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Abstract

Cognitive impairment associated with aging has emerged as one of the major public health 

challenges of our time. Although Alzheimer’s disease is the leading cause of clinically diagnosed 

dementia in Western countries, cognitive impairment of vascular etiology is the second most 

common cause and may be the predominant one in East Asia. Furthermore, alterations of the large 

and small cerebral vasculature, including those affecting the microcirculation of the subcortical 

white matter, are key contributors to the clinical expression of cognitive dysfunction caused by 

other pathologies, including Alzheimer’s disease. This scientific expert panel provides a critical 

appraisal of the epidemiology, pathobiology, neuropathology, and neuroimaging of vascular 

cognitive impairment and dementia, and of current diagnostic and therapeutic approaches. 

Unresolved issues are also examined to shed light on new basic and clinical research avenues that 

may lead to mitigating one of the most devastating human conditions.
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Dementia is characterized by a progressive and unrelenting deterioration of mental capacity 

that inevitably compromises independent living. Advancing age is the main risk factor, and 

due to the aging of the world population and lack of effective treatments, the number of 

affected individuals, estimated at 50 million worldwide in 2018, is anticipated to triple by 

2050 at a cost approaching $4 trillion (1). The anticipated “dementia epidemic” has spurred 

world leaders to develop national plans to deal with its devastating socioeconomic impact 

(2) and increase research funding to accelerate therapeutic development (3).

Alterations in cerebral blood vessels have long been implicated in age-related cognitive 

impairment. Alois Alzheimer, best known for identifying the condition now called 

Alzheimer’s disease (AD), was a strong proponent of the concept that the dementia of the 

elderly was due to cerebrovascular insufficiency (4). The idea was that hardening of the 

arteries impaired the ability of cerebral blood vessels to relax and to adjust the delivery of 

blood to the metabolic needs of the brain, causing hypoperfusion, neuronal death, and 

dementia. This view prevailed well into the 1970s, when measurement of cerebral blood 

flow (CBF) demonstrated that cerebral blood vessels were able to increase CBF in 

cognitively impaired individuals (5), casting doubt on the dominant hypothesis of global 

vasoparalysis and vascular insufficiency. Around the same time, the concept of multi-infarct 

dementia was introduced, which proposed that cerebrovascular disease causes dementia 

through multiple brain infarcts (6) and proved to be another argument against the global 

ischemia concept. Multi-infarct dementia implied that if strokes are preventable, so should 

be cognitive impairment due to cerebral infarcts, suggesting that some dementias could be 

treated or prevented. Sub-sequently, the term vascular dementia (VaD) was felt to be too 

restrictive, failing to capture the entire spectrum of cognitive alterations caused by vascular 

factors, and the term vascular cognitive impairment (VCI) was proposed (7) and eventually 

widely adopted (8). The most severe form of VCI is VaD.

With advances in the understanding of the molecular pathology of AD in the 1990s (9), the 

term dementia became synonymous with AD, and the cognitive impact of vascular 

pathology was over-looked compared with neurodegenerative pathology (e.g., amyloid 

plaques and neurofibrillary tangles). More recently, a wealth of epidemiological, clinical-

pathological, and basic science observations has led to a reappraisal of the role of vascular 

factors in cognitive impairment (10), and have identified vascular dysfunction and damage 

as critical components of the pathophysiology of late-life dementia including AD (11). This 

state-of-the-art review provides an up-to-date assessment of the role of vascular factors in 

cognitive health and their clinical manifestations, epidemiology, pathobiology, imaging 

correlates, and neuropathology. It also examines the current state of prevention and 

management, and the challenges and opportunities for future research and clinical 

developments (Central Illustration).

CLINICAL FEATURES

Dementia refers to a decline in mental ability severe enough to interfere with daily life. The 

recently published Vascular Impairment of Cognition Classification Consensus Study 

(VICCCS) guideline defines major VCI (VaD) as clinically significant deficits in at least 1 

cognitive domain that are of sufficient severity to cause a severe disruption of (instrumental) 
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activities of daily living (12). The second requirement for mild VCI or major VCI (VaD) is 

imaging evidence for cerebrovascular disease (Table 1). This new definition evolved from 

the American Heart Association/American Stroke Association (8) and National Institute of 

Neurological Disorders and Stroke-Canadian Stroke Network (13) consensus statements, 

and aligns with revised terminology in DSM-V, which distinguishes between major and 

minor neurocognitive disorders.

CLASSIFICATION.

According to the VICCCS, VaD can be classified into 4 major subtypes: 1) post-stroke 

dementia (PSD), defined as dementia manifesting within 6 months after a stroke; 2) 

subcortical ischemic vascular dementia (SIVaD); 3) multi-infarct (cortical) dementia; and 4) 

mixed dementia (Figure 1) (12). By convention, patients with evidence for mixed 

pathologies (e.g., vascular and AD) are further labeled to specify the presumed predominant 

cause of dementia (e.g., VaD-AD or AD-VaD) (Figure 1). For a diagnosis of VaD or mild 

VCI, the new VICCCS guideline generally requires magnetic resonance imaging (MRI) and 

evidence of vascular lesions that qualify for one of the major diagnostic subtypes (Table 1).

COGNITIVE DOMAINS AFFECTED AND CLINICAL EVALUATION.

The profile and temporal evolution of cognitive deficits in minor VCI and VaD is variable. 

Cognitive decline may develop gradually, stepwise, or through a combination of both. 

Current diagnostic criteria no longer require the presence of memory impairment, which is 

more characteristic of AD (12,13). A common finding in patients with vascular brain lesions 

are impairments in executive function and processing speed. Executive function comprises a 

number of processes for initiation, planning, decision making, hypothesis generation, 

cognitive flexibility, and judgment. Another common finding in patients with VCI is deficits 

in delayed recall of word lists and visual content (14).

In clinical practice, cognitive assessment should include the following 5 core domains: 

executive function, attention, memory, language, and visuo-spatial function (12). 

Information on other domains, such as learning, social cognition, and neuropsychiatry, may 

help delineating the cognitive syndrome, but is not required for diagnosing VaD. The 5 core 

domains are covered by the “60-minute” and “30-minute” protocols proposed by the 

National Institute of Neurological Disorders and Stroke-Canadian Stroke Network VCI 

harmonization standards (13). These protocols are widely used and supported by the 

VICCCS guidelines (12).

