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SUMMARY

Arterial stiffness is emerging as an important risk marker for poor brain aging and dementia 

through its associations with cerebral small vessel disease, stroke, β-amyloid deposition, brain 

atrophy and cognitive impairment. Arterial stiffness directly relates the detrimental effects of 

hypertension on peripheral organs with dire consequences for the extensive microvasculature 

structure of the kidneys and brain. In this review, we discuss the evidence linking arterial stiffness, 

hypertension and brain structural abnormalities in older adults. In particular, we discuss the 

potential mechanisms linking arterial stiffness to brain β-amyloid deposition and dementia and 

potential therapeutic strategies to prevent hypertension’s adverse effects on the brain.

Keywords

Alzheimer’s disease; arterial stiffness; β-amyloid deposition; brain aging; dementia; hypertension

Alzheimer’s disease (AD) and vascular dementia are the most common forms of cognitive 

impairment in the elderly [1]. Efforts to find treatments for AD have yielded only modest 

benefits, likely because longstanding AD pathological processes induce irreversible 

neurological compromise. While early-onset AD (age onset <65 years) is primary defined by 

inheritable genetic risk factors: PSEN1, PSEN2 and APP; late-onset AD shares more 

modifiable environmental risk factors, particularly those responsible for cardiovascular 

disease (see Table 1) [2]. Although traditionally considered clinically distinct from each 

other with mutually exclusive mechanisms [3], late-onset AD is increasingly regarded as a 

pathological process that is strongly influenced by cerebrovascular dysfunction. Even the 

major single gene associated with increased late-onset AD risk, APOE, was earlier identified 
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as a risk gene for cardiovascular diseases [4]. The pathogenic mechanisms underlying these 

two conditions appear to be connected through cerebral hypoperfusion, blood–brain barrier 

compromise, inflammatory cell infiltration and hemorrhagic susceptibility [5–9]. Chief 

among these factors are those that are associated with hypertension.

Several decades of research implicates hypertension and cardiovascular risk factors as 

potential modifiable risk factors in the development of stroke [10], AD and AD-associated 

pathology [11]. Yet, few studies have made convincing progress in identifying the underlying 

mechanisms connecting the seemingly disparate processes of hypertension and AD 

pathology. Recent studies show that high blood pressure is linked to brain β-amyloid (Aβ) 

deposition in older adults and suggest that arterial stiffness plays a central role in this 

relationship [12–15]. Arterial stiffness constitutes a reduced capacity of arteries to flex and 

accommodate the increase in blood ejected from the heart during systole. This lack of 

arterial compliance transmits more pulsatile pressure deeper into the periphery and to the 

microvasculature of distal-end organ systems. Arterial stiffness appears to be a novel and 

important risk factor underlying the effect of blood pressure on the brain and uniting several 

clinical phenotypes, including: stroke, cerebrovascular disease, AD and dementia. In this 

review, we summarize the potential role of arterial stiffening in the pathogenesis of 

cognitive impairment and dementia through its potential roles in hypertension’s effects on 

the brain, cerebrovascular disease and AD pathology. We reviewed the published literature 

using Medline search terms: ‘blood pressure’ and ‘amyloid’ and ‘brain’ limited to human 

studies, which returned the five observational studies reviewed herein. We expand the scope 

beyond human studies in order to discuss the potential mechanisms underlying the novel 

association between arterial stiffness and brain Aβ deposition. Arterial stiffness is an 

important modifiable risk factor for dementia and maladaptive brain aging. Therefore, we 

discuss potential interventions to slow, reverse or prevent the aspects of dementia associated 

with vascular disease.

Understanding the links between hypertension & AD

Nearly two decades of research has shown that hypertension increases the risk of AD and 

AD pathology. In general, data from observational epidemiology studies on hypertension 

and dementia are most positive, but inconsistent [16]. Observational studies of incident 

dementia tend to rely on hypertension defined by a single physiologic measurement and self-

report of diagnosis, to the detriment of potential misclassification bias. These studies are 

summarized in an excellent systematic review and meta-analysis by Power et al. [16]. In 

short, prospective epidemiology studies do not provide clear evidence for a relationship 

between late-life blood pressure and AD. Although the evidence is relatively weak, the 

meta-data suggests that hypertension in midlife (midlife diastolic, but not midlife systolic) 

may have an adverse effect on risk of incident AD. A recent study from the Atherosclerosis 

Risk in Communities (ARIC) study showed that elevated midlife systolic BP (but not late-

life BP) was associated with greater cognitive decline over 20 years of follow-up, a 

relationship that may be stronger in white participants than African–Americans [17]. 

Furthermore, the late-life blood pressure levels were unrelated to midlife levels. In contrast, 

elevated late-life blood pressure may actually be beneficial. This effect may be a result of 

reverse causation in observational studies and fits well with data showing late-life changes 
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in systolic and diastolic blood pressure with age [18,19]; therefore, the relevance of blood 

pressure as a risk factor in late-life is limited.

