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Abstract As the population ages, the anticipated rates of dementia worldwide are likely to increase dramatically, especially in low- and mid
dle-income countries; thus, any opportunity to modify dementia risk is especially critical. Hypertension is one risk factor that is 
highly prevalent, consistently important for late-life brain health, and which could represent a target for prevention of dementia. 
Furthermore, hypertension is the most significant modifiable risk factor for stroke. This review will summarize existing literature 
linking hypertension with dementia and brain health more broadly, will discuss potential mechanisms linking hypertension with 
brain health, and will consider specific factors that may impact not only the relationship between hypertension and the brain 
but also the importance of treatment, including different associations over the life course.
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This article is part of the Spotlight Issue on Brain, Heart, and Vessels Crosstalk.

1. Epidemiology of the link between 
hypertension and dementia
Elevated blood pressure (BP) is consistently linked to declines in cognition 
and incident dementia. This is especially true for the presence of hyperten
sion in midlife, which has stronger associations with cognitive decline than 
hypertension in late life, as shown in multiple longitudinal studies.1–3

Furthermore, midlife hypertension is associated with dementia; the 
Honolulu Asia Aging Study (HAAS) study showed a three- and four-fold ele
vated dementia risk in individuals with untreated elevated diastolic or systolic 
BP (SBP).4 In the Atherosclerosis Risk in Communities (ARIC) study, hyper
tension was associated with risk of dementia over 25 years, independent of 
other vascular risk factors and demographics.5 Thus, based on the body of 
literature describing these associations, hypertension has been identified as 
one of the major modifiable risk factors for dementia in the Lancet 
Commission’s report on dementia prevention.6 Taken together, between 
a third and a half of dementia cases are likely due to modifiable risk factors.6

Whereas hypertension is not associated with as large of an individual- 
level risk for dementia as other factors, such as diabetes, its high prevalence 

in the population makes it a major contributor to dementia cases. Further, 
because hypertension prevalence increases with age, despite a stronger as
sociation with dementia when considered in midlife, the proportion of de
mentia cases felt to be attributable to hypertension increases with age: the 
population attributable fraction (PAF) for dementia by age 80 was estimated 
to be 15% for US adults with elevated BP at age 45–54, and up to 20% for US 
adults with elevated BP at ages 65–74,7 with larger increases for higher BP.

Different features of BP occur more frequently in individuals with 
hypertension and are also linked with cognitive decline and dementia. 
Orthostatic hypotension, for instance, which is more common in indivi
duals with hypertension, has been associated with cognitive decline and 
dementia,8 and more visit-to-visit BP variability (BPV) has been associated 
with dementia risk.9 Furthermore, dysregulated, abnormal nocturnal BP 
patterns (either non-dipping, extreme dips, or increases in BP) are asso
ciated with worse cognition.10,11

Hypertension may also contribute to cognitive decline via stroke or 
subclinical cerebral small vessel disease (cSVD). Furthermore, there is 
pathologic evidence linking hypertension with Alzheimer’s disease (AD) 
neuropathology specifically.12 Because hypertension (along with other 
vascular risk factors) may act on dementia via various mechanisms, to be 
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discussed below, the term ‘vascular contributions to cognitive impairment 
and dementia’ (VCID)13 is used in reference to hypertension’s impacts on 
cognition. Although VCID refers to the impact on brain health from a range 
of vascular risk factors and conditions, this review will focus on the impacts 
from hypertension in particular.

1.1 Imaging markers related to hypertension
cSVD accounts for around 25% of ischaemic strokes and is also a major risk 
factor for haemorrhagic strokes.14 It is a leading cause of VCID and can 
cause significant cognitive decline, gait and balance problems, and mood 
disorders. There are several well-defined neuroimaging markers of cSVD 
that include white matter hyperintensities (WMH) of presumed vascular 
origin, lacunes, lobar or subcortical cerebral microbleeds (CMB), enlarged 
perivascular spaces (PVS), cortical cerebral microinfarcts, cortical superfi
cial siderosis, and brain atrophy.15 These markers are useful in understand
ing the epidemiology, potential treatment benefits, and mechanisms by 
which hypertension contributes to cognitive decline and dementia.

1.2 The importance of life course
To better disentangle this complex association between hypertension and 
dementia, researchers have advocated for the importance of evaluating 
the time during the life course when hypertension is measured.16 This ap
proach allows researchers the opportunity to identify how risk varies over 
time, potentially identifying critical time windows for intervention (Figure 1).