In certain settings, a detailed cognitive testing is neither feasible nor meaningful, for 

example, patients with severe depression, severe dementia, or acute stroke. Under such 

conditions, brief cognitive testing by a validated screening instrument offers a first overview 

and reference for future investigation. Detailed testing can then be deferred, usually by 3 to 6 

months, if clinically appropriate. A suitable instrument for cognitive screening in patients 

with vascular disease is the Montreal Cognitive Assessment (MoCA), a 1-page 30-point test 

that can be administered in about 10 min. The MoCA includes items on all of the above core 

domains, is available in multiple languages, and has been validated in multiple settings 

including stroke (15). A low MoCA score in the acute phase after stroke is predictive of 
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several adverse long-term outcomes including cognitive impairment, thus supporting routine 

use of the MoCA in stroke patients (16). However, there are barriers to cognitive testing in 

the immediate post-stroke period even by screening instruments (17). Up to 20% of 

hospitalized stroke patients develop delirium, a condition characterized by decreased 

attention and disturbed consciousness or disorganized thinking, which develops over a short 

time period and fluctuates during the course of the day (18). Assessment tools for delirium 

include the delirium rating scale and the confusion assessment method (18). Another 

diagnostic problem in VCI is aphasia, since it interferes with cognitive testing. However, if 

there is documented evidence of normal cognitive function before the vascular event that 

caused aphasia, a diagnosis of “probable VCI” can be made. Instruments for the assessment 

of premorbid cognitive status include the Informant Questionnaire for Cognitive Decline in 

the Elderly (19) and the AD8 Screening Interview (20), which should be completed by an 

informant.

Neuroimaging of VaD should assess the following core measures (12,13): 1) brain atrophy 

including estimates of general atrophy, ventricular size, and medial temporal lobe atrophy; 

2) white matter hyperintensities (WMH) using semiquantitative scales; 3) infarction 

(number, size stratified for large [>1 cm] and small [3 to 10 mm] infarcts, and location); and 

4) hemorrhage (number, size stratified for large [>1 cm] and small [<1 cm] hemorrhages, 

and location) (see also the Imaging section). Additional measures, such as volumetric 

readouts for WMH and infarcts, can be added but are not required for clinical diagnosis.

HEREDITARY VaD.

The discovery of families with hereditary dementia related to cerebral small vessel disease 

(SVD) has advanced the understanding of VaD, and SIVaD in particular. Notably, studies in 

patients with cerebral autosomal dominant arteriopathy with subcortical infarcts and 

leukoencephalopathy (CADASIL), a hereditary SVD caused by mutations in the NOTCH3 
gene, have delineated the cognitive profile of pure SIVaD (21), the cognitive mechanisms of 

apathy (a clinically relevant manifestation of SIVaD) (22), the neuroimaging correlates of 

VCI (reviewed by Dichgans and Leys [23] and in the following text), the role of disease 

modifiers and resilience factors (24), and the therapeutic response to pharmacological 

interventions (25).

EPIDEMIOLOGY

Dementia is strongly associated with age and, in younger individuals, is often linked to 

genetic disorders. The incidence and prevalence of dementia rises exponentially from the 

age of ~75 years in developed countries (1). However, the age-specific prevalence and 

incidence of all-cause dementia has fallen over the past few decades in part due to better 

education, living conditions, and health care (26). Prevalence of mild cognitive impairment 

(MCI) without dementia is also strongly age-related, being more common than dementia in 

the younger old, with dementia being proportionally higher in the oldest patients (27).

VaD is generally stated to be the second most common cause of dementia in later life in 

Caucasian populations, although it may be the most common cause in East Asia, and there 

are few data from other ethnic groups (28,29). However, there are few recent 
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epidemiological data on dementia subtypes partly due to classification difficulties: mixed 

neurodegenerative and cerebrovascular pathology is common and in fact is present in the 

majority of older old individuals (>75 years) dying with dementia (30) (see also 

Neuropathology section). Due to the lack of contemporary population-based estimates, there 

are few data on changes of VaD prevalence over time. However, the reduction in dementia 

prevalence and incidence seen in men more than women in the United Kingdom in 

association with falling vascular event rates has been suggested to be linked to a reduction 

specifically in the vascular contribution to dementia. The prevalence of VCI is uncertain, but 

it is a risk factor for progression to dementia and also for mortality (31).

DEMENTIA AFTER STROKE.

Overall, about 1 in 10 patients have dementia before their stroke, and 1 in 10 develop new 

dementia in the first year after a first-ever stroke with lower risks thereafter (32). However, 

rates vary considerably depending on clinical characteristics, and there are strong stepwise 

associations with stroke severity: pre-event dementia prevalence is ~20% in severe stroke 

(NIHSS >10) versus only ~5% in TIA, and new 1-year post-event dementia occurs in over 

one-third of severe strokes (NIHSS >10) compared with only 8% of minor strokes (NIHSS 

<3) and 5% of TIAs (33). Relative to the background population rate, dementia is brought 

forward by ~25 years for severe stroke, compared with ~4 years for minor stroke and ~2 

years for TIA (33).

The risk of MCI is also increased post-stroke (34) and TIA (35), with acceleration in the rate 

of cognitive decline compared with pre-stroke rates and greater acute declines in global 

cognition in African-Americans, in males, and after cardioembolic or large artery stroke 

(36,37). Transient cognitive impairment (~30% of TIA/minor stroke) (38) or frank delirium 

(~25% of hospitalized stroke) (18) may occur with many patients improving after the event. 

Individual patient cognitive trajectories are heterogeneous and difficult to predict, but initial 

improvement may be followed by longer-term cognitive decline, especially in older patients 

with lower baseline cognition suggesting that such transient changes may be a marker of 

cognitive fragility and lack of cognitive reserve (38).

RISK FACTORS.