A considerable amount of speculation remains regarding the relationship between 

hypertension and dementia, most of which is attributable to observational studies with 

clinically defined cognitive outcomes. In contrast, data from autopsy studies and 

neuroimaging studies provide a more convincing picture (reviewed in Power et al. [16]). A 

number of autopsy studies [20,21] have shown that the probability of manifesting clinical 

dementia for a given level of AD pathology increases with the presence of cerebrovascular 

pathology, both of which are strongly linked to hypertension [22–30] and arterial stiffness 

(discussed in detail in the ‘Arterial stiffness & the brain’ section). While there is little 

mechanistic evidence supporting the observed relationships between blood pressure with the 

formation of Tau proteins or neurofibrillary tangles in the brain [31,32], blood pressure may 

be related to AD pathogenesis or progression through mechanisms involving Aβ synthesis, 

clearance or its deposition as plaques [33]. Uncontrolled hypertension appears to predict the 

level of neurofibrillary tangles and neuritic Aβ plaques [34–36] in the brain, which implies 

hypertension could have direct effects on AD pathology.

Blood pressure is also related to atrophy in AD-prone brain regions. A recent meta-analysis 

of blood pressure and brain volume reduction showed that higher blood pressure levels are 

associated with greater total, cortical and hippocampal brain volume reduction, which was 

evident in both cross-sectional and longitudinal studies [37]. While the mechanisms 

underlying this association are unclear, some evidence suggests subcortical vascular 

pathology on cortical neuronal apoptosis underlie brain atrophy [38] and the reduced 

clearance of Aβ from the brain.

Factors underlying hypertension

The way that hypertension is assessed appears to affect the strength of its relationships with 

dementia and evidence of its pathology in patients. In research studies, the assessment of 

hypertension using a sphygmomanometer to obtain the brachial artery blood pressure is 

always preferable to self-report of hypertension; however, a seated assessment of blood 

pressure at a single time point to define hypertension is still subject to several physiologic 

antecedents and therefore substantial bias, especially the declines evident in the elderly 

adults mentioned above. There are also several distinct subtypes of hypertension, including: 

essential hypertension, isolated systolic, diastolic driven, etc. demonstrating that 

hypertension can represent several different etiologies. Furthermore, blood pressure is 

confounded by variation in its individual components that are discussed in detail below.

Arterial blood pressure is primarily a result of cardiac output and peripheral resistance as 

shown in Figure 1. Cardiac output is split into stroke volume and heart rate. During resting 

blood pressure assessment, cardiac output is intentionally minimized through the control 

heart rate by a predefined rest period. The exception comes in the form of ‘white coat 

hypertension’ where the individual’s sympathetic response increases the heart rate and 

vascular tension. This bias is overcome with more intensive continuous ambulatory blood 

pressure assessments outside the office.
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To understand the contribution of peripheral resistance it is essential to appreciate the effects 

of aging on vascular biology. Arteries of the body vary not only in size but in composition 

depending upon their location along the arterial tree. We will briefly discuss the effects of 

arterial aging in three main groups of arteries: large elastic central elastic, medium muscular 

peripheral arteries and small arterioles.

In healthy young individuals, the central elastic arteries (e.g., aorta and carotid artery) 

expand and recoil effectively within each cardiac cycle. The elasticity produces a 

Windkessel Effect to dampen and transform the hemodynamic pulsatility into continuous 

blood flow through the capillaries [39]. Normally there is a steep gradient of increasing 

pressure along the artery with increasing distance from the heart. This pressure gradient 

which produces ‘reflected waves’ as the forward pulse waves is reflected back to the heart at 

each arterial branching and distal reductions in vessel caliber. Abnormal timing of the 

reflected wave can move shift its return to the heart into systole. The heart must pump 

harder to overcome added pressure, referred to as the augmentation index. This accelerates 

arterial aging. Arterial aging predominantly and almost exclusively affects the proximal 

portions of the aortic arch branches of the head and upper limbs [39] which progressively 

stiffen and dilate with age [40–42]. The progressive rupture and complete loss of elastin fibers 

in the medial coat of the aorta leads to a progressive loss of central elasticity. The usual 

steep gradient of arterial stiffness from the heart is lost when central pressure exceeds the 

peripheral resistance. This shift results in the propagation of the forward wave further into 

the periphery, usually occurring around the age of 60 years [43]. This increases the demands 

on distal vascular compensation.

