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Abstract

Hypertension is an established risk factor for cognitive decline and dementia in older adults, 

highlighting the potential importance of antihypertensive treatments in prevention efforts. Work 

surrounding antihypertensive treatments has suggested possible salutary effects on cognition and 
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neuropathology. Several studies have specifically highlighted renin-angiotensin system drugs, 

including AT1-receptor blockers and angiotensin-converting-enzyme inhibitors, as potentially 

benefiting cognition in later life. A small number of studies have further suggested renin-

angiotensin system drugs that cross the blood-brain barrier may be linked to lower dementia 

risk compared to their non-penetrant counterparts. The present meta-analysis sought to evaluate 

the potential cognitive benefits of blood-brain barrier crossing renin-angiotensin system drugs 

relative to their non-penetrant counterparts. We harmonized longitudinal participant data from 

14 cohorts from 6 countries (Australia, Canada, Germany, Ireland, Japan, United States), for a 

total of 12,849 individuals at baseline, and assessed for blood-brain barrier crossing potential 

within antihypertensive medications used by cognitively normal participants. We analyzed seven 

cognitive domains (attention, executive function, language, verbal memory learning, recall, 

mental status, and processing speed) using analysis of covariance (adjusted for age, sex, and 

education) and meta-analyses. Older adults taking blood-brain barrier-crossing renin-angiotensin 

drugs exhibited better memory recall over up to 3 years of follow-up, relative to those taking 

non-penetrant medications, despite their relatively higher vascular risk burden. Conversely, those 

taking non-blood-brain barrier-penetrant medications showed better attention over the same 

follow-up period, although their lower vascular risk burden may partially explain this result. 

Findings suggest links between blood-brain barrier crossing renin-angiotensin drugs and less 

memory decline.

Graphical Abstract

Ho et al. Page 2

Hypertension. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Hypertension; cognition; blood-brain-barrier; ARBs; ACE-inhibitors; dementia

Introduction

Hypertension is a well-established risk factor for cognitive decline and dementia,1 possibly 

through its effects on both cerebrovascular disease and Alzheimer’s disease.2,3 Hypertension 

and vascular risk factors have been linked to deficits in various domains of cognition. 

Specifically, prior work has found individuals with hypertension exhibit deficits in episodic 

memory, working memory, executive function,4 attention, and psychomotor speed,5 relative 

to normotensive persons.

Studies of antihypertensive treatments have reported possible salutary effects on cognition 

and cerebrovascular disease,6,7 as well as Alzheimer’s disease (AD) neuropathology.8 In 

comparison to individuals who have never taken any antihypertensive drugs, individuals who 

have been treated with these medications have been found to be at decreased risk of all 

dementia, with an 8% risk reduction for every year of use in individuals ≤75 years old.9 

In the Systolic Blood Pressure Intervention Trial – Memory and Cognition in Decreased 

Hypertension (SPRINT MIND) trial, intensive blood pressure lowering to SBP < 120 mm 

Hg (compared to standard treatment to <140 mm Hg) was linked to 19% reduction in cases 

of mild cognitive impairment (MCI), which is considered the precursor to dementia.10

In addition to focusing on intensive blood pressure lowering for the prevention of cognitive 

impairment, some meta-analytic studies have examined the role of specific antihypertensive 

treatments. A meta-analysis of 19 randomized trials and 11 studies examining the 

relationships among antihypertensive drug use, cognition, and dementia incidence provided 

support for the possible cognitive benefits of antihypertensive treatment [effect size 0.05, 

95% CI (0.02–0.07)]11. Of the many antihypertensive drug classes available, drugs targeting 

the renin-angiotensin system (RAS), namely, angiotensin II receptor blockers (ARBs) 

and angiotensin-converting-enzyme (ACE)-inhibitors, have been highlighted as possibly 

conferring the greatest benefit.11–15 However, other studies have also shown benefits of 

calcium channel blockers16–19 and diuretics20 on reducing dementia risk, and it must be 

acknowledged that results from research linking blood pressure control with RAS drugs 

to cognitive benefit have been mixed.21–23 It is possible that older trials, which were 

not originally designed to evaluate cognition, did not include milder forms of cognitive 

impairment as endpoints. Notably, even the SPRINT MIND trial did not reach statistically 

significant benefit for dementia, despite showing substantial benefit for MCI. These findings 

highlight the potential importance of antihypertensive treatment in mild levels of cognitive 

impairment observed on more sensitive neuropsychological tests.

Pharmacokinetic properties of RAS drugs may also be of importance in modulating 

potential neurocognitive benefits. Although RAS is classically involved in the maintenance 

of cardiovascular function and fluid homeostasis in peripheral circulation, the presence of 

RAS within the central nervous system is also known to operate largely independently 

of peripheral function.24 Interestingly, RAS in the brain is believed to be involved in 
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functions critical to cognition, including neuronal differentiation, nerve regeneration, and 

learning and memory.25 Thus, RAS drugs that cross the blood-brain barrier (BBB) may 

influence cognition through both luminal and abluminal neurovascular effects, including 

neuronal effects. Consistent with this hypothesis, a small number of studies have found that 

certain ARBs and ACE-inhibitors with BBB-crossing capability might be linked to lower 

risk of cognitive decline in older hypertensive adults, when compared to the use of their 

non-BBB-penetrant counterparts. For example, the Cardiovascular Health Study of 5888 

community-dwelling older adults found that the use of BBB-penetrating ACE-inhibitors was 

associated with 65% less cognitive decline per year of exposure, compared to the use of 

other antihypertensive drugs.26 Conversely, use of non-BBB-penetrant ACE-inhibitors was 

associated with a greater risk of incident dementia (adjusted hazard ratio, 1.20; 95% CI, 