The risk factors for dementia overlap with those for stroke supporting the concept of a 

shared susceptibility, as also suggested by the epidemiological relationship between these 2 

disorders (33) (Figure 2). The overwhelming risk factor for all-cause dementia is increasing 

age (26,28,29,33). Other unmodifiable risk factors include female sex, although the 

relationship with VaD is less clear with recent data suggesting no association at least post-

stroke (33). Genetic factors may also play a role, but apart from rare disorders such as 

CADASIL, few specific risk genes are known (39). Apolipoprotein E4 is a strong risk factor 

for AD especially in women, but the relationship with VaD and PSD is less clear and 

requires further study (39).

Modifiable risk factors can be divided into protective factors versus those that increase the 

risk of dementia (40). Protective factors include markers of increased cognitive reserve 

(resilience against age- and disease-related change) including higher education/IQ, 
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occupation, social networks, and cognitive and physical activity (41). Mediterranean diet has 

been suggested to reduce the risk of cognitive decline, but there is a lack of data specifically 

on VaD (8).

There is strong evidence linking midlife hyper-tension and diabetes to both vascular and 

Alzheimer’s dementia, although many studies may have included cases of mixed pathology 

(8,40). Indeed, diabetes seems to primarily increases the burden of cerebrovascular 

pathology, but not the frequency of Alzheimer’s pathology (42). The relationship between 

late-life hypertension and dementia is unclear, and it appears unrelated to PSD at least to 5-

year follow-up in contrast to diabetes (33). There is some evidence for a link between 

midlife cholesterol and obesity and later-life dementia (8,40). Smoking is linked to an 

increased risk of cognitive decline, although relationships between smoking and specifically 

VaD are unclear (8,40). Late-life depression is a risk factor particularly for VaD and may 

have an underlying vascular pathology (43).

Cerebrovascular disease, both symptomatic and asymptomatic, is a powerful risk factor for 

VaD. Risk of dementia post-stroke is driven by age and stroke lesion burden/location 

(severity, prior/recurrent stroke, dysphasia), together with pre-morbid markers of brain 

susceptibility/reserve (educational level, pre-morbid dependency, severity of leukoaraiosis), 

baseline cognitive score, and diabetes (32,33,44). Risk of dementia after TIA is therefore 

low in the absence of other markers of susceptibility/reduced reserve (33). Hemorrhagic 

stroke may carry slightly higher dementia risks than ischemic stroke for strokes of similar 

severity (33), and risks are higher in superficial/lobar versus deep bleeding due to 

associations with cerebral amyloid angiopathy (CAA) (44). Other putative and possibly 

modifiable risk factors for VaD include systemic inflammation (45).

PATHOBIOLOGY

Cerebrovascular cells are closely related to brain cells, and their interaction plays a critical 

role in brain development, maintenance, and function, both in health and disease. The 

concept of the neurovascular unit emphasizes the unique relationship between brain cells 

and the vasculature, their functional interactions, and coordinated reaction to injury (Figure 

3) (11). Here, we will briefly review key aspects of neurovascular structure, function, and 

pathobiology relevant to VCI.

ANATOMY OF THE CEREBROVASCULAR NETWORK.

The brain is supplied by an “outside in” vascular network. Originating from large cerebral 

arteries running on the brain’s surface, pial arteries form a highly anastomotic network and 

dive into the brain parenchyma (penetrating arteries). At the base of the brain, penetrating 

vessels arise directly from the circle of Willis and proximal branches, and ascend to supply 

the basal ganglia. Unlike pial vessels and capillaries, penetrating vessels have few collateral 

branches so that occlusion of a single vessel is sufficient to cause small ischemic lesions 

(lacunar infarcts) (46). Also, the deep subcortical white matter (WM), supplied by long 

penetrating arteries where perfusion pressure is predicted to be low, is thought to be 

especially vulnerable to hemodynamic insufficiency (11).
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Penetrating vessels are surrounded by perivascular spaces (Virchow-Robin spaces) that may 

serve as a drainage pathway connected to meningeal lymphatics exiting the skull (47). 

Perivascular spaces house several cell types, including perivascular macrophages, 

fibroblasts, and other cells (48,49). As the arterioles morph into capillaries, the vascular and 

glial basement membranes merge and the perivascular space disappears.

In capillaries, one-third of the endothelial surface is covered by pericytes, and both cell types 

are wrapped by astrocytic end-feet covering about two-thirds of the capillary circumference 

(50). Capillaries are a major site of the blood-brain barrier (BBB), which is characterized by: 

1) tight junctions that seal adjacent endothelial cells; 2) a low rate of endothelial vesicular 

transport (transcytosis); and 3) a vast repertoire of bidirectional molecular transporters 

regulating the molecular exchange between blood and brain (51).

CBF AND ITS REGULATION.

CBF is exquisitely controlled to meet the ever-changing demands of brain cells and to cope 

with daily blood pressure fluctuations. Endothelial cells are a major regulator of vasomotor 

tone, mainly by releasing vasoactive molecules, such as the potent vasodilator nitric oxide 

(NO) (52).

CBF autoregulation refers to the ability of arteries and arterioles to dilate or constrict when 

intravascular pressure decreases or increases, respectively, to maintain CBF relatively 

constant over a range of systemic blood pressures (normally from 60 to 150 mm Hg) (53). 

The property of smooth muscle cells to constrict in response to increased transmural 

pressure (myogenic tone) plays a major role in this mechanism (53).

Functional hyperemia serves to match CBF delivery with the energy needs of the brain and 

to clear metabolic waste, thus maintaining the brain’s metabolic homeostasis. Because the 

brain lacks energy reserves, the increases in energy demands induced by neural activity are 

met by increasing the delivery of oxygen and glucose through blood flow (11). The cellular 

and molecular bases of functional hyperemia have not been completely elucidated, but 

involve elaborate signaling mechanisms between neurons, glia and vascular cells at all levels 

of the cerebrovascular tree (11).

PATHOGENIC MECHANISMS UNDERLYING VCI.