1.2.1 Age-dependent risk
SBP and DBP gradually increase through early adulthood, whereas DBP 
falls in late life (after age 50–60 years old) and SBP concurrently increases.17

Subsequently, numerous cross-sectional and longitudinal observational 
studies have shown associations between hypertension and cognitive de
cline,18 poor cognitive performance,3 and ultimately dementia.5,19 These 
studies have led to widespread recognition that midlife hypertension 
(ages 40–65) may be most deleterious in terms of late-life outcomes and 
cognitive decline.1,3,5,18,20 Interestingly, studies that examine hypertension 
in advanced age (75+ years old) have instead shown that low BP, or hypo
tension, in late life may predispose individuals to worse outcomes whereas 
hypertension shows a potentially protective effect.21–23

1.2.2 Early life sets the stage
Many studies have begun to examine the cumulative burden of hyperten
sion in late life through examination of younger to middle-aged adults. In 
the Coronary Artery Risk Development in Young Adults (CARDIA) study, 
every 5 mmHg increment in time-weighted average (TWA) of SBP in 
young adults is associated with approximately 1-year greater brain age. 
Likewise, participants with TWA BP over the recommended guidelines 
(SBP <120 mmHg, DBP <80 mmHg) had on average 3-year greater brain 
age compared to age peers with healthy BP.24 Additionally, individuals with 
moderate to increasing BP trajectories were more likely to have higher ab
normal WM volume and/or lower grey matter CBF.25

Additional cohort studies have evaluated cardiovascular risk factors as 
early as childhood and adolescence. In the longitudinal Young Finns study, 
elevated SBP in children was associated with worse midlife cognitive per
formance, independent of adulthood exposures to elevated SBP.26 The 
Generation R Study also showed an association of BP with brain volume, 
but associations between other measures of cardiovascular health and white 
matter (WM) integrity27 and behaviour and cognition28 were not significant.

Taken together, these studies highlight the significant need to prevent 
and treat hypertension and associated vascular risk factors as early as pos
sible. Although cohort studies are generally adjusted for other comorbid
ities, it is important to consider that other vascular exposures are often 
comorbid with hypertension and equally as likely to shape brain health 
through the lifetime29 and might be more likely in certain individuals. 
Studies in older adults have repeatedly shown strong associations between 
social determinants of health and vascular outcomes, particularly in people 
with lower socioeconomic status (SES). While this by no means provides 

evidence that vascular risk factors act as mediators between SES and car
diovascular health, it reaffirms that people who have poorly controlled BP 
as early as childhood are more likely to be at risk for other vascular 
risks.30,31 Combinations of vascular comorbidities in the long term are as
sociated with more severe conditions such as cardiovascular disease, 
stroke, dementia, and other neurological disorders.32,33 Moreover, many 
of these studies that have examined risk profiles in varying age groups 
have shown that the highest associations with adverse outcomes are in in
dividuals who have multiple risk factors at a young age.32,33 Altogether, the 
cumulative effect of these risk factors, particularly if left untreated, is likely 
to manifest in a compounded manner even beyond what is captured in ob
servational studies.

2. Epidemiological studies and clinical 
trials on BP control and dementia
2.1 Epidemiological studies
In response to population-based studies illustrating a significant association 
between hypertension and an increased dementia risk,5,34,35 many have in
vestigated whether improved BP control through anti-hypertensive medi
cation would reduce cognitive decline and dementia risk in late life. The 
ARIC study showed that individuals taking anti-hypertensive medication 
showed a similar 20-year cognitive decline as a pre-hypertensive group 
and significantly less decline than the non-treated hypertensive group.1 In 
the Epidemiology of Vascular Aging (EVA) Study Group, high BP controlled 
by anti-hypertensive therapy was associated with less cognitive decline 
than untreated hypertension over a 4-year period.36 A recent meta- 
analysis has pointed in a similar direction, showing that individuals with 
treated hypertension had a significantly decreased risk of dementia, an as
sociation that was not modified by age.37 In support of these studies high
lighting midlife as a critical window for anti-hypertensive treatment,1 recent 
studies using causal inference methods have provided evidence of a causal 
relationship between anti-hypertensive medication use in midlife and re
duced risk of dementia in late life.38

2.2 Clinical trials
Several randomized clinical trials investigating anti-hypertensive medica
tions in reducing the risk of dementia in late life have shown conflicting re
sults (Table 1). In more recent years, the findings from the SPRINT-MIND 
trial have received considerable attention showing that intensive BP con
trol (<120 mmHg) did not significantly reduce the risk of probable demen
tia as compared to standard BP control (<140 mmHg) in individuals with 
hypertension, but did find that intensive BP treatment reduced the risk 
of mild cognitive impairment (MCI) and the combined rate of MCI or prob
able dementia.44

More comprehensive evidence came from a recent meta-analysis of 14 
clinical trials (96 158 participants), including SPRINT-MIND,45 which found 
that BP lowering with anti-hypertensive medication compared to control 
was associated with a lower risk of dementia or cognitive impairment, al
though with a very small absolute risk reduction (0.39%).45 Furthermore, 
the studies compiled into this meta-analysis had varying degrees of BP con
trol and included different patient populations; SPRINT-MIND had a much 
larger achieved difference between the two BP arms (as compared to 
other studies), which was one of the major reasons why it was so success
ful for its cardiovascular outcome endpoints but also may explain why 
other studies have had so much heterogeneity.