1.00–1.43 per year of exposure), compared to the use of other antihypertensive drugs.26 Our 

own research, using data from the prospective Alzheimer’s Disease Neuroimaging Initiative 

(ADNI) study, found that older adults using BBB-crossing RAS medications had better 

memory performance over a 3-year-followup, as well as less white matter hyperintensities, 

compared to users of all other antihypertensive medications.27

Despite these encouraging findings from three studies, larger meta-analytic studies have 

been hampered by the fact that pharmacokinetic properties are typically not considered 

in existing studies or routine clinical practice. The present study sought to fill this gap 

by conducting a large and longitudinal meta-analytic study of existing data recoded to 

assess the effects of BBB-crossing potential in RAS treatments among hypertensive adults, 

including data from randomized clinical trials, prospective cohort studies, and retrospective 

observational studies. We included the latter two types of studies to increase the overall 

sample size of this observational study. By comparing RAS treatments with versus 
without BBB-crossing ability, we leveraged existing data to construct a “randomization 

in nature” design whereby participants were compared based on a pharmacokinetic factor 

not considered in the selection of treatment. We hypothesized that BBB-crossing potential 

would be associated with less cognitive dysfunction and attenuated cognitive decline, 

particularly within the memory domain.

Methods

The authors declare that all supporting data are available within the article, and its online 

supplementary files.

Search Strategy and Selection Criteria

Guidelines from the Preferred Reporting Systems for Systematic Reviews and Meta-

Analyses (PRISMA) were utilized for this study28 and systematic review criteria 

were documented with the International Prospective Register of Systematic Reviews 

(PROSPERO) system (registration number: CRD42018086511). The literature search was 

conducted on January 31, 2018, with no restrictions placed on publication dates.

The initial search stage involved searches of the ALOIS database with the search terms 

“(hyperten* or blood pressure)” and “Alzheim* or dement* or cognit*”. The ALOIS 

database contains records of various major healthcare databases, including Medline, 
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Embase, PsycInfo, CINAHL, Literatura Latino Americana em Ciências da Saúde (LILACS), 

and ongoing trial databases. The databases Web of Science, ProQuest Dissertations and 

Theses Global, and ProQuest Central were also searched with the same search terms. 

Original research articles, conference proceedings, and theses were included. Bibliographies 

of original and review articles were screened for additional references.

Study Selection

We manually reviewed record titles and abstracts using broad inclusion and exclusion 

criteria. If an article passed a first-level screening, a second-level screening involved a 

full-text review. If studies contained insufficient information for the calculation of effect 

sizes, personal communications with authors were made in attempts to obtain data required 

for this computation. Communications also included requests for further relevant studies, 

which were screened as above.

Titles and abstracts were screened and assessed according to the inclusion criteria that a 

study: (1) involves human participants, (2) involves adults aged ≥ 50 with hypertension, 

(3) assesses the effects of antihypertensive drugs affecting the renin-angiotensin-system: 

ARBs or ACE-inhibitors, (4) assesses at least one neuropsychological outcome, (5) provides 

sufficient information in the publication or through contact with the authors to allow for 

calculation of effect sizes.

Exclusion criteria included (1) studies focused on another condition (e.g. diabetes mellitus), 

(2) studies in populations with particular diagnoses in which antihypertensive medications 

were primarily used for other effects other than lowering blood pressure (e.g. studies of 

vasoactive medications in participants with systolic heart failure for their cardiac remodeling 

effects), (3) non-pharmacologic interventions for blood pressure control, (4) studies with 

less than 6-month follow-up, (5) studies for which all medications used were from only one 

category (all were BBB-crossing or non-BBB-crossing), given that no comparison between 

the categories could be made. Editorials, correspondence, commentaries, and case reports/

series were excluded.

Three types of studies were included: (1) randomized, double-blind trials, in which 

pharmacological interventions to lower blood pressure were administered for over six 

months, (2) prospective cohort studies, and (3) retrospective observational studies. Six 

months was chosen as the cutoff duration for treatment time in RCTs in accordance with 

other reviews which determined this to be the minimum amount of treatment time required 

for benefits to be achieved.21 This duration was not applied to exclude prospective cohort 

studies or retrospective observational studies due to the infrequent recording of treatment 

duration by studies, as well as inaccurate reporting by participants (e.g. reporting using an 

ARB in the 1980s, prior to ARBs becoming commercially available in the 1990s).

Participant samples from each study were derived following the inclusion criteria: 

(a) adults aged ≥50 with hypertension, (b) taking an antihypertensive drug affecting 

the renin-angiotensin-system: ARBs or ACE-inhibitors, (c) assessed for at least one 

neuropsychological outcome. We excluded participants with dementia as assessed according 

to established guidelines at the time of publication, with the exception of the Reasons for 
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Geographic and Racial Differences in Stroke (REGARDS)29 study, which did not assess 

dementia as a primary endpoint. Details of dementia assessment by study are available 

in Supplemental Table S1 (please see http://hyper.ahajournals.org). Participants with other 

comorbidities were not excluded.

Given that multiple publications from individual research groups reported findings from the 

same participant samples, authors from the most recent publication using the participant 

sample group were contacted, and the most recent data obtained through these authors 

were used for analyses. All participating studies had at least one published paper; no 

authors of unpublished sources (e.g. theses/conference abstracts without corresponding 

peer-reviewed articles by the same authors) responded to requests for raw medication and 

neuropsychological data.