Chronic hypoperfusion has long been implicated in VCI pathogenesis. In support of this 

hypothesis, chronic CBF reductions have been shown to produce WM injury, lacunar 

infarcts, hemorrhages, brain atrophy, and memory impairment in rodents, some of which are 

exacerbated by ApoE4 (54,55). In humans, cerebral hypoperfusion has been documented in 

several cross-sectional studies in both sporadic and genetic SVDs, with lower global, gray 

matter, and WM blood flow. However, it remains unclear whether the CBF reduction is a 

causative factor or a reflection of reduced metabolic demands and whether other aspects of 

neurovascular function are also involved (Figure 3). Indeed, longitudinal studies provided 

conflicting results as to whether low CBF at baseline in normal-appearing WM precedes the 

development of new WM hyperintensities (56). Moreover, the association between reduced 

CBF and WMH is weaker when accounting for age or dementia diagnosis (56).
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Experimental studies have amply demonstrated that hypertension and aging, 2 leading risk 

factors for VaD and SVD, have profound impact on vessel wall structure and CBF regulation 

(57,58). Recent human studies using BOLD or arterial spin labeling-MRI provided 

convincing evidence that cerebrovascular reactivity is altered in patients with SVD (59,60). 

Moreover, a recent post-mortem study in patients with VaD showed that endothelium-

dependent arteriolar dilation was significantly reduced in the WM-penetrating arterioles 

(61). However, a causal relationship between altered microvascular hemodynamic 

dysfunction and tissue damage remains to be established.

Growing evidence supports a relationship between higher pulsatility in large intracranial 

arteries and SVD (62). Aging and hypertension are associated with loss of elasticity in the 

arterial walls and vascular stiffening (63), but how these factors may contribute to brain 

dysfunction and damage remains to be established. Loss of autoregulation resulting in 

reduced CBF, microvascular damage from hydrodynamic stress, and increased amyloid-β 
deposition have been proposed as potential mechanisms (64).

The BBB limits entry of potentially neurotoxic plasma components, such as fibrinogen, and 

blood cells into the brain (65,66). Several animal models of hypertension or aging are 

associated with increased BBB permeability, neuronal loss, and WM degeneration (58). 

Chronic hypoperfusion has the potential to promote BBB leakage (55), and BBB 

permeability may be increased in humans with SVD and VaD (67), as well as AD (68). 

Widening of perivascular spaces, a hallmark of SVD, has been proposed to reflect 

dysfunction of fluid clearance, which may further result in the accumulation of harmful 

waste products potentially damaging for the brain (69) (Figure 3).

CELLULAR AND MOLECULAR MECHANISMS.

Major vascular risk factors lead to endothelial dysfunction and damage, which, in turn, may 

cause neurovascular dysfunction, increased BBB permeability, and micro-vascular 

thrombosis. A key consequence of endothelial dysfunction is reduced NO bioavailability 

(70). For example, reactive oxygen species (ROS) scavenge NO or suppress NO synthesis by 

inactivating critical cofactors (10). On the other hand, inhibitory phosphorylation of 

endothelial NO synthase by Rho kinase suppresses endothelial NO and leads to cognitive 

impairment (11,71). ROS produced by a NOX2-containing NADPH oxidase via angiotensin 

II receptor type 1 have been implicated in the endothelial dysfunction and cognitive 

impairment in a model of chronic hypertension (72). In this model, the major cellular source 

of the ROS has recently been localized to perivascular macrophages (72). Dysfunctional 

endothelial cells can also secrete toxic factors that block oligodendroglial differentiation, 

hence impairing myelination, essential for WM integrity (56). Furthermore, endothelial cells 

may undergo deleterious proteomic changes with aging. For instance, upregulation of brain 

endothelial cell–derived acid sphingomyelinase, a key sphingolipid metabolizing enzyme, 

contributes to age-related BBB disruption by increasing caveolae-mediated transcytosis (73).

In addition to smooth muscle cell degeneration, loss or dysfunction of pericytes recently 

emerged as likely key contributors to brain lesions. Several studies suggest that pericyte 

coverage decreases with age in rodents, monkeys, and humans (74). Yet, reliable information 

on pericyte integrity in VaD is missing. Pericyte loss is associated with early BBB 
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breakdown, reduced functional hyperemia, cerebral hypoperfusion, and hypoxia that 

ultimately lead to prominent WM damage, neuronal loss, and cognitive deficits (75).

The microvascular matrisome, the ensemble of proteins constituting the extracellular matrix 

(ECM) as well as proteins associated with the ECM, is another emerging contributor. 

Genetic studies revealed that most monogenic forms of SVDs are caused by mutations in 

genes encoding matrisome proteins (76). Moreover, pathological alteration of the vascular 

ECM, namely an abnormal elevation of tissue inhibitor of metalloproteinase-3, has been 

linked to a channelopathy-like defect that underlies cerebrovascular dysfunction in a mouse 

model of CADASIL (77). Perivascular cells, although still unexplored, are attractive 

candidates to cause changes in the ECM.

NEUROPATHOLOGY

The neuropathology of VaD is heterogeneous and complex. The most widely recognized 

neuropatho-logical substrates include infarcts, hemorrhages, and global hypoxic ischemic 

brain injury. WM injury including demyelination with or without axonal loss is also 

common in persons with VaD, but is not specific and may also occur in the context of neuro-

degenerative dementia, for example, AD. Similarly, cortical atrophy and hippocampal 

sclerosis may be related to both focal and diffuse hypoxic brain injury, but are also not 

specific to VaD and are also seen in neurodegenerative diseases. The pathogenesis of 

vascular tissue injury includes systemic, cardiac, and, most commonly, primary 

cerebrovascular etiologies. The latter includes both SVD and large vessel disease, both of 

which are very common in the aging brain and make a significant contribution to dementia, 

including both VaD and AD (78).

SMALL VESSEL DISEASE.

SVD is an umbrella term that includes various pathological findings, including small 

infarcts, microscopic infarcts, microbleeds, arteriolosclerosis, intracranial atherosclerosis, 

and CAA (Figure 4). Enlarged perivascular spaces and WM pallor are also common 

important pathological features of SVD. SVD is highly prevalent in the aging brain. Infarcts 

are present in about 50% of older people (age 90 years), and most of these infarcts are small 

gross infarcts or microinfarcts (see the following text) (79,80). Unlike other age-related 

pathologies (e.g., AD and Lewy bodies [81,82]), infarcts continue to increase in the oldest 

age groups (82). In most people, these small infarcts are not diagnosed during life (79). 