2.2.1 Class-specific anti-hypertensive drugs on 
dementia risk
Beyond the broad potential effects of anti-hypertensive medications, it is 
important to further explore whether certain class-specific anti- 
hypertensive drugs show a more beneficial effect in reducing dementia 
risk and if different effects of different drugs might explain the inconsistent 
trial results (SPRINT-MIND, for instance, allowed all anti-hypertensive 
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drugs). Two large meta-analyses (one with over 50 000 participants from 
27 observational studies and trials and a second with over 30 000 partici
pants from 6 observational studies) did not find any compelling evidence 
that would support any one anti-hypertensive drug class for cognitive de
cline or dementia.46,47 There has been some evidence, however, that 
angiotensin II-stimulating anti-hypertensive drugs in particular are specific
ally neuroprotective: post hoc analysis from the PreDIVA trial showed that 
patients taking angiotensin II-stimulating anti-hypertensive medications had 
a 45% lower risk of dementia than individuals on angiotensin II-inhibiting 
anti-hypertensive medications.48 In a post hoc secondary analysis of 
SPRINT, anti-hypertensive medications that stimulate (vs. inhibit) type 2 
and 4 angiotensin II receptors had a 24% reduced risk of amnestic MCI 
or probable dementia over 4.8 years.49 Similarly, in a large cohort study 
of Medicare beneficiaries with incident hypertension, anti-hypertensive 
medication stimulating type 2 and 4 angiotensin II receptors resulted in a 
16% lower risk of incident dementia over a 7-year period.50 A recent 
meta-analysis also concluded that angiotensin II receptor blockers, along 
with calcium channel blockers, could significantly reduce dementia risk.51

A drug’s ability to cross (vs. not cross) the blood–brain barrier (BBB) is 
also likely to impact its role in reducing cognitive decline: BBB-penetrant 
renin–angiotensin drugs appear to reduce cognitive decline in older adults 
with normal cognition more than do drugs that are not BBB penetrant.52

Future studies should evaluate these class-specific and BBB penetrance ef
fects further and explore mechanisms underlying their potential effect on 
cognitive decline.53

2.2.2 The role of clinical trial design
Methodological aspects likely explain some of the inconsistent findings 
shown across clinical trials assessing the effect of anti-hypertensive medica
tions on dementia risk (Figure 2).54,55 First, insufficient statistical power may 
interfere with the ability to detect a difference related to treatment. 
Beyond the relatively low dementia prevalence of ∼10% among individuals 
of less than 80 years of age,56 selection bias, particularly in race and ethnic 
minority groups, precludes many from receiving a timely diagnosis of de
mentia.57 Additionally, the way dementia is defined is critical in interpreting 
trial findings: the use of appropriate normative data, and whether a com
prehensive neuropsychological assessment and/or informant interviews 
are incorporated into study definitions can impact the ascertainment of de
mentia events. Moreover, dementia incidence is likely to be biased if solely 
based on medical records or surveillance data.

Precisely determining the onset of MCI and dementia in a clinical trial is 
difficult as, unlike a cardiovascular emergency event, cognitive function is 
only periodically assessed which introduces the issue of interval censor
ing.55 Likewise, trials that define cognitive status at only a single timepoint 
are more likely to be confounded, with more bias from educational attain
ment and/or other social factors.58 Competing risks of mortality and other 
clinical events arising from a multimorbid disease state in older age add
itionally complicate study results; anti-hypertensive therapy may be most 
effective when combined with other risk control. More comprehensive 
therapeutic interventions beyond anti-hypertensive treatment may there
fore be needed to show a significant reduction in dementia incidence in a 

Figure 1 The life course model underlying the association between hypertension and dementia risk.
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clinical trial. Finally, the relatively short duration of clinical trials on demen
tia risk (usually <2–4 years) may impact the likelihood for positive trial re
sults, given the importance of hypertension duration and the life course in 
dementia risk, and thus the presumed importance of prolonged exposure 
to appropriate anti-hypertensive medications, starting at a key point in the 
life course, in order to reduce that risk.

2.2.3 Clinical trials evaluating cSVD
Since hypertension is a major cause of cSVD, the presence and progression 
of cSVD is also an outcome of interest in clinical trials evaluating anti- 
hypertensive medication use, as changes in cSVD may precede alterations 
in cognition, but generally trials in cSVD have yielded mixed results.59 The 
SPRINT-MIND MRI sub-study showed that WMH progression was signifi
cantly lower in the intensive than in the standard anti-hypertensive treat
ment group, but with a very small absolute difference (0.54 cm3).60 On 
the other hand, the PRESERVE clinical trial, which randomized 111 hyper
tensive adults with confirmed cSVD on brain MRI to less divergent BP 
groups [standard SBP (130–140 mmHg) vs. intensive SBP (SBP <  
125 mmHg] did not show a significant difference in WMH progression,61

but did not reach its goal sample size, so it had limited statistical power. 
To optimize trial design, recommendations have been made to bolster 
study populations, choice of clinical endpoints, and the selection of surro
gate markers and therapeutic agents.62

