond efficiently, giving rise to excessive BP variability. This speculation is in 

concert with the observed inverse correlation between SBP complexity and variability. 

The association of SBP complexity and variability with dementia appeared stronger in 

the presence of arterial stiffness and impaired baroreflex sensitivity, which is in line 

with a previous report,[7] although most of these subgroup differences did not reach 

statistical significance. It also concurs with an animal study showing that the denervation 

of baroreceptors led to less complex and more variable BP[22] and evidence suggesting that 

the primary function of the baroreceptor reflex was not to set the BP level, but, instead, to 

minimize variations in systemic arterial BP.[41] Taken together, these data suggest that lower 

complexity and higher variability of BP may reflect subtle subclinical vascular impairment 

and autonomic dysfunction that contribute to the disturbances of dynamic BP regulation. 

For the observed associations of BP complexity and variability with dementia, there could 

be several explanations. First, a causal relationship is possible. The brain receives high-

volume blood flow and the disturbance in BP dynamics may expose cerebral vessel walls 

to wider pressure fluctuation, especially when the cushioning function of large vessels is 

impaired, as occurs with the arterial stiffness.[42] Extreme low and high BP levels resulting 

from excessive variability may escape cerebral autoregulation limits and contribute to 

vasculature impairment, ultimately leading to dementia.[43–45] Alternatively, BP variability 

and complexity could also be preclinical markers of dementia if neurodegenerative changes 

of prodromal dementia, which affect neural regulation of BP, occur long (e.g., more than one 

decade) before the diagnosis of dementia. Also, a non-causal explanation cannot be ruled 

out given that baroreceptor insensitivity, arterial stiffness and cognitive impairment could 

all represent a general phenomenon of aging that may occur simultaneously. Further studies 

are needed to confirm the “directionality” of the observed associations, such as employing 
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neuroimaging techniques. Additionally, SBP complexity and SBP variability demonstrated 

similar associations with dementia, suggesting that they could be markers of the same 

pathophysiological processes. By contrast, DBP variability was associated with dementia 

risk but DBP complexity was not, possibly because DBP complexity reflects different 

physiological processes or that sample entropy captures less pathophysiological signals of 

DBP regulation.

Several limitations need to be noted. First, although our analyses assessing BP complexity 

using sample entropy have demonstrated robust associations, continuous BP series in this 

study was of relatively short length, thus limiting the use of multiscale entropy to quantify 

BP complexity over broader scales of time. Despite the careful implementation of a standard 

protocol, random measurement error in beat-to-beat BP series is still possible, which 

may have led to conservative association estimates. Second, our study was based upon 

an older population mainly comprised of white participants free of major cardiovascular 

events at baseline, the generalizability of our results to younger, sicker, or other racial/

ethnic populations therefore warrant further investigation. Third, as an observational study, 

we cannot rule out potential residual confounding, e.g. subclinical cerebrovascular or 

neurodegenerative changes preceding beat-to-beat BP measurement, although we have 

comprehensively adjusted for traditional vascular factors. Fourth, beat-to-beat BP was 

only measured at baseline, precluding us from further assessing the longitudinal changes 

in BP variability and complexity with the development of dementia. Additionally, the 

observational nature also limited our ability to identify factors that may be intervened 

upon to modify SBP complexity and variability. This important evidence can be obtained, 

for instance, through incorporating continuous BP measurements (possibly using wearable 

device) into a randomized trial and assessing which types of antihypertensive medication 

optimize both static BP levels and variability (or complexity).

Our study also has several strengths. It provides novel evidence on the association of 

both beat-to-beat BP complexity and variability with dementia risk in a generally healthy 

population. Notably, although sample entropy has been a well-established concept widely 

used in many fields such as physics and physiology, it has been rarely implemented in 

epidemiological studies and clinical practice. Our study provides a novel perspective to 

understand how various dynamic physiological processes may contribute to aging and age-

related disease. Additionally, our study is embedded in a well-established ongoing cohort 

with continuous follow-up of dementia over 20 years, making our findings more robust to 

potential reverse causation.