Arteriolosclerosis, intracranial atherosclerosis, and CAA all increase the odds of both small 

infarcts, for example, lacunar infarcts, microinfarcts, and hemorrhages (83,84). Interestingly, 

arteriolosclerosis and CAA also increase the odds of dementia in older persons, even after 

controlling for infarcts and hemorrhages (78). This implies that there is a subthreshold 

degree of tissue injury without infarction that is associated with cognitive impairment. Some 

of this tissue injury may be in the form of WM disruption and cortical atrophy noted in 

imaging studies (see Imaging section). Enlarged perivascular spaces, seen both in 

neuropathology and imaging studies, also provide evidence of SVD and have been 

associated with aging, hyper-tension, cerebrovascular disease, and cognitive impairment 

(69).
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SMALL AND MICROSCOPIC INFARCTS.

It has become increasingly evident that small and microscopic infarcts play a key role in 

VaD and other dementia syndromes, especially dementia in older persons (79,85). 

Microscopic infarcts are infarcts that are not seen on gross pathological examination but are 

seen microscopically, whereas macroscopic or gross infarcts are visible with the naked eye. 

This definition notably differs from imaging studies, which consider any infarct <3 mm to be 

microscopic. Some studies suggest a major effect of multiple cortical small and microscopic 

infarcts on cognitive performance (85,86), although subcortical lacunar infarcts have also 

been shown to be related to cognitive impairment (87). Because the number, size, and 

location of infarcts, other coexisting pathologies, and clinical resilience are all important 

factors in the expression of pathology, it is difficult from a pathological perspective to 

determine whether any specific constellation of SVD pathology will result in a vascular, 

mixed, or Alzheimer’s type dementia.

LARGE INFARCTS.

Large or cystic infarcts (typically >10 to 15 mm in greatest dimension) are often related to 

large-vessel intracranial or extracranial athero-sclerosis or heart disease. Both size and 

location of infarcts is important in the occurrence of dementia. Of course, larger infarcts are 

more often clinically recognized as stroke and pose a risk for PSD. PSD may present 

clinically as a VaD, mixed dementia, or as AD. Confirmation of the diagnosis of “pure” VaD 

requires autopsy confirmation given that it is quite common to have unrecognized AD or 

other neurodegenerative pathologies.

MICROBLEEDS AND OTHER HEMORRHAGES.

It is well known that CAA is associated with lobar hemorrhages and SVD without vascular 

amyloid, for example, in hypertension, with basal ganglia hemorrhages. However, these 

macrohemorrhages are less common than smaller hemorrhages, microbleeds, and cortical 

superficial siderosis, resulting from focal subarachnoid hemorrhage, often seen in CAA. 

Although microbleeds and superficial siderosis can be seen on pathological specimens, 

imaging studies are better at overall detection of these lesions. Multiple studies have shown 

that microbleeds are associated with other evidence of SVD, are more common in those with 

cognitive impairment, and may be predictive of cognitive decline (88,89). Number, location, 

size, and coexisting pathologies may increase the likelihood of cognitive impairment.

OVERLAP WITH NEURODEGENERATIVE PATHOLOGY.

Although VaD is present in about 10% of older persons with dementia, more commonly, 

cerebro-vascular disease and ischemic injury coexist with Alzheimer’s and other 

neurodegenerative pathologies, such as Lewy bodies, seen in Parkinson disease and 

dementia with Lewy bodies, and TDP-43, a DNA-RNA binding protein implicated in 

amyotrophic lateral sclerosis and frontotemporal dementia (80,90). Indeed, several large 

pathological studies have shown that mixed or multietiology dementia is the most common 

type of dementia in aging (80,90). In addition, these studies have shown the vascular 

pathology accounts for about one-third of all dementia cases (30). Studies have also shown 

that at any level of AD pathology, having macroscopic infarcts, microinfarcts, 
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atherosclerosis, arteriolosclerosis, and/or CAA each increase the likelihood that a person 

will exhibit a dementia syndrome (78). In addition to having an additive effect with neuro-

degenerative pathologies, some studies suggest that specific vessel disease pathologies 

promote neuro-degenerative pathologies. For instance, some but not all studies have shown 

that cerebral atherosclerosis is associated with increased deposition of amyloid in the aging 

brain (91,92). More recently, some studies have shown a link between arteriolosclerosis and 

age-related TDP-43 pathology (93,94). Conversely, in persons with AD pathology, there are 

well recognized decreases in perfusion, changes in the blood brain barrier, and alteration of 

the neurovascular unit including pericytes (11,51,68).

IMAGING

Neuroimaging is critically important in the diagnosis and management of VCI. Although 

large infarcts, extensive WM alterations, or advanced atrophy can be visualized by computer 

assisted tomography, MRI is well suited to visualize and quantify brain alterations related to 

SVD (95), and findings using this imaging modality will be discussed in detail.

WHITE AND GRAY MATTER IMAGING ABNORMALITIES IN SVD.

Direct imaging of the small penetrating vessels on MRI remains challenging, especially at 

routinely used field strengths. Although ultra-high field MRI at 7-T (and above) holds the 

potential to characterize small vessels both in structure and function (96,97), most 

neuroimaging manifestations captured by MRI are parenchymal alterations thought to arise 

from small vessel pathology. A detailed overview of the broad spectrum of SVD-related 

lesions together with consensus terminology has been provided by the STRIVE (STandards 

for ReportIng Vascular changes on nEuroimaging) initiative (95).

The most common subcortical imaging manifestations are WMH and lacunes of presumed 

vascular origin (Figure 5). Hemorrhagic manifestations of SVD include microbleeds, larger 

intracranial hemorrhages, focal subarachnoid hemorrhage, and cortical superficial siderosis. 

The latter is tightly linked to CAA and has prognostic relevance (98).

As discussed in the Neuropathology section, enlarged perivascular spaces and brain atrophy 

have also been recognized as important imaging hallmarks of SVD. Volume loss can be 

found both for white and grey matter, again highlighting that SVD is not only a subcortical, 

but also cortical disease (99). Conversely, the presence of brain atrophy in SVD illustrates 

that SVD imaging markers are not specific, because brain volume loss is primarily a 

hallmark of neurodegenerative diseases. At present, there are no specific imaging modalities 

or molecular imaging markers (e.g., PET ligands) that can reliably distinguish vascular 

injury from neurodegenerative pathology.

QUANTIFYING SVD BURDEN AND PROGRESSION.