The selection of studies and participants included in the meta-analysis are shown in Figure 

1. After full inclusion and exclusion criteria were applied, 67 studies remained. Of these, 

only three studies had published summary statistics that could be used for the computation 

of effect sizes for groups of participants taking BBB-crossing drugs and non-BBB-crossing 

drugs. Thus, all other primary authors and/or study consortiums were contacted, and raw 

medication and neuropsychological data were requested. Thirteen studies from six countries 

(Australia, Canada, Germany, Ireland, Japan, and the USA) agreed to participate in our 

meta-analysis and supplied full raw data. Two research groups provided medication data 

coded for BBB-crossing potential following set protocol, and the remaining 11 medication 

datasets were coded by a team of five research assistants. Each dataset was coded twice, and 

discrepancies were resolved by the first author (JKH). Details of each study are available in 

Table 1 and Supplemental Table S2 (please see http://hyper.ahajournals.org).

Determination of BBB-crossing potential

Determination of BBB-crossing potential was made following previous literature. With 

regard to ACE-inhibitors, we followed the categories by Sink and colleagues26 who assessed 

studies of tissue-specific ACE-activity after administration of ACE-inhibitors, as well as 

tissue-specific imaging of radio-labeled ACE-inhibitors. Captopril, fosinopril, lisinopril, 

perindopril, ramipril, and trandolapril were classified as BBB-crossing ACE-inhibitors, 

and benazepril, enalapril, moexipril, and quinapril were classified as non-BBB-crossing 

ACE-inhibitors. With regard to ARBs, after similar review of the literature, we classified 

telmisartan30 and candesartan31 as BBB-crossing, and olmestartan, eprosartan, irbesartan, 

and losartan as non-BBB-crossing. There had to be at least 2 positive autoradiographic 

studies and not more than 1 negative autoradiographic study for an ARB to be classified as 

BBB-crossing. Details of our literature review and classification decisions are available in 

Supplemental Table S3 (please see http://hyper.ahajournals.org).

Data Extraction

Data were extracted from published reports as well as through personal communications 

with authors. From each study, the following were extracted: (1) study design, (2) objectives, 

(3) setting, (4) demographic variables (sex, age), (5) comorbidities (burden of comorbidity, 

number of medications at baseline), (6) baseline cognitive function, (7) subject eligibility 

Ho et al. Page 6

Hypertension. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://hyper.ahajournals.org/
http://hyper.ahajournals.org/
http://hyper.ahajournals.org/


and exclusion criteria, (8) number of subjects per group, (9) years of enrollment, (10) 

duration of follow-up, (11) the study and comparator interventions (i.e., antihypertensive 

medications used), (12) relevant co-interventions, (13) change in cognitive function, and 

(14) adverse events (changes in quality of life, all-cause mortality).

The summary statistics required for each study and each outcome for continuous data were 

(1) means and standard deviations of cognitive measures at baseline and at follow-up, if 

available, (2) the standard error of the mean change, if follow-up was available, and (3) the 

number of patients per group at each assessment. A weighted estimate of the effect across 

studies was computed.

Assessment of quality and publication bias

Given that our meta-analysis only included one randomized trial, the methodological 

quality of included studies was assessed using an adapted version of the Newcastle-Ottawa 

Scale (NOS), which was developed to evaluate the quality of non-randomized studies 

in meta-analyses.32 We selected for studies with at least 6 month follow-up; therefore, 

we did not assess the adequacy of follow-up duration. Thus, the maximum score that 

a longitudinal study could receive on the NOS was 8, as opposed to the usual 9. For 

our purposes, “outcome” was operationalized as cognitive performance, and “exposure” 

was operationalized as treatment with antihypertensive medication. Studies were assessed 

for selection (4 points for representativeness of participants, ascertainment of exposure 

and non-exposure, and demonstration that dementia was absent at the start of the study), 

comparability (2 points for whether the study controlled for one or more important 

covariates) and outcome (2 points for whether the study conducted independent, blind 

assessment or used record linkage, and whether there was a description of subjects lost to 

follow-up). The maximum score that a cross-sectional study could receive on the NOS was 

7, after excluding the criterion on subjects lost to follow-up.

The presence of publication bias was assessed by visual inspection of the Begg’s funnel plot 

and Egger’s regression test. Two studies were excluded from this analysis as they did not 

have baseline effect sizes; one study did not have baseline cognitive data available in the 

published report,26 and the other study utilized a six-item cognitive screener, which provided 

a small range of scores which would not have been meaningful to interpret.29

Statistical Analysis

Outcomes included: (1) neuropsychological performance on measures of mental status, 

memory, language, executive function, attention, and processing speed, and (2) cognitive 

change from baseline in all these domains. If multiple tests were used to assess a cognitive 

domain for any given study, the multiple effect sizes were not averaged. Rather, the most 

sensitive test for each cognitive domain was selected based on previous literature,33,34 and 

studies contributed one effect size per cognitive domain. We chose measures that were most 

harmonious with each other (e.g. Trails Making Test A and Color Trails A, both visual tests 

of attention) as opposed to measures which tested the same cognitive domain but through 

different modalities (e.g. Digit Span Forward for Attention, which necessitates auditory/
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verbal processing) and with less sensitivity for impairment. Tests used for the assessment of 

each domain are displayed in Table 2.

This meta-analysis necessitated the combination of data from studies which used similar, but 

not identical, rating scales for outcome assessment. Effect sizes (Hedge’s g) were calculated 

using mean differences, analyses of covariance (ANCOVA), or t tests comparing two treated 

groups, (i) participants taking antihypertensive medications which cross the BBB (the 

“Crossing group”) and (ii) participants taking antihypertensive medications which do not 

(the “Non-crossing group”). When ANCOVA was utilized, models were adjusted for age, 

sex, and educational attainment. Given that pooled studies used different rating scales, the 

measure of group difference for all outcome measures was the standardized mean difference 

(SMD) i.e., the absolute mean difference divided by the pooled standard deviation. SMDs 

can be intuitively interpreted as the groups differing by, for example, one-tenth (g = 0.10) or 

one (g = 1) standard deviation.