2.2.4 Inclusiveness in clinical trials of hypertension 
and dementia
Stroke and cSVD are more common and more severe in minoritized po
pulations, including Black and Hispanic individuals.63–65 Dementia is also 
more common in these same groups,5 as is hypertension66 (and 
treatment-resistant hypertension67). While risk associated with the diag
nosis of hypertension is similar in Black and White adults in the USA,5 dif
ferences in hypertension prevalence and control may explain some of the 
disparities in dementia rates. In a pooled cohort of nearly 20 000 individuals 
without stroke or dementia from 5 US-based cohort studies, cumulative 
mean SBP explained the observed greater cognitive decline in Black com
pared to White individuals.68 There was no evidence of a similar explan
ation for cognitive decline in Hispanic adults when compared to White 
adults.69

Pivotal US-based cardiovascular trials have traditionally included low 
numbers of women (36% across 35 cardiovascular and diabetes drug trials) 
and lower numbers of minoritized individuals (4% Black, 11% Hispanic).70

While more recent trials evaluating the hypertension–dementia associ
ation have had improved representativeness (SPRINT-MIND included 
30% Black participants and 10.5% Hispanic participants),44 continued ef
forts are needed to ensure that studies are representative of the popula
tion, as treatment of hypertension to prevent dementia is likely to have 
larger impacts among Black and Hispanic adults. The PAF of dementia 
cases in the USA due to 13 modifiable risk factors (including midlife 
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Table 1 Randomized controlled trials (sample size >1000) examining anti-hypertensive therapy and dementia risk

Trial name Sample size, inclusion Intervention Duration Major findings

Systolic Hypertension in the 

Elderly Program (SHEP)39

4736 adults aged ≥60 years with 

isolated systolic hypertension 
(SBP > 160 mmHg)

Chlorthalidone or atenolol vs. placebo 5 years Reduced stroke and 

cardiovascular disease, no 
dementia difference

Systolic Hypertension in Europe 

(Syst-Eur)40

3228 adults aged ≥60 years with 

sitting systolic hypertension 
(SBP   160–219 mmHg) but 

without diastolic hypertension 

(DBP <95 mmHg)

Nitrendipine with the possible addition 

of enalapril and hydrochlorothiazide 
vs. placebo

Median follow-up 

3.9 years

Reduced dementia incidence 

by 55%

Perindopril Protection Against 

Recurrent Stroke Study 

(PROGRESS)41

6105 adults with prior stroke or 

transient ischaemic attack

Active treatment: Perindopril for all 

participants and indapamide for those 

with neither an indication for nor a 
contraindication to a diuretic, vs. 

placebo

Mean follow-up 

3.9 years

Reduced risk of composite 

dementia with recurrent 

stroke by 34% and cognitive 
decline with recurrent 

stroke by 45% 

No reduced dementia risk 
in the absence of recurrent 

stroke

Hypertension in the Very Elderly 
Trial cognitive function 

assessment (HYVET-COG)42

3336 adults with hypertension 
(SBP 160–200 mmHg; DBP 

<110 mmHg) aged ≥80 years

Indapamide or perindopril, vs. placebo Mean follow-up 
2.2 years

No dementia difference

Prevention Regimen for 
Effectively Avoiding Second 

Strokes (PRoFESS)43

20 332 adults with an ischaemic 
stroke

2 × 2 factorial design: aspirin and 
extended-release dipyridamole or 

clopidogrel, and telmisartan vs. 

placebo

Median follow-up 
2.4 years

No significant difference in 
cognitive impairment or 

dementia

Systolic Blood Pressure 

Intervention Trial Memory 

and Cognition in Decreased 
Hypertension 

(SPRINT-MIND)44

9361 adults aged ≥50 years with 

hypertension (SBP 130– 

180 mm Hg) but without 
diabetes or stroke

Intensive (SBP <120 mmHg) vs. standard 

BP treatment: (SBP < 140 mmHg) 

All major classes of anti-hypertensive 
medications were included

Median 

treatment 

period 3.3 
years; 

follow-up 5.11 

years

No significant reduction in 

probable dementia but 

reduced MCI and MCI/ 
dementia composite
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hypertension6) is higher in Black (45.6%) and Hispanic (46.7%) adults than 
White (39.4%) or Asian adults (35.8%), and the unweighted PAF for hyper
tension is 26.8% in Black adults (vs. 20.2% in the total population), driven by 
the high prevalence of hypertension in Black individuals (61% using national 
survey data).71

3. Mechanisms linking hypertension 
and dementia in humans
3.1 The use of imaging biomarkers to 
evaluate mechanism
The advent of neuroimaging technologies has allowed for the visualization 
of vascular changes in vivo prior to the onset of clinical symptomology of 
neurologic disorders such as stroke and dementia. Improvements to mag
netic resonance imaging (MRI) technology and ligands used for positron 
emission tomography (PET) have allowed for the characterization of subtle 
microvascular changes that are believed to reflect hypertension and related 
processes before macroscopic signs become apparent.72 The time- 
sensitive nature of such biomarkers is advantageous for efforts to monitor 
age-related changes and potential disease progression in aging adults as 
well as for means of prevention. Below, we clarify our current understand
ing of neurodegenerative and AD-specific biomarkers as they relate to 
hypertension.

