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Abstract

The variability of blood pressure (BPV) has been suggested as a clinical indicator for

cognitive dysfunction, yet the results from clinical studies are variable. This study

investigated the relationship between BPV and the risk of cognitive decline or demen-

tia. Bibliographic databases, including PubMed, Scopus, and Embase, were searched

systematically for longitudinal cohort studies with BPV measurements and neuropsy-

chological examinations or dementia diagnosis. A traditional meta-analysis with sub-

group analysis, and a further dose-response meta-analysis were conducted. Twenty

cohort studieswith7924168personswere included in this review. The results showed

that a higher systolic BPV (SBPV), when measured with the coefficient of variation

(SBP-CV) or standard deviation (SBP-SD), was associated with a higher risk of all-

cause dementia diagnosis but not incidence of cognitive decline on neuropsychological

examinations. In subgroup analysis, the effect wasmore prominent when using BPV of

shorter timeframes, during shorter follow-ups, or among the elderly aged more than

65 years. No dose-response relationship could be found. Our study suggested possi-

ble positive associations between SBPV and the risk of dementia. Further studies are

required to validate these findings.
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1 INTRODUCTION

Dementia is a common neurologic syndrome manifested by an abnor-

mal decline in cognitive function affecting over 47 million people

worldwide.1 Over the past decade, the importance of vascular risk

factors, especially hypertension, in dementia has emerged from

epidemiological and biomedical studies.2,3 Elevated blood pres-

sure (BP) damages the endothelia and increases the risk of stroke;

this is proposed to contribute to the multifaceted pathogenesis of

dementia.4,5

Apart from elevated BP, BP variability (BPV) has been proposed

as another important vascular risk factor.6,7 BPV is a collective term

depicting the homeostasis of BP in response to internal and exter-

nal stimulations. It encompasses a range of estimation of the variation

of systolic BP (SBP), diastolic BP (DBP), or pulse pressure measured

withindifferent timeframes (eg, very short-term, short-term,mid-term,

and long-term) using different methods for measurement (eg, beat-

to-beat, ambulatory, day-to-day, and visit-to-visit BP measurements)

and characterized by different patterns (eg, nocturnal, postural, and

postprandial).6 Different statistical indices (eg, standard deviation,

coefficient of variation, and variation independent of the mean) were

calculated to estimate the fluctuation of the BP. BPV is associated with

organ damage, stroke, cardiovascular events, and mortality even after

adjusting for average BP, indicating its independent role as a vascular

risk factor.8,9

Several population-based studies have investigated the relationship

between BPV and cognitive decline or dementia; however, the results

were inconsistent.10,11 In this systematic review and meta-analysis,

we aimed to summarize the current evidence on associations between

BPV and the incidence of cognitive decline or dementia.

2 METHODS

2.1 Protocol and registration

This study was conducted and reported according to the Preferred

Reporting Items for Systemic Review and Meta-Analysis Statement

(PRISMA) 2020 guideline.12 The research protocol was published in

the International Prospective Register of Systematic Reviews (PROS-

PERO) with the registration number CRD42020190429.

2.2 Eligibility criteria

2.2.1 Types of studies

Cohort studies with longitudinal follow-up for the incidence of cogni-

tive decline or dementia risk were used including prospective, retro-

spective, and post-hoc or subgroup analyses from a larger cohort or

randomized controlled trial, with accessible full-text content in English.

2.2.2 Types of participants

No limitations on age or baseline health statuswere applied, except for

the diagnosis of dementia at baseline. The participants had both BPV

measurements and global cognitive decline or dementia monitoring in

a longitudinal manner.