Quantitative measures of SVD imaging abnormalities have been proposed as markers of 

disease burden and progression in cross-sectional and longitudinal studies, as well as clinical 

trials. Yet, quantifying SVD is challenging. Visual rating can suffer from low inter-rater 

reliability, and volumetric measurement of WMH is time-consuming and shows only a weak 

association with clinical deficits (100).
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Major progress towards the fully automated assessment of SVD burden and progression has 

been made with diffusion imaging, which quantifies the movement of water molecules in 

brain tissue. Water mobility is increased in SVD patients even in brain regions that appear 

normal on conventional MRI scans, and diffusion tensor imaging has increasingly been used 

to quantify these alterations (Figure 5). Likely contributors are increased extracellular water 

content and altered WM fiber structure (101). Although these alterations may not be disease 

specific, diffusion metrics have proven to be informative risk markers. In comparison with 

traditional markers, such as lesions or brain volume, they show a stronger association with 

clinical deficits and SVD progression (102). Advanced post-processing techniques, such as 

skeleton-based analysis (Figure 5) and histogram analysis, enable reliable quantification in a 

fully automated way (103).

SECONDARY NEURODEGENERATION AFTER ACUTE INFARCTS.

Recent studies have drawn attention to remote effects of subcortical lesions. Cross-sectional 

studies have demonstrated an association between the extent of subcortical lesions and 

cortical thickness (104). In prospective studies, incident subcortical lesions were associated 

with cortical thinning specifically in connected cortical regions identified by diffusion-based 

tractography (Figure 5) (105). These studies identify secondary neurodegeneration as a 

source of cortical atrophy in SVD, thus offering a potential target for future interventions 

(106).

CONNECTIVITY AND NETWORK DEGRADATION.

Neuroimaging has provided in vivo evidence that VCI may be a brain network disorder. 

Although the assessment of functional connectivity in SVD by resting-state functional MRI 

is hampered by low reproducibility (107), structural connectivity can be reliably determined 

using diffusion imaging, whole brain tractography, and network construction (Figure 5). 

Graph theoretical analysis allows quantifying the properties of the structural networks, and 

recent analyses have shown that altered network structure can account reasonably well for 

the association between SVD neuroimaging lesions and cognitive deficits (108). In 

particular, abnormal organization of rich clubs, a set of highly interconnected regions within 

the brain network, was found to contribute to cognitive impairment (109). As noted for 

secondary neurodegeneration, these observations have shifted the attention from focal 

lesions to more widespread changes in SVD and VCI (99).

MANAGEMENT

There is limited evidence from randomized controlled trials (RCTs) that interventions to 

control vascular risk factors lower the risk of incident dementia or cognitive decline 

(23,40,110,111). In the SYST-EUR (Systolic Hypertension in Europe) trial, a blood pressure 

(BP) reduction of 8.3/3.8 mm Hg was associated with a marginally significant reduction in 

the risk of dementia (112). Various other trials failed to demonstrate a beneficial effect of BP 

lowering on dementia risk or cognitive function (40,111). However, the recently published 

SPRINT (Systolic Blood Pressure Intervention Trial) MIND found that intensive BP 

lowering to <120 mm Hg compared with a target <140 mm Hg reduces the risk of both MCI 

and the combined endpoint of MCI or dementia in adults with increased risk for 
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cardiovascular disease but without diabetes and without history of stroke (113). 

Interestingly, intensive BP lowering was further associated with a smaller increase in WMH 

on brain MRI (113). In the PROGRESS (Perindopril Protection Against Recurrent Stroke 

Study) active treatment in patients with cerebrovascular disease lowered the risk of cognitive 

decline by 19% (114). However, there is no evidence from secondary stroke prevention trials 

that BP lowering reduces the risk of incident dementia (115). Similarly, there is no evidence 

that treatment of hyperglycemia and diabetes reduces the risk of dementia or cognitive 

decline (42). However, the benefit of glycemic control on multiple target organs is 

sufficiently documented to recommend risk factor control. In the Heart Protection Study and 

PROSPER (PROspective Study of Pravastatin in the Elderly at Risk) trial, statin treatment 

had no effect on dementia incidence and cognitive decline (116,117). Importantly, however, 

none of the listed trials used cognitive function as the primary endpoint. More-over, many 

trials recruited subjects who were at low risk of dementia and had a short treatment duration, 

short follow-up, and a high number of dropouts with potential bias from differential dropout 

(40).

Observational studies suggest lifestyle factors as a target for dementia prevention. In the 

FABS (Fitness for the Aging Brain Study), a 6-month program of physical activity in adults 

with subjective memory impairment resulted in a modest improvement in cognition during 

follow-up (time frame: 18 months) (118). In contrast, the LIFE (Lifestyle Interventions and 

Independence for Elders) study found no improvements in global or domain-specific 

cognitive function by a 24-month moderate-intensity physical activity program compared 

with a health education program among sedentary older adults (119). Similarly, the DAPA 

(Dementia and Physical Activity) trial, which was conducted in patients with mild to 

moderate dementia, found no beneficial effect of a moderate to high-intensity aerobic and 

strength exercise training program on cognitive deterioration (120).

Observational data also suggest that smoking cessation reduces the risk of dementia 

including VaD (121). However, there are no interventional studies that examined the effect 

of smoking cessation or weight reduction, another modifiable lifestyle factor (40,111), on 

cognitive decline. Although a low educational level is associated with dementia risk, there is 

no evidence for a beneficial effect of education or structured cognitive interventions on 

disease progression (23,40).

The PREDIMED (Prevención con Dieta Mediterránea) trial found a beneficial effect of a 

Mediterranean diet supplemented with olive oil or nuts on cognitive function in cognitively 

normal elderly volunteers after a follow-up of 4 years (122). However, the study was later 

retracted and republished due to methodological issues raising questions about the validity 

of the results (123). Adherence to a Mediterranean diet was also part of FINGER (Finnish 

Geriatric Intervention Study to Prevent Cognitive Impairment and Disability), which 

randomized subjects to a multicomponent intervention (vascular risk monitoring, exercise, 

nutritional advice, cognitive training) or general health advice. Patients in the intervention 

group showed modest improvements on cognitive scores (124). However, 2 other trials 

showed no benefit of a multidomain intervention on cognitive functioning (125,126). Also, 

there was no beneficial effect of 3 polyunsaturated fatty acid supplementation on cognitive 

decline in elderly people with memory complaints (126).
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Oral anticoagulation may preserve cognitive function in patients with atrial fibrillation (AF). 