3.2 Stroke and cSVD
WMH is one of the most common MRI neuropathological features asso
ciated with hypertension and reflects areas of tissue damage that extend 
into what was previously healthy-appearing surrounding tissue.15 Such 
damage may be due to stenosis or occlusion of small vessels, such as arter
ioles, that penetrate the WM, yet the damage of WMH is not localized to 
the WM alone.73 Typically, the presence of WMH affects the volume of 

surrounding grey matter areas in addition to key structures associated 
with motor and cognitive control including the motor and premotor cor
tices, cerebellum, thalamus, and brainstem.74

The formation and progression of WMH and lacunes is dynamic 
and associated with increased age, hypertension, and smoking.75–77

Hypertension, especially in midlife, has been associated with WMH, 
reduced WM integrity, microbleeds, lacunes, and brain atrophy.78–81

It is also a well-established risk factor for clinical stroke (as are cSVD 
markers82,83), and stroke itself has been linked to dementia risk.84 Given 
the observed association between hypertension and markers of cSVD, 
and the associations between cSVD markers and cognitive decline and de
mentia, it is plausible that the development of cSVD might mediate the as
sociation between hypertension and dementia. This is supported by studies 
showing that composite cardiovascular risk’s effect on cognition was 
mediated by mixed lesions including cSVD markers and brain volumes85

and WMH mediated part of the hypertension–dementia association, but 
AD biomarkers did not.86

More recent evidence has shown that the radiological SVD features seen 
on conventional MRI are often only the tip of the iceberg, and that indivi
duals with cSVD also have alterations in microstructural WM which can be 
assessed using diffusion tensor imaging (DTI). Higher values in mean diffu
sivity (MD) and lower values of fractional anisotropy (FA) in the WM have 
been shown to be associated with impaired cognition, cognitive decline, 
and dementia in cSVD patients.87 Importantly, these DTI measures, which 
are abnormal in the setting of hypertension even in early adulthood,88,89

show significant change over short periods of time which significantly cor
relate with worse clinical outcomes and hence make them a highly time- 
sensitive measure to monitor cSVD progression.90 Furthermore, the effect 
of elevated SBP on some aspects of cognition appears to be at least partially 
mediated by DTI-detected alterations in WM integrity.91 Additional MRI 
methods such as neurite orientation dispersion and density imaging and 
multicomponent MR relaxometry have been developed to further under
stand the aetiology of weakened microstructural WM integrity and its re
lationship with hypertension.91,92

Figure 2 Methodologic differences between clinical trials and epidemiologic studies that may contribute to the inconsistent findings of anti-hypertensive 
medications on dementia risk.
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3.3 How hypertension and cSVD may be 
linked to brain atrophy
The downstream effects of cSVD involve brain atrophy occurring in several 
brain regions and the combined burden is believed to explain many of the 
functional deficits that can result from cSVD.93 In the ARIC study, the effect 
of cSVD on cognition was partially mediated by brain volumes94; similarly, 
in the Northern Manhattan Study, cSVD was associated with grey matter 
atrophy and cognitive impairment, particularly among individuals with un
controlled hypertension.95

Anatomical location of the CMB may be the most indicative of whether 
such features stem from vascular origin or mechanisms related to AD or 
neurodegeneration. Deep (subcortical) microbleeds have a stronger asso
ciation with hypertension compared to lobar microbleeds.81,96 Despite 
this, lobar microbleeds are more strongly associated with dementia than 
are subcortical microbleeds.97,98 Taken together, these findings support 
the understanding that deep microbleeds are of vascular origin, whereas 
lobar microbleeds may reflect amyloid-related pathologies characteristic 
of cerebral amyloid angiopathy (CAA) and even AD.96

3.4 Imaging to glimpse changes in 
cerebrovascular function
Functional modes of MRI, including measures of functional connectivity be
tween brain networks and measures of cerebral blood flow (CBF), are used 
to study neurodegeneration and AD-specific mechanisms in association 
with cerebrovascular function. Both are very useful in the context of hyper
tension as they provide a snapshot of functional hyperaemia and functional 
network connectivity in living human subjects.99

Studies using functional MRI (fMRI) have historically shown that a 
network of brain regions, termed the default mode network (DMN), 
may be implicated in cognitive control and the development of AD 
pathophysiology.100,101 Using resting-state fMRI, studies have shown al
tered functional connectivity in regions like the DMN in addition to the 
broader dorsal attention network in individuals with hypertension relative 
to those who are normotensive.102 Likewise, other studies examining CBF 
through arterial spin labelling MRI have shown a significant negative correl
ation between BP, age, and CBF, with the lowest CBF values captured in 
patients with hypertension.103 In lieu of such, further studies have begun 
to explore how anti-hypertensive drugs and BP management may confer 
protection of the brain from chronically reduced perfusion, yet results 
thus have been mixed.103–105

An increasing number of studies have examined how BPV, which can be 
measured over time frames ranging from seconds to years, may relate to 
functional connectivity and CBF given the previously established associa
tions shown between BPV with cognitive impairment and cerebrovascular 
outcomes.106,107 Such studies have provided additional evidence that 
greater BPV is associated with lower functional connectivity specific to 
the DMN106 and CBF decline in many medial temporal regions.108