2.2.3 Types of exposures

Any measure of SBPV or DBPV obtained from ambulatory, home, or

visit-to-visit BP monitoring was eligible. The BPV indices included the

following three categories: overall variability, variability between con-

secutive visits, and the extremes in values on a single visit. Overall vari-

ability was assessed using standard deviation (SD), coefficient of vari-

ation (CV), and variance independent of the mean (VIM). Variability

between consecutive visits was assessed with average real variability

(ARV), and theextremes in values ona single visitwas assessedwith full

range (difference between the maximum and the minimum).13 Time-

framesofBPVwere classified into short-term (asmeasuredwith ambu-

latory BP),mid-term (with day-to-dayBP), and long-term (with visit-to-

visit BP) . Nocturnal and orthostatic BP variability were not included in

the present systematic review.14

2.2.4 Types of outcomes

The primary outcomewas the incidence of all common types of demen-

tia, including Alzheimer’s disease and vascular dementia, verified by

licensed physicians or related professionals or medical records. The

secondary outcome was the incidence of cognitive decline across any

period, obtained by standardized neuropsychological tests, including

Mini-Mental State Examination (MMSE), Montreal Cognitive Assess-

ment (MoCA), Cambridge Cognition Examination (CAMCOG), etc., at

least twice.

2.3 Data sources and search strategy

Three bibliographic databases, PubMed, Scopus, and Embase, were

searched on May 11, 2021, without limitations on the publication

date. Bibliographies of the included studies and relevant publications

were also manually searched for eligible studies. The search string

used was as followed, (“blood pressure variability” OR “beat-to-

beat” OR “24-hour blood pressure monitoring” OR “visit-to-visit”

OR “ambulatory blood pressure monitoring” OR “home blood pres-

sure monitoring”) AND (“dementia” OR “Alzheimer’s disease” OR

“vascular dementia” OR “Frontotemporal Dementia” OR “cognitive

impairment” OR “Mini-Mental State Examination” OR “cognitive

function” OR “cognitive testing” OR “neuropsychological testing” OR

“memory”).
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2.4 Study selection

After removing duplicate studies, two reviewers (T.J.C. and J.T.Y.) inde-

pendently screened the titles and abstracts. The full text was retrieved

for further assessment. The reviewers then independently assessed

the full articles according to the inclusion/exclusion criteria. Disagree-

ments were resolved by consensus and by consulting with a third

reviewer (HMC).

2.5 Data extraction

The two reviewers independently extracted study characteristics and

outcome data from the included studies. We only extracted the num-

bers derived from the fully-adjustedmodel in each study. The variables

adjusted were listed in Table 1. Discrepancies were resolved by discus-

sion with a third reviewer (HMC).

2.6 Assessment of the risk of bias

Risk of bias was independently assessed by the two reviewers accord-

ing to the Quality in Prognostic Factor Studies (QUIPS).19 Disagree-

ments were jointly reassessed to reach a final consensus.

2.7 Data synthesis and analysis

Studies with sufficient quantitative results were further analyzed

by two-step meta-analysis. First, a traditional meta-analysis was

employed to integrate the most-adjusted hazard ratio (HR) or odds

ratio (OR) in each outcome from the highest versus lowest BPV groups

of different BPV indices across different studies, using RevMan 5.4

(Cochrane, UK). For groups showing significant associations, a further

dose-response meta-analysis was conducted using the dosresmeta R

packagewith a linearmodel.20 In the dose-responsemeta-analysis, the

hazard ratio was approximated as the relative risk.20 Subgroup analy-

sis was carried out between BPV and outcome of interests according

to the BPV timeframes, according to different follow-up durations for

cognitive performance, and according to the mean age of participants

in included studies with the cutoff age at 65 years old, using RevMan

5.4 (Cochrane, UK). Sensitivity analysis was also conducted between

BPV and outcome of interests using the leave-one-out meta-analysis

function from the meta R package. Subgroup analysis and sensitivity

analysis were performedwhen themeta-analysis containedmore than

two studies. The traditionalmeta-analysis and the leave-one-outmeta-

analysis were conducted using the inverse variance method and the

random effects model.

The heterogeneity among included studies was evaluated by the

Cochrane Q-test, with a significance level of 0.05, and I2 statistics,

where an I2 > 60%, was considered highly heterogenous.21 Publi-

cation bias was assessed by producing a funnel plot and conducting

the Egger’s test to examine the symmetry of the funnel plot, using

the metafor R package, for outcomes integrated from more than two

studies.22

3 RESULTS

3.1 Study selection & study characteristics

We obtained 2485 records in total on our database search. Using the

PRISMA flowchart (Figure 1), 20 studies were included for qualitative

analysis, amongwhich eight studieswere included in the primarymeta-

analysis, and three in the further dose-response analysis.