As greater central stiffness transmits more pulsatile pressure to the peripheral arteries, they 

must adapt to handle the pressure. Peripheral arteries are muscular and stiffer than central 

arteries. They modulate flow based on tube size and smooth muscle constriction. The 

muscular arteries are also more susceptible to the metabolic demands of the surrounding 

muscle and tissue and may be more influenced by insulin signaling [44]. The small arterioles 

lack any muscularity and are more or less passive recipients of pulsatile flow. They normally 

carry blood with minimal pulsatile expansion and at steady constant flow velocity [45]. If the 

peripheral muscular arteries cannot compensate for the increased pulsatile energy, it reaches 

the fragile arterioles in the end microvasculature. Distal vascular stress results in the loss of 

elasticity with age in the arteries of the brain as well. Older adults have less elastin 

expression and function than arteries compared with middle-aged patients, in addition to a 

loss of distensibility in response to changes in pressure [46]. This often leads to damage in 

the form of microvascular disease in the kidneys and brain [47]. High pulsations in the 

microvessels of brain and kidneys cause damage to the endothelium with shedding of 

endothelial cells (the ultimate endothelial dysfunction), causing subsequent thrombosis and 

microinfarction [47]. High pulsatile pressure stretches and damages all classes of arteries, 

similar to the effects seen in malignant hypertension and intracerebral hemorrhage [31] 

resulting in lacunar stroke [24], microhemorrhage [23] and white matter hyperintensities 

(WMH) on MRI [22,25], which are commonly found at autopsy in persons with AD.
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Measurement of arterial stiffness

Arterial stiffness can be measured noninvasively either locally or regionally by several 

means and across several arterial beds. Pulse wave velocity is the classic method of 

noninvasively studying age-related and disease-related changes in arterial stiffness. Pulse 

wave velocity (PWV) is the foot by foot measurement of the speed of travel of the arterial 

pulse along an arterial segment [48] and expressed in (meters/second × second; Figure 2). 

The current gold standard for measuring central or ‘aortic’ arterial stiffness is the carotid-

femoral PWV (cfPWV) which determines the PWV at two sites along the carotid and 

femoral arteries [40]. An alternative form of central PWV, the heart-femoral PWV (hfPWV) 

is derived from the same measurement. Purely peripheral forms of PWV are measured at 

femoral and ankle arterial sites. The brachial ankle (baPWV) measurement is growing in 

popularity as a systemic measures of arterial stiffness due to the fact that it crosses several 

arterial beds and integrates arterial function across the central elastic arteries as well as the 

muscular peripheral arteries (see Laurent et al. [40] for an excellent discussion of PWV 

relative to other methods used to assess arterial stiffness).

Arterial stiffness & the brain

As a result of its extensive vasculature, the brain is a high-flow, low-resistance organ that is 

continuously exposed to the mechanical forces of cardiac pulsations [47]. In essence, arterial 

stiffness is the mechanism that relates the pulsatile force of the heart to the brain [43]. The 

relationships between arterial disease and brain structural abnormalities are summarized in a 

conceptual model presented in Figure 1. Greater arterial stiffness as measured by PWV is 

consistently associated cognitive impairment and cognitive decline (please see the excellent 

review by Rabkin [49]). Increased PWV is directly related to the degree of cognitive 

impairment independent of factors that affect cognitive function such as age and education. 

Importantly PWV is predictive of the development of cognitive impairment with higher 

PWV predicting the greatest decline in cognitive function [49–52].

Arterial stiffness & brain structure

Central stiffness as measured by high cfPWV has been associated with lower total brain 

volume, the presence and extent of WMH, lacunar infarcts and cerebral microbleeds visible 

on MRI in both hypertensive and normotensive participants [14,53–57]. Central arterial 

stiffening is also associated with microbleeds [54]. Microbleeds are often present with 

concomitant pathology such as: the presence of lacunar infarcts, hemorrhage and white 

matter changes in nearly all arterial territories. Hypertension, as evident by increased 

systolic blood pressure, increases the risk of microbleeds in the territory of the posterior 

cerebral artery and the deep and infratentorial locations [58]. It is speculated the cerebral Aβ 

angiopathy may be responsible for the microbleeds in the lobar area of brain [58]. Carotid 

plaques and increasing carotid lumen diameter as measured by intima-media thickness are 

less-specific markers of local carotid stiffness; yet, they are associated with increasing 

prevalence of lacunar infarcts and increasing WMH volume [59].

Changes in white matter microstructure are indicative of white matter integrity are thought 

to occur prior to WMH [60]. White matter integrity is quantified by diffusion tensor imaging 
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and is associated with elevated blood pressure [61]. Arterial stiffness is proposed to underlie 

the strong relationship between elevated blood pressure and white matter integrity [61] 

eventually leading to visible WMH. The relationship between central arterial stiffness and 

white matter integrity may be focal, localized to individual tracts, but detectable in multiple 

ethnic groups [62].

Arterial stiffness is associated with the extent & progression of Aβ deposition in the brain

AD pathology is characterized by the protein aggregation of Tau and fibrillar Aβ in the brain 

that precedes atrophy and onset of cognitive impairment. In AD, Aβ proteins deposit as 

fibrillar Aβ plaques in the neocortex, while subcortical and vascular Aβ deposition is also 

present [63]. In contrast, Tau protein deposits start in the entorhinal region and follow the 

stages detailed by Braak and Braak [64]. Aβ pathology is necessary, but not sufficient for 

AD. Yet, AD pathology is rarely pure and does not occur in isolation. Estimates suggest that 

more than 50% of dementia cases are mixed pathology [20]. AD often manifests as co-

occurring neuropathology (e.g., α-synuclein, lewy bodies, etc.) with other neurodegenerative 

disorders like Parkinson’s disease and other forms of dementia [65] and with evidence of 

cerebrovascular disease. In particular, the deposition of vascular Aβ described as cerebral 

amyloid angiopathy (CAA) is emerging as an important marker of risk for AD, 

microinfarction, microhemorrhage and macrohemorrhage of the brain and vascular cognitive 

impairment [66].