A retrospective analysis of registry data from 440,106 Swedish patients with a hospital 

diagnosis of AF found oral anticoagulation at baseline to lower the risk of incident dementia 

by 29%. Those on treatment over at least 80% of the observational period had 48% lower 

risk of dementia than those who were not on oral anticoagulants (127). This observation 

supports the general notion that strategies for stroke prevention should also be effective in 

preventing dementia.

In light of the previously mentioned data, the American Heart Association/American Stroke 

Association recommends checking health status with Life’s simple 7 (nonsmoking, physical 

activity at goal levels, healthy diet consistent with current guideline levels, body mass index 

<25 kg/m2, blood pressure <120/80 mm Hg, total cholesterol <200 mg/dl, and fasting blood 

glucose <100 mg/dl) to maintain optimal brain health (111), and provides specific 

recommendations on risk factor management (8,111).

SYMPTOMATIC TREATMENT.

Strategies for symptomatic treatment of VaD include the prescription of cholinesterase 

inhibitors (galantamine, donepezil, rivastigmine) the N-methyl D-aspartate antagonist 

memantine, and various Chinese medicines (25,128–130). In RCTs, both cholinesterase 

inhibitors and memantine showed small benefits on cognition. However, with the exception 

of donepezil, there were no beneficial effects on the Clinicians’ Global Impression of 

Change scale and behavioral and functional scales, thus questioning the use of 

cholinesterase inhibitors and memantine in VaD (128). Nevertheless, some expert statements 

and guidelines recommend considering donepezil for cognitive enhancement in VaD (8). 

Treatment plans in VaD should further address comorbidities, such as behavioral and 

psychological symptoms, support for patients and caregivers, and maximizing independence 

(23).

MARKERS FOR MONITORING DISEASE PROGRESSION.

Prevention and treatment trials for VaD/VCI have sparked interest in biological markers that 

could serve as adjunct outcome measures and help differentiate VCI from other causes of 

cognitive decline. Proposed markers include quantitative and semi-quantitative measures of 

WMH on brain MRI (95,131), composite scores for the burden of vascular brain lesions 

(132), and metrics derived from diffusion tensor imaging (103). In the absence of circulating 

or CSF markers specific for VCI, assessment of biofluids is of limited value for disease 

monitoring or diagnosis, but it may help exclude other causes of dementia, as is also true for 

PET imaging.

CONCLUSIONS AND FUTURE DIRECTIONS

The evidence reviewed in the previous sections highlights the critical role of neurovascular 

function in the maintenance of brain health and the significant contribution of vascular 

causes to age-related dementia. A renewed interest in vascular causes of cognitive 

dysfunction has led to several advances. New classification criteria have been developed for 

VCI and VaD based on both clinical and imaging criteria, and more practical tools have been 

Iadecola et al. Page 14

J Am Coll Cardiol. Author manuscript; available in PMC 2019 September 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



introduced to assess the cognitive deficits. Advances have also been made in the 

pathobiology of VCI and VaD, providing a more nuanced understanding of the pathogenic 

factors converging on the cerebral microvasculature, especially in the WM, to induce 

cognitive dysfunction. Although neuropathological investigations have revealed a 

previously-unappreciated multiplicity of the brain lesions underling VCI and VaD and the 

frequent coexistence with neurodegenerative pathology, advances in brain imaging now 

provide the opportunity to detect these lesions in vivo and to assess and quantify their effect 

on brain structure and function.

Despite these advances, several knowledge gaps remain:

• The epidemiology of cognitive impairment caused by vascular factors is less well 

understood compared with other forms of dementia. Most studies have focused 

on unspecified dementia, and there is incomplete information on the incidence/

prevalence of VCI and VaD. It remains to be defined how the new classification 

systems for VCI work in practice, and whether they can be used in 

epidemiological studies of VCI, especially when applied at the population level. 

In addition, it would be important to develop risk model/scores for the prediction 

of dementia risk in individual patients. In this regard, the use of new imaging 

tools may aid risk prediction.

• A deeper understanding of the pathobiology of VCI and VaD is needed to 

develop new diagnostic and therapeutic interventions. To this end, animal models 

that better recapitulate the human disease would be needed to provide new 

mechanistic insight, develop biomarkers, and test therapies. Most investigations 

have focused on the effect of reduced CBF on cognition. However, the cognitive 

effect of other aspects of neurovascular function, especially endothelial function 

and proteostasis (Figure 3), must be explored in greater depth.

• There is also urgent need of reliable biomarkers for early diagnosis and 

monitoring disease progression. Although a global BBB dysfunction may be an 

early marker of disease (59), longitudinal studies, large enough to avoid potential 

confounders, would be needed to better understand the contribution of BBB 

leakage to brain damage and to define its role as a biomarker.

• Limited progress has been made in the management of VCI and VaD, and 

disease-modifying treatments are not available. In contrast to the wealth of 

research in AD therapeutic development, drug discovery efforts in VCI/VaD are 

limited. A vigorous effort involving the basic scientific community is needed to 

identify “druggable” targets based on pathogenic pathways identified in animal 

models. These targets would then need to be translated into therapies to be tested 

in clinical trials. Considering the frequent overlap between VCI and AD 

pathologies, such efforts are certainly warranted because they would benefit both 

conditions.

• There is insufficient evidence that risk factor control affects the clinical course of 

the disease. What would be needed are adequately powered prevention trials with 

longer treatment and follow-up that: 1) account for the methodological 

Iadecola et al. Page 15

J Am Coll Cardiol. Author manuscript; available in PMC 2019 September 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



challenges of cognitive trials; and 2) are accompanied by surrogate endpoints, 

such as brain imaging. Such trials are feasible but would require considerable 

resources.