The characteristics of included studies are shown in Table 1. In

short, 7 924 168 individuals over a follow-up duration of 3 months

to 22 years (mean age range, 54.3–84.4 years; 52.4% male) were

included. Some studies required participants with specific comorbidi-

ties such as stroke or cardiovascular disease.23–28 The remaining stud-

ies included thegeneral population, and twostudies byHaring (2019)29

and Liu (2015)30 excluded individuals with comorbidities, including

diabetes mellitus, coronary heart disease, and/or stroke. Among BPV

measurement modalities, office BP was adopted in 15 (75%) stud-

ies, home BP in 4 (20%) studies, and ambulatory BP in 2 (10%) stud-

ies. For BPV timeframes, 13 (65%) studies measured long-term BPV,

3 (15%) studies mid-term BPV, and 4 (20%) studies short-term. For

BPV indices, CV was the most frequently used one for both SBPV (15

studies; 75%) and DBPV (12 studies; 60%). The most commonly used

cognitive test was the MMSE, which was reported in 10 out of 16

studies (63%).

3.2 Assessment of risk of bias

The risk of bias was assessed with the QUIPS tool (Figure 2A and 2B).

Except for amoderate to high risk for “study attrition” due to the insuf-

ficient description of reasons for loss to follow-up and the characteris-

tics of participants lost to follow-up, nearly all studies were generally

rated at low risk of bias in all items in theQUIPS tool.

3.3 Association between BPV indices and
dementia risk

The relationships between BPV indices and dementia risk are sum-

marized in the upper part of Table 2, and forest plots for each meta-

analysis are shown in Figure S1-S6. All studies were measured using

either mid-term or long-term BPV. SBP-CV and SBP-SD showed sig-

nificant positive correlations with all-cause dementia risk (SBP-CV:

HR = 1.45 [95% CI, 1.11–1.90] I2= 78%; SBP-SD: HR = 1.31 [95% CI,

1.03–1.67] I2=70%),whereas SBP-VIMandDBP-CVdemonstratedno

significant association. Alzheimer’s disease and vascular dementia had

no significant associations with any analyzed BPV index. All primary

results for HRs of dementia risk had high heterogeneities (I2= 66%-

90%), except for the analysis on SBP-VIMversus vascular dementia risk
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F IGURE 1 Study flowchart. PICO indicates the acronym from patient, intervention, comparison, and outcome

(I2= 16%). Subgroup analysis according to different BPV timeframes

(Figure S8-S10) yielded consistent associations between SBP-CV or

SBP-SD and all-cause dementia risk, with amore obvious effect ofmid-

term SBPV over long-term one, as well as an additional significant pos-

itive association between mid-term DBP-CV and all-cause dementia

risk. Subgroup analysis according to different outcome follow-up dura-

tions (Figure S11 and S12) showed a similar trend between SBP-CV or

SBP-SD and all-cause dementia risk, with a more apparent effect on “5

to 10 years” follow-up over “more than 10 years” one. Subgroup analy-

sis according to themean age of participants in included studies (Figure

S13-15) showed similar findings between SBP-CV, SBP-SD, or DBP-CV

and all-cause dementia risk, with a possible trend of higher dementia

risk among the elderly subgroup. Sensitivity analysis by leave-one-out

meta-analysis (Figure S16-S18) was conducted for meta-analysis with

more than three studies. The pooled results after omitting one study

at a time remained robust for the association between SBP-CV and all-

cause dementia risk (Figure S16). However, after omitting one study,

some of the pooled results became insignificant for the SBP-SD (Figure

S17) and DBP-CV (Figure S18).

3.4 Association between BPV indices and
incidence of cognitive decline

Results on the incidence of cognitive decline are shown in the lower

part of Table 2 and in Figure S7. There were two studies using short-

term BPV, along with one mid-term study and one long-term study.