The use of Aβ-specific ligands in PET has opened new avenues for AD pathology research 

(reviewed by Kantarchi [67]). Arguably one of the most important contributions of Aβ-PET 

imaging in recent years was empirical evidence that brain Aβ-deposition does not reside 

solely in the domain of AD pathology, but is also a component of brain aging [68,69]. Recent 

studies show hypertension is associated with the extent of Aβ deposition in the brain 

measured by Aβ-PET [12–13,70]; however, these findings are inconsistent regarding the 

pressure variant. The extent of Aβ deposition was positively associated with higher systolic 

blood pressure [12], and higher diastolic blood pressure [13]. These two studies concluded 

that these initial relationships between blood pressure and brain Aβ were consistent across 

cognitive groups (normal, MCI and AD) [13] and could potentially be attributed to 

underlying arterial stiffness [12]. The effect of clinically diagnosed hypertension on brain Aβ 

burden may differ by APOE genotype, with the greatest Aβ burden among clinically 

diagnosed hypertensive APOE ε4 allele carriers [70].

Our group examined the relationship between Aβ-PET and several measures of arterial 

stiffness, blood pressure, atherosclerosis and brain structure in a group of elderly 

nondemented participants. Arterial stiffness was associated with the extent of Aβ-PET 

measured cross-sectionally and 2 years prior, but these associations differed by vascular bed. 

Greater systemic arterial stiffness, as measured by baPWV was strongly associated with the 

extent of Aβ-PET at both baseline [14] and 2 years later at follow-up [15]. Each standard 

deviation increase in baPWV increased the odds of being Aβ-positive by twofold at baseline 

and more than fourfold at follow- up. These associations were independent of differences in 

age, gender, resting systolic blood pressure, BMI and antihypertensive medication use. 

Interestingly, diastolic blood pressure was not associated with the extent of Aβ deposition at 
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either timepoint in this study. Systolic blood pressure was marginally associated with Aβ-

PET at baseline, but not at follow-up. Additional adjustment for current systolic blood 

pressure or pulse pressure did not appreciably attenuate the associations between systemic 

stiffness and Aβ-PET. On the other hand, central measures of arterial stiffness (cfPWV) 

were not associated with Aβ-PET at either baseline or follow-up, but seemed more closely 

related to evidence of white matter disease and the progression of Aβ deposition over time. 

Measures of arterial stiffness are not statistically different by cognitive status (mild 

cognitive impairment [MCI] or normal) in this group of nondemented older adults [14].

White matter burden and Aβ-PET show weak [71,72] or no correlation with each 

other [14,73–74]. However, Aβ and WHMs can carry independent but equal weight in an AD 

diagnosis [72]. It appears that measures of central stiffness cfPWV are strongly associated 

with WMH volume (cfPWV, hfPWV, systolic blood pressure and mean arterial pressure); 

while, measures of systemic (baPWV) and peripheral (faPWV) are not associated with 

WMH volume [14]. In contrast, PWV appears to be related to both WMH and Aβ-PET in 

independent, parallel processes [14] that may be most destructive when co-occuring [75,76]. 

Individuals with the combined neuropathology of WMH and Aβ-PET had the highest central 

and systemic arterial disease [14]. These initial data suggest that arterial stiffness may be a 

central factor relating independent processes of cerebrovascular disease and brain Aβ 

deposition in the brain.

Longitudinal Aβ-PET studies are beginning to emerge in the literature. Initial studies 

suggest that Aβ accumulates in all cognitive groups (normal, MCI and AD), but it is highest 

in the AD groups [77]. There is a monotonoic increase in Aβ accumulation across groups of 

cognitive function and with age. Extensive Aβ deposition precedes cognitive impairment, 

and is associated with APOE genotype, age and a higher risk of cognitive decline [78]. 

Population-based studies with Aβ-PET shows the prevalence of AD-like Aβ deposition is 

between 20 and 34% in cognitively normal older adults [67] and increases dramatically with 

increasing age [15,69]. Recently, we showed that 9th decade of life the proportion of 

nondemented older adults with AD-like Aβ deposition increased from 45 to 75% over 2 

years of follow-up [13]. In this group, greater arterial stiffness was associated with the 

progressive accumulation of Aβ over 2 years of follow-up [15]. Measures of central stiffness 

were a strong indicator of the progression of brain Aβ, independent of the effects of age, 

gender, BMI, time between PET scan and current blood pressure measurements. It is 

important to note that in cognitively normal adults, the rate of Aβ accumulation does not 

predict the rate of neurodegeneration and the onset of cognitive symptoms [79]. The onset of 

clinical symptoms of dementia are influenced by genetic and vascular risk factors, not solely 

the appearance of AD pathology which is recognized to begin years and even decades before 

the onset of clinical symptoms [79].