For consistency, effect sizes were calculated by subtracting the scores of the Non-crossing 

group from the Crossing group. On most tests, a higher score indicates better performance; 

thus, a positive effect size indicates that the Crossing group performed better on a test 

than the Non-crossing group, while a negative effect size indicates that the Crossing group 

performed worse on a test than the Non-crossing group. On timed tests in which greater 

time taken reflected poorer performance (e.g. Trail Making Test), scores were inverted (i.e. 

multiplied by −1) to allow for consistent analysis and interpretation of results.

For longitudinal analyses, cognitive change was measured in change scores, computed by 

subtracting the baseline score from the score at follow-up assessment. SMDs were computed 

as the absolute mean difference in change scores divided by the pooled standard deviation 

of change scores. In calculation of change scores, another covariate was added to every 

model: each individual’s baseline score on the measure being studied, with the exception 

of the Cardiovascular Health Cognition Substudy (CHCS),26 for which these data were 

unavailable. A positive effect size indicates that the Crossing group performed better than 

the Non-crossing group on a test over follow-up, while a negative effect size indicated the 

reverse. The most amount of data available was at 3 years of follow-up; thus, this cutoff was 

used for longitudinal analyses. Prior to analyses, participants who had suspected dementia at 

baseline, as determined using individual study criteria, were dropped. Participants were not 

dropped for having dementia at follow-up.

Heterogeneity between studies was examined using the I2 and Q statistics, and p < 0.10 

was considered to indicate significant heterogeneity.35,36 An I2-statistic above 40% was 

considered as representing heterogeneity that may be substantial enough to impact the 

meta-analysis, following Cochrane guidelines37. Maximum likelihood random-effects meta-

regression analyses (i.e., moderator analyses) were considered for each cognitive domain to 

explore possible sources of heterogeneity based on mean age, mean educational attainment, 

and percentage of male participants.38–40 Meta-regression was only considered when there 

were ten or more studies contributing to a meta-analysis,37 and only one cognitive domain 

(mental status) met this cutoff. Given that the amount of heterogeneity in this meta-analysis 

was inconsequential (0.0%), meta-regression was not conducted.
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All results are reported using a random-effects model. The Knapp-Hartung-Sidik-Jonkman 

(HKSJ) adjustment was used for confidence intervals and the Sidik-Jonkman estimator was 

used for the tau-squared estimator to weight effect sizes in our meta-analyses, as shown 

in the forest plots. Analyses were conducted using R version 3.6.2 software41 and the 

meta,42 dmetar,43 and metafor44 packages as well as SPSS for Mac OS X version 21.0 

(SPSS, Armonk, NY: IBM Corp). The Meta-Essentials tool45 was used to conduct Egger’s 

regression test and produce Begg’s funnel plot.

Data from two studies – the Canadian Study of Health and Aging (CSHA46) and Manitoba 

Study of Health and Aging (MSHA47) were pooled and analyzed as one. This was due to 

the small sample sizes that used the medications of interest (MSHA n=15, CSHA n=11), 

which was likely due to the fact that these drugs were newer and less prescribed in the early 

1990s, during data collection. Further, both studies used the same cognitive assessment, and 

the MSHA was a parallel study to the CSHA, with one-quarter of MSHA participating in the 

CSHA. Duplicate participants were dropped before analyses.

Results

Clinical/demographic data

After application of full inclusion and exclusion criteria, we included 10 prospective 

studies, 3 retrospective studies, and 1 randomized trial in our meta-analysis. Demographic 

characteristics for 12,849 participants with baseline demographic data are shown in Table 

3. Differences between the Crossing and Non-crossing groups are shown in Supplemental 

Table S4 (please see http://hyper.ahajournals.org). Three studies [Adult Changes in Thought 

(ACT)48, Chicago Health and Aging Project (CHAP)49 and REGARDS29] had higher 

percentages of male participants than female participants who were taking BBB-crossing 

drugs vs. non-BBB-crossing drugs (all p’s < 0.02). The Non-crossing group in The Irish 

Longitudinal Study on Aging (TILDA)50 had higher levels of education than the Crossing 

group (p = 0.02).

Baseline vascular risk factors are displayed in Table 4. The Non-crossing group had a higher 

proportion of individuals with diabetes than the Crossing group in the ACT study48. In the 

REGARDS and TILDA studies, the Crossing groups had lower average body mass index 

and higher proportions of individuals with prior stroke than the Non-crossing groups.

Quality assessment and publication bias

Study quality was high across our participating cohorts. As shown in Supplemental Table 

S2 (please see http://hyper.ahajournals.org), four of eleven longitudinal studies scored 8/8 

points on the NOS scale. Five studies scored 7/8, with all losing 1 point for having 

no mention of blinded assessment, with the exception of CSHA, which lost 1 point for 

using written self-report medication data, as opposed to ascertainment through records or 

structured interview. Two studies scored 6/8, losing points for having no mention of blinded 

assessment as well as using self-report data (MSHA) and being non-representative of the 

general older adult community [Tübinger Evaluation of Risk Factors for Early Detection of 

Neurodegeneration (TREND)51]. The TREND study used an enriched sample of individuals 
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who were partially selected for having prodromal risk factors for Alzheimer’s disease and 

Parkinson’s disease. Two of three cross-sectional studies scored 7/7 points. The remaining 

study, the Investigating Services Provided in the Residential Environment for Dementia 

(INSPIRED) study52, was docked one point for being non-representative of the general 

older adult community, as its participants comprised nursing home residents as opposed to 

community-dwelling older adults.