Only the association between SBP-CV and cognitive decline was avail-

able formeta-analysis, and insignificant results were found, with a high

heterogeneity (I2 = 87%). All subgroup analysis and sensitivity analysis

were not conducted due to the limited study number.
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F IGURE 2 Risk of bias (ROB) assessment in graph (panel A) and summary (panel B). The ROB of 20 included studies was evaluated with the
Quality in Prognostic Factor Studies (QUIPS) tool, which included six domains, with each domain comprising several signaling items. PF indicates
prognostic factors

3.5 Further dose response between SBP-CV or
SBP-SD and all-cause dementia risk

Further dose response analysis was conducted between the risk of all-

cause dementia and SBP-CV or SBP-SD. As shown in Figure 3A (SBP-

CV) and 3B (SBP-SD), no significance was found using a linear dose-

responsemodel (SBP-CV: p= .1246; SBP-SD: p= .088).

3.6 Assessment of publication bias

The funnel plots and subsequent Egger tests were only conducted for

those groups with > 2 studies (Figure S19). The results showed no evi-

dence of publication bias.

4 DISCUSSION

This study included 20 cohort studies with a total of 7 924 168 partici-

pants; we conducted a traditional meta-analysis from eight and further

dose-response analysis from three included studies. As shown in the

Table 1, the data extracted were from the fully-adjusted models, which

took common confounders such as baseline BP, sex, and age into con-

sideration. Nevertheless, subgroup analysis was conducted according

to the mean age due to the heterogeneity of the included study popu-

lation with a wide age range.

We identified that higher SBPV, particularly SBP-CV and SBP-SD,

was potentially associated with a higher risk of dementia with HRs

around 1.3–1.4. In the subgroup analysis according to different BPV

timeframes, different outcome follow-up durations, and the mean age
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TABLE 2 Summarized results of the associations of different BPV indices with different phenotypes of dementia risk or incidence of cognitive
decline

All-cause dementia

HR [95%CI], (n, p, I2) CV SD VIM ARV Full range*

SBP 1.45 [1.11, 1.90]

(n= 4, p= .006,

I2= 78%)

1.31 [1.03, 1.67]

(n= 3, p= .03,

I2= 70%)

1.44 [0.87, 2.40]

(n= 2, p= .16,

I2= 82%)

nil nil

DBP 1.64 [0.96, 2.81]

(n= 3, p= .07,

I2= 87%)

nil nil nil nil

Alzheimer’s disease

HR [95%CI], (n, p, I2) CV SD VIM ARV Full range*

SBP 1.51 [0.80, 2.86]

(n= 2, p= .20,

I2= 83%)

1.47 [0.81, 2.68]

(n= 2, p= .20,

I2= 77%)

1.46 [0.82, 2.57]

(n= 2, p= .20,

I2= 80%)

nil nil

DBP 1.71 [0.68, 4.28]

(n= 2, p= .25,

I2= 90%)

nil nil nil nil

Vascular dementia

HR [95%CI], (n, p, I2) CV SD VIM ARV Full range*

SBP 1.57 [0.71, 3.46]

(n= 2, p= .27,

I2= 66%)

1.83 [0.59, 5.63]

(n= 2, p= .30,

I2= 71%)

1.24 [0.96, 1.60]

(n= 2, p= .11,

I2= 16%)

nil nil

DBP 1.78 [.62, 5.11]

(n= 2, p= .29,

I2= 75%)

nil nil nil nil

Cognitive decline

OR [95%CI], (n, p, I2) CV SD VIM ARV Full range*

SBP 2.32 [0.67, 8.08]

(n= 2, p= .19,

I2= 87%)

nil nil nil nil

DBP nil nil nil nil nil

* Calculated as the difference between themaximum and theminimum.

Abbreviations: CV, coefficient of variation; SD, standard deviation; VIM, variance independent of themean; ARV, average real variability; HR, hazard ratio; OR,

odds ratio; SBP, systolic blood pressure; DBP, diastolic blood pressure.

of participants in included studies, a consistent trend was found for

the associations between BPV and dementia risk, which ismore promi-

nent in groups with shorter BPV timeframes, shorter follow-up dura-

tions, and an older age. Sensitivity analysis remained robust for meta-

analysis with sufficient included studies of more than three. The dose-

response meta-analysis demonstrated no significant dose-response

between SBPV and all-cause dementia risk. The heterogeneity is high

inmost of our analyses.