Arterial stiffness versus atherosclerosis

Arterial stiffness and changes in vascular structure can occur from and be accelerated by 

atherosclerosis, which is a major risk factor for stroke [80]. Atherosclerotic plaques deposited 

in the media of the vessel wall changes both the regional blood flow and the local stiffness, 

and the calcification of atherosclerotic plaques can be imaged reliably with computed 
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tomography (CT). Several studies show that CT-assessed coronary calcification is associated 

with cerebral atrophy on MRI, poorer cognitive performance [81,82] and worse 

microstructural integrity [83]. These relationships appear to be evident with both the 

extracranial and intracranial carotid arteries [84].

The presence of regional carotid atherosclerosis alone may be a risk factor for AD and 

dementia through its contributions to cerebrovascular disease. In fact, AD cases have a 

greater degree of cerebral artery (circle of Willis) occlusion than controls, and there was a 

positive correlation between the degree of arterial stenosis and neurofibrillary tangle 

score [7]. Regional peripheral carotid atherosclerosis is best imaged by carotid ultrasound 

when used to identify carotid plaques, identify vascular occlusions and measure carotid 

intima media thickness (IMT). Greater IMT of the carotid and brachiocephalic trunk are 

associated with deep subcortical white matter hyperintensity [85] and brain infarcts [80]. 

Individuals with evidence of coronary or aortic disease may not be at increased risk of AD; 

however, intracranial atherosclerosis is a confirmed, strong risk factor for dementia [86]. To 

date, no studies comparing atherosclerosis to brain Aβ deposition are available in the 

published literature. In the PPG study [69], we did not find a relationship between either 

carotid IMT and Aβ deposition in the brain, or its accumulation over time [Hughes TM et 

al., Unpublished Data] Future studies will have to confirm this apparent lack of association.

Perspectives for future research

Research surrounding the novel associations between arterial stiffness and brain Aβ 

deposition has considerable growth potential, and aspects relating these two complex 

multifactorial pathologies need to be evaluated through more detailed studies in the future. 

An important question raised by these initial studies is whether younger age groups with 

hypertension and advanced arterial stiffness show Aβ deposits earlier than individuals with 

healthy arteries. If so, there is considerable room for the treatment of hypertension and 

arterial stiffness in the prevention of AD and dementia. Future research will also need more 

comprehensive assessments of cerebrovascular disease beyond white matter lesions, such as 

cerebral microbleeds and microinfarcts, which are cerebrovascular markers more closely 

related to Aβ pathology in the brain. More detail regarding the shared mechanisms linking 

arterial stiffness, cerebrovascular disease and Alzheimer’s type pathology will further our 

knowledge of these seemingly disparate conditions.

Potential shared mechanisms linking arterial stiffness, cerebrovascular disease & 
Alzheimer’s-type pathology

It is possible that arterial stiffness is directly and indirectly related to Aβ deposition for 

several reasons which have yet to be fully addressed in the literature. For instance, there are 

a myriad of structural, cellular and genetic factors that contribute to arterial stiffness, 

including the roles of the scaffolding proteins, extracellular matrix, inflammatory molecules, 

endothelial cell function and reactive oxidant species, factors which are affected by: 

atherosclerosis, glucose regulation, chronic renal disease, salt and changes in neurohormonal 

regulation (as described in an excellent review by Zieman et al. [87]). All of these factors 

may provide pathways and potential mediators of the novel relationships between peripheral 

arterial stiffness, cerebrovascular disease and brain Aβ deposition.
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Arterial stiffness may first produce cerebrovascular disease that in turn initiates 

abnormalities in Aβ production or clearance in the brain as suggested by the hypertensive 

rate model [88]. This suggests there should be a strong relationship between evidence of 

cerebrovascular disease and Aβ deposition in the brain among individuals with high vascular 

stiffness. Initial studies suggest white matter lesions and Aβ deposition are not related in the 

elderly [14,76]. It is likely that arterial stiffness contributes to cerebrovascular disease and Aβ 

deposition via independent mechanisms [75], therefore, contributing to brain abnormalities in 

multiple ways. Other markers of cerebrovascular disease may be more informative. Based 

on neuropathology, the leading candidate would be cerebral microbleeds, which are 

associated with both arterial stiffness and Aβ deposition in the microvasculature [89]. As of 

yet, no studies have evaluated the associations between microbleeds and brain Aβ in vivo. 