Supplemental Figure S1 (please see http://hyper.ahajournals.org) shows Begg’s funnel plot 

for examination of publication bias for studies with baseline cognitive assessments. The 

symmetrical distribution of studies on either side of the overall effect line indicates that 

publication bias was unlikely. The Egger test was not significant for publication bias (p = 

0.65).

Heterogeneity

Heterogeneity between studies for each cognitive domain was examined using the I2 

and Q statistics. Q statistics are presented in Supplemental Table S5 (please see http://

hyper.ahajournals.org), and I2 and associated p-values are presented in individual figures. 

Results indicated no significant heterogeneity between studies that necessitated meta-

regression analyses.

Cross-sectional Results

Effect sizes were calculated for mental status (see Figure 2) at baseline assessment as 

well as the domains of attention, executive function, language, verbal memory (learning), 

verbal memory (recall), and processing speed (Supplemental Figure S2, please see http://

hyper.ahajournals.org). Overall, the effect sizes ranged from a minimum of −0.16 for 

processing speed, to a maximum of 0.04 for attention. Results indicated no significant 

difference between the group using non-BBB-crossing drugs and the group using BBB-

crossing drugs across any cognitive domains at baseline: attention (g = 0.04, 95% CI [−0.10, 

0.18], p = 0.40), executive function (g = 0.04, 95% CI [−0.11, 0.19], p = 0.45), language (g 
= 0.02, 95% CI [−0.01, 0.06], p = 0.12), mental status (g = −0.05, 95% CI [−0.13, 0.02], 

p = 0.13), verbal memory (learning), (g = 0.0007, 95% CI [−0.08, 0.08], p = 0.98), verbal 

memory (recall), (g = −0.04, 95% CI [−0.23, 0.15], p = 0.60), and processing speed (g = 

−0.16, 95% CI [−2.05, 1.74], p = 0.48).

Longitudinal Results

Effect sizes were calculated for change in scores over time on mental status measures as well 

as the domains of executive function, language, verbal memory (learning), verbal memory 

(recall), and attention (see Figure 2). The maximum effect size was 0.07 (95% CI [0.01, 

0.12], p = 0.03) for verbal memory (recall), indicating that participants using BBB-crossing 

drugs exhibited better memory recall ability over 3-year follow-up, relative to those using 

non-BBB-crossing drugs. The minimum effect size was −0.17 (95% CI [−0.23, −0.10], p 
= 0.02) for attention, indicating that older adults using non-BBB-crossing drugs displayed 

better performance on attention measures over time, relative to those using BBB-crossing 

drugs.
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BBB-crossing-potential did not significantly relate to performance over time on mental 

status (g = 0.02, 95% CI [−0.25, 0.29], p = 0.88, Supplemental Figure S3, please see http://

hyper.ahajournals.org) or other cognitive domains: executive function (g = −0.03, 95% CI 

[−1.10, 1.04], p = 0.80), language (g = −0.01, 95% CI [−0.06, 0.04], p = 0.41), or verbal 

memory (learning), (g = 0.05, 95% CI [−0.05, 0.15], p = 0.19).

Discussion

The present meta-analysis is the first to evaluate cognitive sequelae of antihypertensive 

medication BBB-crossing potential in studies of older adults conducted over the past 18 

years, with analyses in 13 of 14 studies being previously unpublished. As hypothesized, 

findings indicate older adults taking BBB-crossing RAS drugs exhibit less decline in 

memory ability over follow-up, relative to those taking non-BBB-crossing medications. 

This large meta-analytic result is consistent with our prior observations in a much smaller 

sample of American and Canadian participants,27 in which older adults taking BBB-crossing 

drugs showed less memory decline over 3-year follow-up compared to those taking non-

BBB-crossing drugs. Our overall effect size was small (g = 0.06); however, this is expected 

given the cognitively intact nature of our participants. Indeed, it is remarkable that we were 

able to observe these subtle differences in memory decline in a meta-analytic sample free of 

dementia and suspected cognitive impairment based on screening exams, and in comparison 

to individuals taking drugs that differed in BBB-crossing potential but were otherwise quite 

similar (ARBs and ACEIs).

BBB-crossing potential is not a factor that is considered in prescribing practice. Thus, 

although there was no formal randomization process, the type of drug that a participant 

used (BBB-crossing or non-BBB-crossing) was determined randomly, without outside 

intervention, in our prospective and retrospective studies. The success of this “randomization 

in nature” design is supported by the fact that we observed no differences in any cognitive 

domains at baseline between those taking BBB-crossing versus non-crossing RAS drugs, 

although there were study-specific demographic and clinical differences as discussed below.

The apparent advantage in memory among participants taking BBB-crossing drugs versus 

non-crossing drugs was observed on longitudinal analysis of memory decline among 

cognitively intact older adults, suggesting that any potential memory benefit could 

have implications for future risk of memory impairment. Thus, our findings have clear 

implications for efforts to identify older adults at risk for future memory decline and to 

preserve memory ability in those who are still cognitively healthy. Alzheimer’s disease 

is the most common cause of dementia and is characterized by early decline in memory 

recall.53 Memory deficits are also observed in vascular cognitive impairment,54 the second 

most common cause of dementia. In longitudinal studies, hypertension has been linked 

to Alzheimer’s and vascular pathologies, including amyloid-beta (Aβ) plaques (in the 

neocortex and hippocampus)55 and neurofibrillary tangles,8,55–57 in addition to smaller brain 

volumes and increased white matter hyperintensity (WMH) volume.27,58

Whether the use of BBB-crossing RAS drugs is linked to attenuation of Alzheimer’s and/or 

cerebrovascular pathologies awaits future biomarker and neuropathological studies. There 
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is a body of evidence that various components of brain RAS are altered in AD; for a 

review, please see Kehoe (2018).59 In addition to postmortem studies which have found 

increased ACE levels in AD brains compared to control brains60,61, ACE has been found 

to be associated with earlier age of AD onset62 and more adverse levels of CSF amyloid.63 