Conclusions

This study shows that lower complexity and higher variability in continuous beat-to-beat 

SBP measures are associated with a higher risk of dementia. These findings suggest that 

lower complexity and higher variability of beat-to-beat systolic BP are potential novel risk 

factors or biomarkers for dementia. Further investigations are needed to test whether the 

observed associations are causal.
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Figure 1. Illustration of beat-to-beat SBP measurements with the same mean but different levels 
of complexity and variability
Hypothetical Interpretation: Panel A visualizes the scenario of intact BP regulation, 

in which numerous and hormonal feedback mechanisms are making flexible adaptations 

sensitively, manifested as many small disturbances on the waveform, to minimize BP 

variability (high complexity and low variability). Panel B visualizes the scenario in which 

the complex interactions between multiple regulatory feedback loops are partially impaired, 

but BP variability can still be largely limited through compensatory mechanism (low 
complexity and low variability). Panel C visualizes the scenario in which the complex 

feature of BP regulation is further impaired and BP variability cannot be effectively buffered 

by compensatory mechanism (low complexity and high variability).
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Figure 2. Cumulative incidence of all-cause dementia across quintiles of SBP complexity (A) and 
variability (B)
*SBP = Systolic Bloood Pressure; Q1-Q5 represent 1st~5th quintiles of the corresponding 

measures; Q1 is the bottom quintile and Q5 is the top quintile.
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Table 1

Basic characteristics of the study population across quintiles of SBP complexity

Characteristics 
a

Overall Quintiles of SBP complexity

(n=1,835) Q1 (n=367) Q2 (n=367) Q3 (n=367) Q4 (n=367) Q5 (n=367) P value

Age at baseline, years 71.0 (6.4) 70.7 (6.2) 71.3 (6.3) 71.4 (6.7) 70.9 (6.5) 70.6 (6.1) 0.61

Women, % 62.5 58.0 63.2 68.1 59.9 63.2 0.38

SBP (mmHg) 144 (21) 143 (21) 146 (21) 147 (21) 143 (21) 140 (19) 0.001

DBP (mmHg) 76 (11) 76 (11) 77 (12) 77 (11) 77 (11) 75 (10) 0.09

Total cholesterol, mg/dL 5.9 (0.9) 6.0 (0.9) 5.9 (1.0) 6.0 (1.0) 5.9 (0.9) 5.8 (0.9) 0.07

HDL cholesterol, mg/dL 1.4 (0.4) 1.5 (0.4) 1.4 (0.4) 1.4 (0.4) 1.4 (0.4) 1.4 (0.4) 0.01

APOE genotype, % 0.93

   ε3/ε3 59.1 59.8 58.6 59.6 59.7 58.0 -

   ε2/ε2 or ε2/ε3 13.8 11.8 16.0 12.6 12.8 15.7 -

   ε2/ε4 or ε3/ε4 25.0 25.9 23.5 25.8 25.6 24.0 -

   ε4/ε4 2.1 2.5 1.9 1.9 1.9 2.2 -

Education, % 0.21

   Primary/intermediate 89.3 86.5 89.6 91.0 89.5 89.8 -

   Higher education 10.7 13.5 10.4 9.0 10.5 10.2 -

Smoking status, % 0.04

   Never 34.4 33.0 40.1 36.4 30.6 31.7 -

   Past 47.7 49.2 48.9 43.8 49.6 47.1 -

   Current 17.9 17.9 11.0 19.7 19.8 21.2 -

Weight status, % 
b <0.001

   Normal weight 34.2 45.4 36.6 27.9 31.2 29.8 -

   Overweight 46.6 44.8 47.5 50.0 45.5 45.2 -

   Obese 19.2 9.8 15.8 22.1 23.3 25.1 -

History of Diabetes, % 12.0 8.9 10.7 13.7 12.7 13.8 0.03

History of Hypertension, % 65.8 61.0 71.7 70.8 64.3 61.1 0.32

Antihypertensive medication use, % 31.2 27.7 29.8 32.7 31.8 33.9 0.06

Abbreviations: SBP=systolic blood pressure; DBP=diastolic blood pressure; HDL=high-density lipoproteins; APOE= Apolipoprotein E. Data are 
shown in the format of means (SD) or percentages.