Additionally, cerebral microinfarcts are found in all brain regions, especially in the 

watershed areas of the cerebral cortex. Microinfarcts are common in age-related vascular 

diseases. They are present more in patients with vascular dementia (weighted average: 

62%), AD (43%) and demented patients with mixed Alzheimer-type and cerebrovascular 

pathology (33%) compared with nondemented older individuals (24%). Microinfarcts are 

pathologically described as minute foci with neuronal loss, gliosis, pallor or more cystic 

lesions. Sizes vary from 50 μm to a few mm. Recent advances in high-field microstructural 

neuroimaging provide promising biomarkers [90,91] that may reveal greater detail of the 

potential relationships between brain Aβ deposition and cerebrovascular disease. Detection 

of these lesions in vivo with MRI would have a high potential impact for future 

pathophysiological studies of brain aging [6].

Arterial stiffness may alter cerebral blood flow leading to areas of abnormal blood flow and 

insufficiencies. It is uncertain how alterations in blood flow affects Aβ synthesis, 

aggregation or deposition in the human brain; however, animal studies suggest cerebral 

ischemia may be involved in the pathogenesis of AD through upregulation of Aβ precursor 

protein gene expression [92–94], promotion of Aβ precursor protein cleavage into Aβ 

peptides [95] or reduction in soluble Aβ clearance [96]. Arterial stiffness may also worsen as a 

consequence of Aβ deposition in the vasculature, particularly in the brain. In Aβ 

angiopathies (e.g. CAA), Aβ interacts with vascular matrix proteins and deposits within the 

walls of leptomeningeal and cerebral arteries, leading to alterations in the composition of the 

basement membrane and the eventual destruction of vascular smooth muscles within the 

tunica media [97]. CAA is common in the aging process and usually harmless. In some 

patients with severe CAA, however, the Aβ deposits cause the blood vessel walls to crack, 

causing microbleeds and severe hemorrhagic stroke. It is important to note that Aβ is 

produced throughout the body and brain and peripherally derived Aβ may contribute to 

CAA initiation and progression.

It is also feasible that arterial stiffness is directly related to Aβ deposition through its 

production or clearance from the brain. Vascular activation of endothelial cells relates 

systemic vascular dynamics to brain microvasculature. This process as it relates to arterial 

aging is already well reviewed by Wang and Lakatta [98] but it also implicated in AD as 

well. For example, the cerebral microcirculation is pathologically activated with brain 

endothelial cells overexpressing a wide variety of bioactive, neurotoxic and/or inflammatory 
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proteins including thrombin, VEGF, ANGPT-2, TNF-α, TGF-β, IL-1β, IL-6, IL-8, MCP-1, 

HIF-1α, matrix metalloproteinases and integrins [99]. Vascular activation in the AD brain 

likely has deleterious consequences for neuronal health as many of these mediators are 

directly or indirectly neurotoxic. Interesting recent work suggest blood products (e.g., 

fibrinogen) may be involved in not just in vascular complications and stroke but also in AD 

pathogenesis. Fibrinogen is normally found circulating in blood, but in AD patients it also 

found deposited with Aβ in the brain parenchyma and cerebral blood vessels. Aβ and 

fibrinogen appear to interact, leading to increased fibrinogen aggregation, Aβ fibrillization 

and the formation of degradation-resistant fibrin clots [100].

Arterial stiffness may have direct effects on Aβ clearance from the brain. Murine models 

show that Aβ is cleared from the brain via the paravascular exchange of cerebrospinal fluid 

(CSF) with perivascular interstitial fluid (ISF), which has been dubbed the glymphatic 

system. In this system, the ISF fluid flows along the perivascular space of the 

cerebrovasculature [97,101–103]. This process is shown to be 60% more efficient at night [104], 

suggesting that sleep plays a major role in the removal of Aβ other waste products from the 

brain. It is unknown if the efficiency of the glymphatic system is related to nocturnal blood 

pressure patterns. The recent observation that cerebral arterial pulsatility contributes to 

glymphatic exchange suggests the possibility that reductions in arterial pulsatility due to 

arterial stiffening and cerebrovascular disease may also contribute to failure of the clearance 

of interstitial waste, including Aβ, from the aged brain [97]. This inability to clear soluble Aβ 

from the brain may further contribute to CAA. Further, cerebral arteries from older adults 

exhibit reduced mechanical compliance, a loss of elastin [46], and in some cases CAA. In 

these cases, such alterations in the arterial wall may slow Aβ clearance by inhibiting fluid 

exchange.

Modeling of glymphatic flow rates suggests that the pulsatile flow of ISF is driven by the 

reflected wave occurring as a result of the pulse wave. Initial work suggests that the role of 

the glymphatic system is to remove soluble waste products from the brain via the CSF. 

Recently Iliff et al. posited that the loss of arterial pulsatility reducing solute clearance may 

be compounded by the effect of paravascular solute deposition (such as Aβ) further reducing 

cerebral arterial pulsatility. Together the two mechanisms may constitute a feed forward 

pathogenic loop which in turn promotes synaptic dysfunction and neurodegeneration [102]. If 

borne true, treatments that target cerebrovascular compliance may protect against 

neurodegenerative processes by promoting solute clearance via the CSF and reducing Aβ 

deposition [102].