Additionally, angiotensin-converting-enzyme-2 (ACE2), a crucial RAS component which 

counter-regulates the hypertensive actions of the classic pathway, is reduced in AD 

compared with controls, and associated with increasing Aβ and tau pathology.64 Recent 

exciting work showed that enhancement of ACE2 activity lowered hippocampal Aβ and 

restored cognition in mouse models of AD, as well as prevented cognitive decline in young 

mice who received the enhancement chronically.65 Further, in an experimental study of mice 

with an ACE coding variant found in AD (R1279Q), hippocampal neurodegeneration was 

completely rescued with brain-penetrant drugs. The authors stressed that brain-penetrant 

ARBs and ACE-inhibitors may be protective against AD or neurodegeneration more 

generally, as their effects of reducing neuroinflammation and reactive oxygen species (ROS) 

are protective against dopaminergic neuron death.66

It is noteworthy that we were able to replicate our previously reported findings of benefit 

in memory recall, especially given that our sample contained a substantial proportion of 

individuals with increased vascular risk. We noted elevated vascular risk factors in the 

REGARDS study,29 which had proportionally more participants with diabetes as well as 

higher average BMI relative to other studies in our meta-analysis. This study contributed 

the highest-weighted effect size to the finding of better memory ability in older adults 

taking BBB-crossing drugs relative to those taking non-BBB-crossing drugs. Furthermore, 

the BBB-crossing group within this study also had a significantly higher proportion of 

participants with stroke compared to the non-BBB-crossing group. These findings could 

suggest a greater link between the use of BBB-crossing RAS drugs and memory decline in 

older adults with greater vascular risk burden. Future studies evaluating the role of vascular 

risk factor and cerebrovascular disease burden in the use of BBB-crossing RAS drugs are 

warranted.

Despite findings supporting our hypothesis regarding BBB-crossing RAS drugs and memory 

decline, our overall findings were mixed, as we unexpectedly found that older adults 

taking non-BBB-crossing drugs displayed better attention over follow-up, compared to the 

BBB-crossing group. Several factors may explain this unexpected finding. In contrast to 

memory recall ability, attentional processes may be impacted by spurious factors unrelated 

to neuropathological processes, including test engagement, stress and depression. Decline 

in attention ability has been linked to cerebrovascular disease impacting frontal-subcortical 

networks, as well as stroke in general.67,68 As noted above, studies contributing to the BBB-

crossing group exhibited greater vascular risk burden and stroke50 than the non-crossing 

group, potentially accounting for greater attention deficiencies in this group. It is important 

to note that several BBB-crossing medications (i.e., perindopril69, ramipril70, candesartan71) 

have been found to benefit stroke patients or those with high vascular disease, in terms 

of reducing risk of stroke (compared to placebo)69,70 as well as major vascular events 

(e.g. cerebral hemorrhage, myocardial infarction, death related to cardiovascular causes, 

and non-fatal stroke). First indications for these drugs may have been for stroke prevention 

or improving stroke outcomes, although we could not assess for these indications across 
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all studies. Thus, it remains unclear whether the BBB-crossing group may have been pre-

disposed to stroke compared to the non-crossing group. We also noted a slightly lower 

average level of educational attainment in the BBB-crossing group. These differences 

make it all the more remarkable that the BBB-crossing group displayed better memory 

ability over time despite these cognitive disadvantages in terms of vascular risk, stroke, 

education and attention ability. Future studies should examine the role of vascular risk factor 

burden in modifying the relationship between cognitive function and the use of specific 

antihypertensive medications with BBB-crossing versus non-crossing properties.

Three studies in our meta-analysis had a significantly higher proportion of male vs. female 

participants who were prescribed a BBB-crossing drug. Prior work has shown that compared 

to other classes of antihypertensive medications, ARBs and ACE-inhibitors are slightly more 

protective against the onset of AD in men [OR = 0.931 (CI: 0.895–0.969)], but not women 

[OR = 0.985 (CI: 0.963–1.007)].13 Estrogen in women is hypothesized to be protective 

against both hypertension and AD, as it prevents the production and vasoconstrictive effects 

of Ang II, and may potentially facilitate amyloid degradation.72 While we controlled for sex 

in our meta-analyses, subgroup analyses of men vs. women in order to identify those who 

might benefit the most from specific medications (i.e. BBB-crossing vs. non-BBB-crossing 

ARBs and ACE-inhibitors) is another important area of future study.

Independent of systemic vascular benefits, the ARBs and ACE-inhibitors that cross the BBB 

may affect the brain and exert additional salutary effects that include increasing cerebral 

blood flow and protecting against inflammation and vascular oxidative stress.73 In animal 

models, a BBB-crossing ARB (candesartan) has been found to have anti-inflammatory 

effects,74 and a BBB-crossing ACE-inhibitor (zofenopril) has been demonstrated to dose-

dependently decrease intracellular reactive oxygen species and superoxide formation.75 

Given their neuroprotective effects of lowering inflammation and oxidative stress, BBB-

penetrant ARBs and ACE-inhibitors may work to potentially reduce cerebrovascular 

dysfunction overall, particularly in the context of cerebrovascular disease.