Other clinical applications used to measure changes in cerebrovascular 
function include 18F-fluorodeoxyglycose (18F-FDG) PET. [18F]FDG-PET is 
particularly useful for early diagnosis of AD, as it is believed to capture sub
tle changes in hypometabolism before more macroscopic changes are ap
parent on MRI.109 Strong associations between elevated BP and lower 
glucose metabolism, particularly in regions such as the frontal and temporal 
brain regions, have been established,110 and associations between hyper
tension and longitudinal decline in glucose metabolism appear particularly 
strong in APOE ϵ4 carriers.111 More recent studies are employing machine 
learning models to build predictive models of AD based upon findings from 
[18F]FDG-PET scans.112

3.5 How hypertension may be linked to 
AD-specific mechanisms
3.5.1 Biomarkers of AD: amyloid-beta and tau
Population-based autopsy data show that nearly 50% of dementia cases are 
of mixed aetiology, with vascular pathology being the most predominant 

pathology co-occurring along with AD.113 One of the most clear-cut 
ways in which hypertension can be linked to proteins such as amyloid-beta 
and tau is through the glymphatic and perivascular systems.114 Hypertension 
induces arterial stiffening which increases backflow and, ultimately, reduces 
the net flow of cerebrospinal fluid (CSF) in PVS.114 This reduction in CSF 
flow renders similar decreases in the glymphatic clearance of proteins like 
amyloid-beta and tau.115 It has been suggested that the longer these pro
ducts stay in the PVS, the greater the chance of further amyloid accumulation 
and tau phosphorylation as a direct result of the oxidative and inflammatory 
sequelae of hypertension.115,116

Several studies have leveraged PET imaging to examine the association, 
and potential interactions that may exist, between hypertension and 
amyloid-beta. Findings in the ARIC-PET study showed that greater vascular 
burden in midlife was associated with late-life amyloid burden on PET in 
non-demented older adults, yet when measured alone, hypertension did 
not show an association.117 Others have shown potential interactions ran
ging from none118 to additive,119 to synergistic or multiplicative.120,121

More recently, researchers have built upon these studies by examining 
the potential interaction between vascular risk and tau. Findings from 
the Swedish BioFINDER-2 study showed a significant association between 
microbleeds and amyloid pathology at baseline and with longitudinal tau ac
cumulation, but these findings did not extend to models which included the 
Framingham Heart Study Cardiovascular Disease (FHS-CVD) risk score as 
the primary marker of vascular burden or those that included cognitively 
impaired individuals.122 In the Harvard Aging Brain Study, there was a sig
nificant synergistic interaction between the FHS-CVD score and amyloid 
on tau accumulation. A closer examination of FHS-CVD factors showed 
that SBP (adjusted for anti-hypertensive use) and body mass index had per
sistent significant interactions with amyloid-beta on tau burden over 
time.123 While further studies are needed, these findings suggest that 
hypertension may independently accelerate tau accumulation even in those 
with subthreshold levels of amyloid.

3.5.2 The eye as a window for studying brain health
Whereas directly imaging the brain’s small vessels in vivo remains very chal
lenging, retinal vessels are anatomically and physiologically similar to the 
brain’s small vessels and may present as a more feasible alternative for 
studying cerebral microvascular contributions to AD pathology. For in
stance, retinal microvascular disease has been strongly associated with 
cSVD,124 with cognitive decline,125 and studies have shown that retinal 
microvascular disease (often caused by hypertension and diabetes) is asso
ciated with increased amyloid burden.126 However, future well-powered 
studies are needed to assess the importance of retinal vasculature in rela
tion to hypertension and the microvascular pathogenesis of AD.

4. Mechanisms linking hypertension 
and dementia in animal models
Impairment in brain structure and function [including BBB integrity, 
autoregulation, and neurovascular coupling (NVC)] contributes to the 
pathophysiology of dementia.127 Multifaceted functional and molecular 
mechanisms connecting hypertension with dementia can be further dis
sected using animal models, leveraging the use of pharmacological or gen
etic approaches to represent the pathophysiology of acute and/or chronic 
hypertension (see Supplementary material online, Table S1).128

4.1 Structural modification of the cerebral 
vasculature with hypertension
Hypertension severely alters brain vasculature at both macroscopic and 
microscopic levels, causing arterial stiffness, remodelling with excessive de
position of collagen and fibronectin, and increased smooth muscle cell pro
liferation. Mechanical and neurohumoral factors released with acute and 
chronic hypertension contribute to decreases in vascular compliance and 
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changes in the luminal diameter (internal or external remodelling) and vas
cular wall structure (eutrophic or hypertrophic).129