4.1 Prognostic value of SBPV or DBPV for
cognitive dysfunction

Higher SBPVwas significantly associatedwith higher all-cause demen-

tia risk but was not specifically associated with the dementia subtypes

included in our study, Alzheimer’s disease and vascular dementia. In

addition, the association between SBPV and dementia risk was more

prominent in subgroups with shorter follow-up duration for cognitive

performances and with older ages. The possible mechanism account-

ing for this finding remains to be elucidated. For the other outcome of

interest, the incidence of cognitive decline,was not analyzed for almost

all BPVs due to limited data report.

For DBPV, in some of the included studies, the effect estimates

of DBPV were not provided because of the statistically insignificant

results on cognitive dysfunction (Table 1); therefore, the results of

DBPV in our meta-analysis should be interpreted with caution.

Our systematic review represents the summarized totality of evi-

dence by including the most comprehensive and updated studies, as

compared with a previous review.11 The recent systematic review

andmeta-analysis showed a possible relationship between BPV, either

SBPVorDBPV, andall-causedementia risk in late life,11 whichwas sim-

ilar to our findings that the elderly with higher BPV bore more demen-

tia risk than the non-elderly in our subgroup analysis according to the

mean age. Both of them were statistically significant and had higher
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F IGURE 3 Linear dose-response relationship between all-cause dementia risk and coefficient of variation of systolic blood pressure (SBP-CV,
panel A) and standard deviation of systolic blood pressure (SBP-SD, panel B). The dose-response analysis was conducted secondly for the pairs of
blood pressure variability (BPV) indices and outcomes of interests which showed statistically significant associations firstly in highest-to-lowest
BPV comparisons. Hazard ratios were approximated as the relative risks. No significant correlations were observed

risk ratios thanour findings; however, theyonly included two studies by

Alperovitch (2013)31 andOishi (2017).32 For the relationship between

SBPV and all-cause dementia risk, we analyzed two more studies by

Ma (2019)33 and Yoo (2020)34; for DBPV and all-cause dementia

risk, we included one more study by Yoo (2020).34 These extra stud-

ies showed less pronounced effects, which may be accounted for the

discrepancy.

4.2 Prognostic value of cognitive dysfunction by
different BPV indices

Since the SD of BP was related to mean BP, CV and VIM were fur-

ther utilized for BPV indices to adjust for mean BP.6 In our study,

only SBP-CVandSBP-SDwere associatedwith all-cause dementia risk.

Although no statistical significance was found between SBP-VIM and

all-cause dementia risk, the individual ORs in both of the two included

studies in that meta-analysis were statistically significant. In compar-

ison with the included study number regarding SBP-CV and SBP-SD

of four and three respectively, chances are the limited study number

resulted in large uncertainty and in turn yielded an insignificant pooled

result. CV and SD were the most common BPV indices in long-term

BPVwith prognostic relevance for cardiovascular, and subclinical renal

impairment.35 SBP-CV and SBP-SD were also found to be related to

cardiovascular events and all-causemortality.36 Our results extend the

impact of SBP-CV and SBP-SD from that of recently established clini-

cal relevance to cognitive dysfunction. Furthermore, SBP-CV was the

most reported variability parameter in our systematic review, and had

a stronger association with dementia over a follow-up duration of 4–

22 years for cognitive performance compared to SBP-SD. It is possible

that SBP-CV has a better prognostic value for all-cause dementia risk.

No associationwas observed between all DBPV indices and demen-

tia risk of all types or incidence of cognitive decline. The statistically

insignificant finding between overall DBPV and dementia risk of all

types or incidence of cognitive decline might imply that DBPV plays a

less important role in cognitive dysfunction.

4.3 Prognostic value of cognitive dysfunction by
different BPV timeframes

In both SBP and DBP, the variability derived from a shorter timeframe

was associated with stronger associations with all-cause dementia risk

in this study. This might shed some light onto the different clinical cor-

relation of BPV estimated with different timeframes.35 Possible pro-

posedmechanismwould be discussed below.

4.4 Heterogeneity and publication bias of the
included studies

Most of the data in the included studies showed statistically significant

trends between BPV and cognitive dysfunction; however, in our meta-

analysis, the high heterogeneity across those studies gave rise to sta-

tistically insignificant pooled effect estimates in most of our analyses

(Table 2). This heterogeneity might result from diverse study charac-

teristics (Table 1). Given the inevitable differences in designs and par-

ticipant characteristics, more studies are needed.