Our finding further implicates memory consolidation mechanisms that are underpinned by 

medial temporal and diencephalic circuitry.76 As we have reviewed previously,77 animal 

studies examining the cognitive effects of the protective ACE2-Ang(1–7)-Mas axis within 

the RAS show that Mas activity may enhance memory by modulating function of the 

hippocampus, the structure with the highest Mas receptor density.78 BBB-penetrant drugs 

are hypothesized to promote this ACE2-Ang(1–7)-Mas axis, which has been found in human 

brains.78,79 In support of memory benefits, Ang-(1–7) improves the performance of mice 

and rats on spatial working memory tasks.80,81 Thus, one area of future study may be 

whether the use of BBB-penetrant drugs aids memory consolidation through promotion of 

the salutary effects of Mas and Ang-(1–7) on brain memory centers.

To our knowledge, there have only been three studies that have examined the associations 

between BBB-crossing potential of antihypertensive drugs and cognition. These studies 

indicated that use of the BBB-crossing drugs was linked to less cognitive decline26,82 

and preserved memory27 over time, compared to use of the non-BBB-crossing drugs. 

With the exception of these three studies, none of the many empirical studies examining 
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hypertension and cognition have considered the pharmacokinetic properties of these drugs. 

This is because BBB-crossing potential is not a consideration made in prescribing practices. 

Future studies evaluating antihypertensive medications in the context of cognitive decline 

should consider pharmacokinetic drug properties in addition to drug class and mechanism of 

action.

Additional strengths of our meta-analysis relative to prior studies include exhaustive search 

of the literature leading to very large sample size (N=12,849 at baseline), examination 

of sensitive neuropsychological tests across multiple domains rather than brief screening 

measures of global cognition, use of raw cognitive data (as opposed to published summary 

statistics), and examination of the same covariates (age, sex, and educational attainment), 

and longitudinal analyses that control for individual variation based on each individual’s 

baseline score. These strengths produced adjusted estimates of effects together with standard 

errors, which give the least biased and most precise estimates of the effect sizes. We also 

took a systematic and empirical approach to classification decisions regarding which ARBs 

were BBB-crossing or non-BBB-crossing. Previous work has been less clear on the rationale 

used in the classification of BBB-crossing potential.

Limitations of our study include the possibility of publication bias, which is inherent 

in any meta-analysis, but which we attempted to overcome by sourcing for unpublished 

studies (e.g. dissertations, conference abstracts). We also faced the inevitable inclusion of 

underpowered studies, which is not uncommon in meta-analyses: 66% of Cochrane meta-

analyses themselves are underpowered.83 Nevertheless, we highlight that the majority of the 

data in our analyses were unpublished findings, as we were examining novel associations 

within established datasets. Additionally, we do not have data on the dose, potency, or 

distribution of these drugs throughout the body (e.g. whether they are homogenously 

distributed or concentrated in certain tissues). We also caution that while ACE-inhibitors are 

described as a drug “class”, this classification is due to their biological function (i.e., ACE 

inhibition) rather than chemical structure, which is the more frequent practice. Future work 

may consider sub-analyses by structure, as done by Solfrizzi et al (2013)84, who provide a 

review of this issue.

We were also unable to control for differences in race/ethnicity and vascular risk among our 

participants, as these data were inconsistently recorded, and because vascular contributions 

to dementia were not always a focus of the original studies. Additionally, we could 

not assess whether a participant’s antihypertensive medication regimen changed between 

baseline and follow-up, as this was infrequently re-assessed in the original studies. Further, 

in a number of our analyses, one study contributed more weight than all other studies 

combined. Nevertheless, with regard to the Attention analyses, the effect sizes of the 

two contributing studies were comparable (−0.17 and −0.16). With regard to the Memory 

(Recall) analyses, the effect sizes of the studies contributing the least weight (0.10, 0.10, 

0.13) were twice that of the REGARDS study (0.05, which contributed 70% of weight). The 

fact that our overall effect and finding of better recall over time was heavily weighted by the 

smallest effect size among our studies is remarkable.
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Perspectives

Hypertension occurs decades prior to the onset of AD symptoms85 and exerts its effects on 

hemodynamics and atherosclerotic mechanisms over many years. Hence, it may have the 

most impact on cognition early on in the disease course,86 and the degree and mechanism 

of blood pressure control may be long-term determinants of cognitive function in those 

with hypertension. Given that current pharmaceutical treatments for dementia have only 

had modest effects on symptom improvement, modifying risk factors such as hypertension 

represents a promising line of work toward dementia prevention.87 New drug development 

necessitates enormous investments of time and money, making the repurposing of existing 

medications a key research goal. Our meta-analysis found that in a large, international, and 

cognitively intact sample, the use of BBB-crossing ARBs and ACE-inhibitors was linked 

to better memory recall over 3 years of follow-up compared to their non-BBB-crossing 

counterparts. This finding has clear implications for individuals who remain symptom-free, 

but who may experience later cognitive benefit from simply changing their antihypertensive 

regimen.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance

What is New?

• Prior research has highlighted possible benefits of ARBs and ACE-inhibitors 

but few studies have examined their ability to cross the blood-brain-barrier.

What is Relevant?

• Hypertension occurs decades prior to cognitive decline with age, chronically 

impacting brain health.

• The type of antihypertensive medication and its ability to cross the blood-

brain-barrier may influence later cognitive function.

Summary

• BBB-crossing potential of ARBs and ACE-inhibitors is associated with better 

verbal memory over 3-years of follow-up.
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Figure 1: 
Flowchart of the selection of studies and participants included in the meta-analysis. ACE 

= Angiotensin-converting-enzyme, ADNI = Alzheimer’s Disease Neuroimaging Initiative, 

ARBs = Angiotensin receptor blockers, BBB = blood-brain barrier, NACC = National 

Alzheimer’s Coordinating Center.
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Figure 2: 
Forest plots. (A) There were no significant differences among individuals who took BBB-

crossing drugs vs. non-BBB-crossing drugs on measures of mental status at baseline. (B) 

Individuals who took BBB-crossing drugs outperformed those who took non-BBB-crossing 

drugs on measures of verbal memory (recall) over time. (C) Individuals who took non-BBB-

crossing drugs outperformed those who took BBB-crossing drugs on measures of attention 

over time. There were no significant differences among individuals who took BBB-crossing 
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drugs vs. non-BBB-crossing drugs on measures of (D) executive function, (E) language, or 

(F) verbal memory (learning) over 3 years of follow-up.
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Table 1.