Vascular remodelling is an adaptive response in the brain pial vessels to 
protect the downstream microvasculature from excessive damage with 
flow and pressure changes.130,131 This is supported by evidence showing 
that pial cerebral arteries in hypertensive rats have higher resistance 
with a minimum difference in the penetrating arteriolar pressure, com
pared to their normotensive counterparts.132 Loss of vascular hypertrophy 
with denervation of perivascular sympathetic nerves in hypertensive rats 
promotes cerebrovascular lesions leading to BBB damage, cerebral oe
dema, and vasoconstriction.133 Cerebral arterial remodelling is dependent 
on the renin–angiotensin signalling as tested using spontaneously hyper
tensive mice, where pathology develops independently of the renin– 
angiotensin system.134 These findings support the protective role of 
arterial remodelling. On the other hand, evidence also suggests that ele
vated pulse pressure with arterial remodelling increases the risk of stroke, 
cognitive impairment, and dementia.135,136 Less collateral vessel forma
tion and increased smooth muscle proliferation are reported in hyper
tensive rats, making them prone to ischaemic lesions and cerebral 
hypoperfusion.137,138 Moreover, an increase in atherosclerotic plaques 
with hypertension contributes to the development of acute cerebrovas
cular occlusion and stroke in hypertensive rats.139

Hypertension-associated damage is also reported in the microvascula
ture and neural cells in the brain. Angiotensin (Ang II) hypertensive mice 
have reduced pericyte numbers and less capillary pericyte coverage in 
the hippocampus.140 The reduction in cortical and hippocampal microvas
culature with hypertension accelerates the progression of cognitive impair
ment in an APP/PS1 mouse model of sporadic AD.141,142 Reactive oxygen 
species formed with chronic hypertension leads to reduction in number of 
dendritic spines in the cortex of spontaneous hypertensive rats (SHRs) and 
renovascular hypertensive rats.143,144 It remains unclear whether some of 
the neurodegenerative changes found with hypertension are conse
quences of the vasculature structural/functional changes or are occurring 
independent of the vascular pathophysiology.

Hypertensive animal models also present pathology of cSVD. Hypertensive 
rats have brain atrophy, severe WMH with reduced WM volume, intracereb
ral haemorrhages (ICH), lacunes, enlarged PVS, blood vessel stenosis, in
creased BBB permeability, and higher neuroimmune and inflammatory 
response.145,146 Although these models represent hypertension-induced 
cSVDs, combining these with other genetic or sporadic cSVDs and/or 
AD pathologies might provide further mechanistic insights about resulting 
cognitive impairment and dementia.

4.2 Hypertension makes the BBB leaky
The BBB, formed by endothelial cells and supported by mural cells, basement 
membrane, and astrocytic end-feet, is a physical and metabolic barrier be
tween the central nervous system (CNS) and systemic circulation to control 
the passage of molecules into the CNS. It is critical for protecting and main
taining brain homeostasis, and its disruption leads to the accumulation of tox
ins in the brain parenchyma, thus contributing to cognitive impairment and 
dementia. The passage of molecules through the BBB is controlled by tight 
junctions and numerous transporters. Hypertension-driven increases in neu
rohumoral and neuroimmune mediators lead to BBB damage by disruption 
of these tight junctions.147–149

One of the outstanding questions in the field is whether hypertension- 
induced BBB leakage is involved in the initiation of dementia or is a conse
quence of the complex neurovascular pathology.150 The answer remains 
unclear, but many studies have used young hypertensive animals to study 
this mechanism. Findings have shown a higher BBB leakage in cardiovascular 
regulatory regions in young hypertensive rats compared to normotensive 
controls.151,152 Interestingly, the increased BBB permeability in cardiovas
cular regulatory regions in the brain preceded BBB permeability in cortical 
regions in hypertensive rats,153,154 suggesting that early damage in the car
diovascular regulatory regions of the brain could be involved in the initi
ation of dementia. Evidence suggests that hypertension-induced BBB 
leakage may also fast-track the progression of cognitive impairment and 

dementia when presented with other neurovascular diseases. Chronic 
hypertension induced with nitro-L-arginine (synthetic endothelial nitric 
oxide synthase; eNOS inhibitor) exacerbated BBB leakage and the accumu
lation of amyloid-beta in mouse models of CAA and AD, resulting in cog
nitive deficits at earlier ages compared to normotensive controls.155,156

4.3 Cerebral autoregulation and vascular 
reactivity
Cerebral autoregulation is the ability of the vasculature to maintain steady 
blood flow in the brain despite changes in cerebral perfusion pressure. In 
humans, the usual autoregulatory range is between mean arterial pressure 
(MAP) of 60 (lower) to 150 (upper) mmHg. When cerebral perfusion pres
sure fluctuates beyond these autoregulation limits, CBF is altered157,158: 
when MAP goes below the lower autoregulation limit, CBF is reduced 
and cerebral ischaemia can result, and when MAP reaches above the upper 
limit, there is forced dilation of cerebral vessels causing increases in intra
cranial pressure, cerebral blood volume, and ultimately disruption of the 
BBB, oedema, and haemorrhage.159