No treatment options tailored to arterial stiffness

For many years, therapy of hypertension was serendipitous, with the success of β-

adrenoceptor antagonists (β-blockers) and diuretics not envisaged when they were first 

introduced. The most successful antihypertensive drugs now used – angiotensin-converting 

enzyme (ACE) inhibitors, angiotensin II type 1 receptor antagonists (angiotensin receptor 

blockers [ARBs]), renin inhibitors, calcium channel antagonists (calcium channel blockers 

[CCBs]), aldosterone receptor antagonists – have been synthesized to interact with known 

pathophysiological mechanisms. The most successful agents act predominantly as arterial 
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vasodilators, reducing tone in conduit arteries with lesser effect on peripheral resistance, 

thus reducing pulsatile as well as mean blood pressure.

Renal microvascular disease is traditionally viewed in terms of local disturbance of the 

renin–angiotensin system, with need for treatment with ACE inhibitors or ARB drugs. 

Cerebral microvascular disease is regarded as a result of mechanical damage that should be 

targeted with antihypertensives and statins. Recent research suggests that microvascular 

disease at the two sites may share similar etiologies and may warrant similar treatment [105]. 

Targeting arterial stiffness may reduce the damage at these sites. However, clinical trials of 

antihypertensive therapy suggests that the long-term treatment with ARB and ACE 

inhibitors may provide some benefit for reducing pulse pressure and isolated systolic 

hypertension, but do not appear to improve central arterial stiffness [106]. Incidentally, meta-

analyses of studies investigating the ability of antihypertensives to prevent age-related 

dementia show mixed results, suggesting either no benefit [107] or a beneficial effect [108]. 

The utility of antihypertensives on preventing cognitive decline likely varies by class and 

drug target, even when the effect of blood pressure lowering does not [108]. The rank-order 

of benefit on overall cognition is highest for ARBs followed by β-blockers, diuretics and 

angiotensin-converting enzyme inhibitors over placebo [108]. Antihypertensive treatment 

appears to be associated with an enhancement of all cognitive function, except language and 

possibly visuospacial abilites [108].

Antihypertensives act as a class target blood pressure and may have minimal effects on 

preventing continual accumulation of arterial stiffness. Current antihypertensive therapies 

are not designed to replace the lost aortic elastin or improve elasticity. As a result they have 

little effect on age-related arterial stiffening. Arterial stiffness may be a unique therapeutic 

approach for preventing Aβ deposition and dementia.

While the hemodynamic impact of arterial stiffness may not be easily drugable, arterial 

stiffness has several contributing metabolic factors that are all particularly amenable to 

lifestyle intervention. A number of lifestyle changes and therapies that reduce arterial 

stiffness are presented, including weight loss, exercise, salt reduction and reduced alcohol 

consumption and neuroendocrine therapies. Neuroendocrine-directed therapies to reduce 

arterial stiffness include those targeting the renin–angiotensin system, natriuretic peptides, 

insulin modulators, as well as novel therapies that target advanced glycation end 

products [87]. Any of which may be involved directly in the production, aggregation or 

clearance of Aβ form the brain.

Nonpharmacologic interventions for arterial stiffness

Increased aortic stiffness also plays a well-identified role in obesity and metabolic 

syndrome [109]. Its progression with age is proportional to the number of metabolic risk 

factors the individual posesses [109]. Lifestyle interventions including exercise and dietary 

interventions are attractive because they may reduce arterial stiffness by a variety of 

mechanisms (detailed in a recent review by Sacre) [110]. The potential additive effects, such 

as exercise and dietary interventions on arterial stiffness need to be studied in greater detail. 

Aerobic exercise training increases arterial compliance and reduces systolic blood 

pressure [111] in young and older adults [110]. Weight loss and corresponding improvements 
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in insulin sensitivity are important factors targets for intervening on arterial stiffness. 

Significant weight loss results in improvements in central PWV [112]. Yet, weight loss alone 

may not have the impact on arterial stiffness that improving insulin sensitivity alone may 

have on vascular tone, specifically within the muscular arteries of the periphery. Weight loss 

and improvements in insulin appear to have synergistic effects on improving systemic 

stiffness [44]. Insulin has significant vasoactive properties on the resistive large arteries and 

precapillary arterioles which reduces the amplitude and timing of the carotid pulse under 

conditions of euglycemic clamp [113]. In patients with insulin resistance and metabolic 

syndrome, these disrupted physiologic mechanisms may contribute to the development of 

systolic hypertension and stiffening of the arteries [109]. Further, self-report data suggest that 

68% of adults with diabetes also have hypertension [114]. The additional roles of insulin 

affecting the endothelium, renin–angiotensin system and oxidative stress cannot be 

ignored [109] and should be investigated in their roles in AD pathogenesis.