Fourteen studies included in meta-analyses.

Study 
abbreviation

Full study name Citation Study location

1 ACT Adult Changes in Thought Kukull et al (2002)48 USA (WA)

2 CHCS Cardiovascular Health Cognition Substudy Sink et al (2009)26 USA (NC, MD, CA, 
PA)

3 CHAP Chicago Health and Aging Project Morris et al (2000)49 USA (IL)

4 IIDP Indianapolis-Ibadan Dementia Project Liu et al (2013)88 USA (IN)a

5 MBS Maintenance of Balance, Independent Living, Intellect, and 
Zest in the Elderly Study (MOBILIZE) Boston Study

Leveille (2008)89 USA (MA)

6 SKILL Staying Keen in Later Life Hudak et al (2013)90 USA (KY, AL)

7 REGARDS Reasons for Geographic and Racial Differences in Stroke Gillett et al (2015)29 USA (all continental 
states)

8 CAMUI Combination of Antihypertensive Therapy in the Elderly, 
Multicenter Investigation

Sato et al (2013)91 Japan

9 CARLA Cardiovascular Disease, Living and Ageing in Halle 
(CARLA)

Lacruz et al (2016)92 Germany

10 CSHA Canadian Study of Health and Aging Lindsay et al (2002)46 Canada

11 INSPIRED Investigating Services Provided in the Residential 
Environment for Dementia

Liu et al (2017)52 Australia

12 MSHA Manitoba Study of Health and Aging Tyas et al (2001)47 Canada

13 TILDA The Irish Longitudinal Study on Aging Kenny et al (2011)50 Ireland

14 TREND Tübinger Evaluation of Risk Factors for Early Detection of 
Neurodegeneration

Heinzel et al (2014)51 Germany

*
The original study had data from Ibadan, Nigeria; however, none of the Nigerian participants took antihypertensive medications. Only participants 

from Indiana were included in analyses.
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Table 2.

Neuropsychological measures used for the assessment of various cognitive domains.

Domain Test used k*

Attention Trail Making Test A 3

Color Trails 1 1

Executive Function Trail Making Test B 3

Color Trails 2 1

Language Animal Fluency 3

Category Fluency 1

Memory (Learning) CERAD Word List Learning 3

HVLT Immediate Recall 2

Word List Learning 1

Memory (Recall) CERAD Word List Recall 3

HVLT Delayed Recall 2

Word List Learning 1

Mental Status Cognitive Abilities Screening Instrument (CASI) 1

Mini-Mental State Examination (MMSE) 7

Modified MMSE 2

Cambridge Mental Disorders of the Elderly Examination (CAMDEX) 1

Psychogeriatric Assessment-Cognitive Impairment (PAS-Cog) 1

Processing Speed Modified Symbol-Digit Modality Test 1

Digit Symbol Test 1

*
k = number of included studies at baseline
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Table 3.

Characteristics of the cohorts at baseline, after exclusion of dementia cases.

Study Age, y Sex, no. (%) Education, y Race / ethnicity 
(%)

APOEe4, no. (%)

Range Mean 
(SD)

Female Male Range Mean 
(SD)

E4 carrier Missing 
data

ACT 60–90 73.6 (6.0) 861 (55%) 689 (45%) 10–20 14.8 (2.9) 88% White, 4% 
Asian, 3% 
Black, 5% 
Others

343 (22%) 196 (13%)

CAMUI 63–89 74.4 (5.9) 41 (51%) 39 (49%) -- -- Japanese NA NA

CARLA 60–87 73.3 (7.2) 129 (39%) 204 (61%) 9–20 14.7 (2.5) NA NA NA

CHAP 64–90+ 72.9 (5.8) 458 (64%) 258 (36%) 7–20 13.2 (2.6) 53% Black, 
47% White

232 (32%) 17 (2%)

CSHA and 
MSHA

65–90 79.1 (5.6) 18 (69%) 8 (31%) 3–18 10.1 (3.3) NA 4 (15%) 10 (39%)

IIDP 65–89 72.4 (6.3) 135 (68%) 65 (32%) 3–16 10.1 (2.8) NA NA NA

INSPIRED 66–90+ 86.1 (7.6) 82 (79%) 22 (21%) 10–16 11.9 (2.2) NA NA NA

MBS 69–90+ 78.4 (5.2) 110 (55%) 90 (45%) 4–18 14.6 (2.7) 82% White, 
13% Black, 7% 
Others

NA NA

SKILL 62–90+ 73.7 (6.0) 99 (55%) 80 (45%) 8–20 14.0 (2.4) 87% White, 
12% Black, 1% 
Others

NA NA

TILDA 50–80+ 66.5 (8.7) 472 (47%) 540 (53%) 5–18 10.6 (4.2) NA NA NA

TREND 50–84 66.7 (6.6) 192 (46%) 228 (54%) 9–20 14.1 (2.7) NA NA NA

REGARDS 50–90+ 66.8 (8.5) 4317 (54%) 3712 
(46%)

12–16 14.1 (1.7) 55% White, 
45% Black

NA NA

One study, the Cardiovascular Health Cognition Substudy, did not have baseline demographic data on the sample taking relevant medications. NA = 
Not available.
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