a
Characteristics at baseline (i.e. the third examination between 1997 and 1999 when continuous BP measurements were taken).

b
Weight status was assessed by body mass index (BMI), with overweight defined as 25≤ BMI <30 kg/m2 and obesity defined as BMI ≥30 kg/m2.
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Table 2.

Basic characteristics of the study population across quintiles of SBP variability

Characteristics 
a

Overall Quintile of SBP variability

(n=1,835) Q1 (n=367) Q2 (n=366) Q3 (n=367) Q4 (n=368) Q5 (n=367) P value

Age at baseline, years 71.0 (6.4) 70.4 (6.2) 70.1 (6.0) 71.1 (6.4) 71.4 (6.5) 72.0 (6.5) <0.001

Women, % 62.5 56.1 62.0 64.0 62.8 67.5 0.003

SBP (mmHg) 144 (21) 146 (21) 142 (19) 142 (19) 144 (22) 144 (21) 0.96

DBP (mmHg) 76 (11) 79 (12) 76 (10) 76 (10) 76 (11) 75 (11) <0.001

Total cholesterol, mmol/L 5.9 (0.9) 5.9(1.0) 6.0(1.0) 5.9(0.9) 5.9(1.0) 6.0(0.9) 0.85

HDL cholesterol, mmol/L 1.4 (0.4) 1.4(0.4) 1.4(0.4) 1.4(0.4) 1.4(0.4) 1.4(0.4) 0.20

APOEgenotype, % 0.91

   ε3/ε3 59.1 58.6 58.1 59.6 61.8 57.5 -

   ε2/ε2 or ε2/ε3 13.8 14.6 14.8 14.2 13.5 11.9 -

   ε2/ε4 or ε3/ε4 25.0 25.7 23.7 24.0 23.1 28.3 -

   ε4/ε4 2.1 1.1 3.4 2.2 1.6 2.2 -

Education, % 0.03

   Primary/intermediate 89.3 87.7 88.4 89.0 87.6 93.6 -

   Higher education 10.7 12.3 11.6 11.0 12.4 6.4 -

Smoking status, % 0.63

   Never 34.4 33.5 34.3 39.9 27.5 36.6 -

   Past 47.7 48.4 49.7 42.6 54.5 43.3 -

   Current 17.9 18.1 16.0 17.5 17.9 20.1 -

Weight status, % 
b 0.25

   Normal weight 34.2 31.1 33.1 35.8 33.2 37.8 -

   Overweight 46.6 51.0 43.9 44.3 46.6 47.1 -

   Obese 19.2 18.0 23.1 19.9 20.2 15.1 -

History of Diabetes, % 12.0 12.4 13.3 9.2 14.0 10.9 0.70

History of Hypertension, % 65.8 70.5 62.6 63.8 64.1 67.8 0.60

Antihypertensive medication, % 31.2 35.2 26.8 31.1 31.0 31.8 0.73

Abbreviations: SBP=systolic blood pressure; DBP=diastolic blood pressure; HDL=high-density lipoproteins; APOE= Apolipoprotein E. Data are 
shown in the format of means (SD) or percentages.

a
Characteristics at baseline (i.e. the third examination between 1997 and 1999 when continuous BP measurements were taken).

b
Weight status was assessed by body mass index (BMI), with overweight defined as 25≤ BMI <30 kg/m2 and obesity defined as BMI ≥30 kg/m2.
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