Conclusion & future perspective

Arterial stiffness provides an important link between hypertension and dementia because it 

serves as the driving force behind hypertension’s effects on the peripheral microvasculature 

of the brain and kidneys. Arterial stiffness is a well-established risk factor for white matter 

disease and is also associated with evidence of microvascular damage in the brain. Recent 

studies also show blood pressure and arterial stiffness are associated with brain Aβ 

deposition in elderly adults. While the relationships between blood pressure and Aβ 

deposition are inconsistent, the associations between arterial stiffness and Aβ deposition in 

the brain are robust that are independent of common potential confounders. The connections 

between arterial blood pressure, cerebrovascular disease and Aβ accumulation appear to be 

independent and centrally driven. It is likely that the effects of central stiffness on the brain 

are mediated by changes in the peripheral vasculature. Vascular contributions to brain 

abnormalities are likely to have direct effects on cerebral blood flow leading to areas of 

hyper- and hypo-perfusion and microvascular damage contributing to aggregation of blood 

products, endothelial dysfunction and impaired Aβ clearance. While brain Aβ and white 

matter disease appear to occur independently of each other, individuals with the presence of 

both have the highest arterial stiffness, suggesting arterial stiffness might contribute to the 

two processes independently causing a ‘double-hit’ to the brain. The findings relating 

arterial stiffness come from only one cohort and need to be replicated. Ideal cohorts for 

replication include younger cohorts of middle-age to early elderly adults designed to 

evaluate differences in Aβ aggregation between hypertensive and normotensive groups or 

clinical trials of blood pressure treatment. Longitudinal studies of Aβ deposition suggest a 

long-protracted development of Aβ deposition over decades (Figure 3) [78,115] and this 

relationship may be modified by ApoE genotype. Future studies need adequate power and 

recruitment to determine if the associations between arterial stiffness and brain Aβ 

accumulation differ by ApoE genotype.

Understanding the relationship that arterial stiffness has to brain Aβ deposition is an 

opportunity to understand Aβ pathology in AD and aging. Currently there are no means to 

prevent or slow AD, with few known modifiable risk factors for AD and far fewer that have 

been related to AD pathology. If Aβ turns out to play a necessary and sufficient role in AD, 
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then preventing arterial stiffness may be a unique therapeutic target for preventing Aβ 

deposition and AD. Current antihypertensive therapies have little effect of aortic stiffness 

despite robust improvements in pulse pressure. Yet, antihypertensive therapy may have 

important impact on preventing cognitive declines and may even prevent dementia. One 

potentially important treatment option is to slow the progression of arterial stiffening 

through the consistent and sustained treatment of hypertension throughout life, particularly 

at middle age. Trials like SPRINT will provide some insights into blood pressure treatment 

strategies aimed at intensive versus standard blood pressure goals on arterial stiffness, 

cognition and brain structure.
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Practice points

• Alzheimer’s disease seldom results from a pure Alzheimer-type pathology and 

often contains one or more vascular pathologies.

• Recent studies suggest that blood pressure and arterial stiffness plays a role in 

dementia risk and β-amyloid deposition in the brain.

• Future studies are needed to determine if arterial stiffening promotes β-amyloid 

deposition through vascular damage, impaired β-amyloid clearance via 

paravascular drainage or other mechanisms.

• Taken together these studies suggest that long-term treatment of hypertension at 

first sign will be important potential modifiers of disease course through β-

amyloid and cerebrovascular mechanisms.

• Longitudinal studies of antihypertensive therapy suggest that angiotensin-

converting enzyme inhibitors and angiotensin receptor blockers have differential 

effects on dementia risk and promote improvements in arterial stiffness.
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Figure 1. 
Diagram relating arterial pressure with brain abnormalities.

BP: Blood pressure.
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Figure 2. 
Diagram arterial pulse wave velocity measures.

D: Distance; PWV: Pulse wave velocity: T: Time.
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Figure 3. 
A conceptual model of vascular factors related to arterial stiffness and β-amyloid deposition 

in the brain across adulthood.

PWV: Pulse wave velocity.

Data taken from [15].
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Table 1

Risk factors for Alzheimer’s disease and cardiovascular disease.

Genetic and environmental factors Early-onset Alzheimer’s disease Late-onset Alzheimer’s disease Cardiovascular disease

Adverse risk factors

Midlife hypertension Yes, midlife Yes

Arterial stiffness Yes Yes

Diabetes mellitus Yes Yes

Hyperlipidemia Yes, midlife Yes

Smoking, current Yes Yes

Head injury, with loss of consciousness Yes No

Obesity Yes, midlife Yes

Protective factors

Moderate alcohol consumption Yes Yes

High level of physical activity Yes Yes

Education >15 years Yes No

Statin drugs Yes Yes

Nonsteroidal anti-inflammatory drugs Yes No, adverse

Unmodifiable risk factors

Age Yes Yes Yes

Family history of Alzheimer’s disease Yes Yes Yes

APOE Yes Yes

PSEN1 Yes

PSEN2 Yes

APP Yes
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