• As highlighted in the Neuropathology section, most cognitive impairment in the 

elderly arises from multiple pathologies, of which the vascular component is 

currently the only treatable and preventable one. Moreover, dementia and stroke 

share the same risk factors, and stroke doubles the likelihood of developing 

dementia. Indeed, a decrease in stroke incidence is associated with a concomitant 

decrease in dementia (see Epidemiology section), justifying a concerted effort 

for the joint prevention of stroke and dementia endorsed by all of the major 

brain, stroke, and dementia organizations (133).

• In the absence of disease-modifying treatments, measures to prevent 

cerebrovascular disease and promote brain health are the only viable options 

currently available to contain the rapidly expanding burden of one of the most 

vexing diseases affecting the aging world population.
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ABBREVIATIONS AND ACRONYMS

AD Alzheimer’s disease

ADL activities of daily living

BBB blood-brain barrier

CAA cerebral amyloid angiopathy

CBF cerebral blood flow

ECM extracellular matrix

MCI mild cognitive impairment

MoCA Montreal cognitive assessment

NO nitric oxide

PSD post-stroke dementia
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SIVaD subcortical ischemic vascular dementia

VaD vascular dementia

VCI vascular cognitive impairment

WMH white matter hyperintensities
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HIGHLIGHTS

• Age-related dementia is growing alarmingly worldwide and is estimated to 

affect 150 million people by 2050.

• Cerebrovascular alterations are a major cause of dementia, but are also a 

culprit in AD.

• New insights into pathobiology, prevention, and diagnosis have emerged, but 

therapies are not yet available.

• Maintaining vascular health and preserving brain function may mitigate the 

public health impact of dementia.
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CENTRAL ILLUSTRATION. Vascular Cognitive Impairment and Dementia
Risk factors and lifestyle, as well as genetic variants, can either promote (+) or stave off (−) 

damage to large and small cerebral blood vessels, which, in turn, leads to neuropathological 

changes that result in vascular cognitive impairment.
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FIGURE 1. Classification of VCI
Diagnostic classification for major vascular cognitive impairment (VCI) (major VCI = 

vascular dementia [VaD]). The 6-month temporal basis for cognitive decline after stroke 

(dashed box) differentiates post-stroke dementia (PSD) from other forms of VaD. *Patients 

who also have evidence for comorbid pathology representing an established nonvascular 

cause of dementia such as Alzheimer’s disease (AD) or dementia with Lewy bodies (DLB) 

are classified as mixed dementia. Mild VCI refers to impairment in at least 1 cognitive 

domain and mild to no impairment in instrumental activities of daily living or activities of 

daily living (independent of the motor/sensory sequelae of the vascular event). Data from 

Skrobot et al. (12).
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FIGURE 2. Risk Factors for Dementia
Risk factors for vascular dementia, post-stroke dementia, dementia of unspecified etiology 

(unspecified dementia), and Alzheimer’s dementia. Data derived from Dichgans and Leys 

(23) and Pendlebury et al. (134). Note that recent genetic and epidemiological evidence 

implicates AD as a risk factor for stroke (135).
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FIGURE 3. Pathobiology of Neurovascular Dysfunction in Vascular Cognitive Impairment
Modifiable risk factors (hypertension, lifestyle factors, and so on), genetic factors (ApoE, 

and so on), and aging impair key functions of the neurovascular unit leading to the 

alterations in brain function underlying cognitive impairment. Notice that the neurovascular 

unit is involved not only in flow regulation, but also in other vital functions that are essential 

for maintaining brain health. BBB = blood-brain barrier; CBF = cerebral blood flow; EC = 

endothelial cell; PVM = perivascular macrophage; SMC = smooth muscle cell.

Iadecola et al. Page 28

J Am Coll Cardiol. Author manuscript; available in PMC 2019 September 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 4. Neuropathology of VCI
Small-vessel disease pathologies: (A) chronic microscopic infarct in the anterior caudate 

nucleus on hematoxylin & eosin stain; (B) microbleed surrounding damaged cortical blood 

vessel in the temporal lobe on hematoxylin & eosin stain; (C) arteriolosclerosis in the basal 

ganglia on hematoxylin & eosin; (D) enlarged perivascular spaces on hematoxylin & eosin 

stain; (E) white matter pallor in the posterior watershed region on Luxol fast blue and 

hematoxylin stain; and (F) amyloid angiopathy and Alzheimer’s disease pathology in the 

midfrontal cortex (immunohistochemistry with the anti-β-amyloid antibody 4G8).
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FIGURE 5. Neuroimaging of Vascular Cognitive Impairment
(A) Signal alterations on conventional magnetic resonance imaging (visible lesions) in small 

vessel disease (SVD). The arrowheads indicate the pathology mentioned at the top of each 

brain scan. (B) Diffusion tensor imaging shows increased water diffusivity in the brain of an 

SVD patient. (C) Diffusion imaging can be analyzed using different strategies, including 

regional and global approaches.
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TABLE 1
VICCCS Guidelines for VaD

• Clinical, neuropsychological, and imaging examination should follow the National Institute of Neurological Disorders-Canadian 
Stroke Network guidelines. Core domains for cognitive assessment should include executive function, attention, memory, 
language, and visuospatial function.

• Definition of major VCI (VaD): clinically significant deficits of sufficient severity in at least 1 cognitive domain (deficits may be 
present in multiple domains) and severe disruption to IADLs/ADLs (independent of the motor/sensory sequelae of the vascular 
event).

• Patients given a diagnosis of major VCI (VaD) are subcategorized according to the underlying pathology as appropriate (Figure 
1).

• The terms “probable” and “possible” are used to define the available evidence.

• MRI is a “gold-standard” requirement for a clinical diagnosis of VCI. Probable mild VCI or probable major VCI (VaD) is the 
appropriate diagnostic category if computed tomography imaging is the only means of imaging available.

• Post-stroke dementia is defined by an immediate and/or delayed cognitive decline that begins within 6 months after a stroke and 
that does not reverse.

• Exclusions from diagnosis: drug/alcohol abuse/dependence within the last 3 months of first recognition of impairment or 
delirium.

Shown here are key elements of the guidelines. For further explanations see the text and Skrobot et al. (12).

ADL = activities of daily living; IADL = instrumental activities of daily living; MRI = magnetic resonance imaging; VaD = vascular dementia; VCI 
= vascular cognitive impairment; VICCCS = Vascular Impairment of Cognition Classification Consensus Study.
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