4.5 Proposed mechanism underlying dementia
based on SBPV

BPV could be considered as a comprehensive reflection of the inter-

action between cardiovascular physiological responses (eg, neurohu-

moral reflex) and environmental settings (eg, arterial elastic proper-

ties and seasonal changes), although the exact details are not yet com-

pletely understood. Certain vascular diseases (eg, stroke and cerebral



1480 CHIU ET AL.

small-vessel disease) were found to be associated with SBPV,9 and the

effect of SBPV on the brain parenchyma or vasculature could be visu-

alized on neuroimaging studies.29,37 Compared with SBPV, the role

of DBPV in the pathophysiological process of cognitive dysfunction

is debatable.29,37 Therefore, high SBPV, rather than DBPV, could be

considered amanifestation of hemodynamic dysregulation, which may

corroborate our results that SBPV is a better indicator for dementia.

The proposed vascular pathophysiology through which cognitive dys-

function developed were manifested by the association of BPV and

all-cause dementia risk, specifically vascular dementia,34,38–40 yet the

associations with all individual dementia subtypeswere insignificant in

our study. The inconsistent findings might stem from the limited study

numbers. Similar findings were also seen in our sensitivity analysis by

omitting one study at a time,with robustness preservedonly in analysis

with four and above included studies. As for the timeframes fromwhich

BPV was derived, mid-term BPV showed stronger associations with

dementia risk than long-term one. Previous studies showed the effect

ofmid-termBPVelevationonaortic stiffness increase and carotid arte-

rial remodeling maladaptation, post-stroke cognitive decline, and all-

cause death, which might also be explained by neurohormonal hemo-

dynamic dysregulation proposed as above, yet limited evidence com-

pare the effect of mid-term with long-term BPV.8,41,42 For different

cognitive follow-ups, the effect of BPVwasmore prominent on shorter

follow-ups, which might imply elevated BPV as an indicator of earlier

disease onset with higher risk of total disease incidence. More stud-

ies were warranted to investigate this effect. As observed in our study,

BPVwasmore prognostic for the elderly aged 65 years and above. Our

findings agreedwell with the findings of previous studies.43–45

4.6 Strengths and limitations

The strengths of our study are, first, this is the largest meta-analysis

of cohort studies providing insights into the prognostic value of BPV

in cognition. Second, a wide range of different BPV indices was stud-

ied from the perspective of different BPV statistical indices comprising

overall variability, variability between consecutive visits, and extreme

values on a single visit, and a broad-spectrum of BPV timeframes rang-

ing from short-term, mid-term, to long-term ones. Third, dementia risk

and incidence of cognitive decline, the outcomes of interest in our

study, were of clinical importance, since they posed a significant threat

to care burden.46

However, there were some limitations in this study for the inter-

pretation of results. First, because of the different characteristics of

the study populations included in this meta-analysis, the comorbidity

composition difference between the included studies may be a signif-

icant source of heterogeneity (Table 1). The quality of evidence was

inevitably influenced by the high heterogeneity and limited number of

studies, as shown in our sensitivity analysis. However, subgroup analy-

sis or meta-regression based on the possible confounders mentioned

above was not possible in our meta-analysis because of the limited

number of studies. To be noted, the fact that all-cause dementia risk

was related to SD and CV but not VIMmight suggest that the BP level

may still have a greater influence than true variability. Second, most of

the BPVmeasured in this meta-analysis was categorized as long-term.

Investigations covering other types of BPV, such as very short-term or

short-term, may be a direction for future investigation. Third, difficul-

ties in data synthesis result from the highly variable presentations of

themeasures forBPVandcognitivedysfunctionof these included stud-

ies. Therefore, we adopted the most available outcome measure, the

effect estimates between the highest and lowest BPV groups, which

is in line with that of a previous systematic review.11 Fourth, lack of

availability of data reports, particularly the effect estimates of insignif-

icant results in individual studies, resulted in insufficient primary anal-

ysis and sensitivity analysis in our review.
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