In some hypertensive animal models, the limits of cerebral autoregula
tion are extended in early ages (∼3–4 months) to provide functional adap
tation to the cerebral microcirculation with abrupt changes in flow and 
pressure.160–162 However, this functional adaptation towards higher pres
sure is absent in aged hypertensive mice (∼24 months),140 an age- 
dependent impairment also associated with loss in insulin-like growth 
factor (IGF-1) signalling.163,164

Myogenic tone of the cerebral arteries is important in autoregulation 
and controlled by vascular cells (endothelium and mural cells) through 
the release of vasoactive mediators [e.g. nitric oxide, prostacyclin, 
20-hydroxyeicosatrienoic-acid (20-HETE)]. Along with the morphological 
changes in the vasculature, hypertension also modulates endothelial and 
smooth muscle cell functions.165 Endothelial dysfunction and reduced vaso
dilation in the cerebral arteries and arterioles have been reported in hyper
tensive models.166–171 This reduced vasodilation is attributed to reduction in 
eNOS expression and nitric oxide signalling.172–174 Conversely, few other 
studies have shown unchanged eNOS levels, but an upregulation of inducible 
NOS (iNOS) levels contributing to aberrant nitric oxide signalling.172,175

Interestingly, vascular reactivity findings using different hypertensive models 
are not consistent. Some have shown increased myogenic tone,176,177 while 
others reported reduced or no change in tone.161,178 Similarly, different 
trends in 20-HETE signalling are reported between different studies.179–182

It remains unclear whether impaired or exacerbated myogenic response 
contributes to the deterioration of cerebral autoregulation in hypertensive 
models. The resistant cerebral arteries, unlike peripheral vasculature, con
strict to the increases in intraluminal flow.183,184 This flow-induced myogenic 
response is exacerbated in cerebral arteries from SHRs,162,185 suggesting 
higher chances of microbleeds and ICH with hypertension.

4.4 NVC and CBF regulation
Hypertension leads to a progressive decline in regional CBF,186 suggesting 
impairment in local control mechanisms, i.e. NVC. Components of the 
neurovascular unit [neurons, endothelial cells, mural cells (smooth muscle 
cells and pericytes), astrocytes, and glial cells]187,188 work in close coordin
ation to regulate blood flow in the brain and are collectively known as 
NVC. Although NVC is well appreciated in functional hyperaemia,189 it 
can have a critical role in other functions, including clearance of metabolic 
by-products, energy homeostasis, maintenance of pH, and thermal 
regulation.190

Several studies have dissected the functional deficits in NVC with hyper
tension and identified molecular pathways involved in the development and 
progression of the NVC deficits.191–198 Koide et al.191 attributed the loss of 
functional hyperaemia to the reduction in capillary endothelial cell (cEC) 
inward-rectifying K+ (Kir2.1) channels. Capillary endothelial Kir2.1 chan
nels are the major players in the capillary to arteriolar communication 
for the regulation of CBF.199 Similar impairments in cEC Kir2.1 channel ac
tivity and functional hyperaemia are reported in Notch3200 and Col4A1 
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mutant mouse models of cSVD,201 presenting the possibility of a conver
gent pathology. A group of elegant studies connected the loss of functional 
hyperaemia with BBB damage, showing the aberrant production of reactive 
oxygen species in PVMs, and increased interleukin-17 secretion from 
dura matter T cells, leading to BBB damage and exacerbating Ang II/AT1 
signalling.192,193 Moreover, Ang II/AT1 signalling itself can cause NVC 
deficits and these changes precede the timeline of hypertension.194–197

Ang II signalling also potentiates astrocytic Ca2+ responses to a level that pro
motes vasoconstriction over vasodilation, independent of the BP changes.198

Overall, hypertension-associated structural and functional changes lead 
to a complex pathophysiology that can collectively contribute to the initi
ation and progression of cognitive impairment and dementia. Future stud
ies clarifying some of the differences in the findings and time course, and 
the importance of comorbid conditions (sporadic or genetic) will expedite 
the development of therapeutic strategies for the treatment of 
hypertension-associated VCID.

5. Future directions
While much is understood about the importance of BP for later-life brain 
health, there is still much more to learn about the specifics of treating ele
vated BP to prevent dementia or reduce its progression and mechanisms 
underlying hypertension’s impact on neurodegeneration and AD specific
ally. Given the long duration between hypertension and its maximum im
pact on the brain in human studies, surrogate endpoints including both 
fluid-based and imaging-based biomarkers may be critical to understand 
implications for treatment and prevention. Furthermore, studies should in
clude populations with mixed pathology, or mixed risk (e.g. genetic risk and 
vascular risk), and need to prioritize recruitment of individuals from diverse 
communities. This pertains to animal models, as well, where evaluating 
mixed pathologies, and the importance of hypertension in the setting of 
other comorbidities or other neurodegenerative or genetic conditions, 
will help clarify the role of hypertension for brain health in these common 
co-occurring conditions.

Hypertension represents a major, potentially modifiable, and common 
condition impacting a large portion of the population. Reducing its preva
lence or severity is likely to reduce dementia cases worldwide, and the 
more that is understood about how and when to treat hypertension and 
its associated sequelae, the more likelihood of success in improving cogni
tive outcomes and reducing dementia.
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