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Abstract

There is growing evidence suggesting that vascular pathologies and dysfunction play a critical role 

in cognitive impairment, clinical Alzheimer’s disease, and dementia. Vascular pathologies such 

as macroinfarcts, microinfarcts, microbleeds, small and large vessel cerebrovascular disease, and 

white matter disease are common especially in the brains of older persons where they contribute 

to cognitive impairment and lower the dementia threshold. Vascular dysfunction resulting in 

decreased cerebral blood flow, and abnormalities in the blood brain barrier may also contribute to 

the Alzheimer’s disease (AD) pathophysiologic process and AD dementia. This review provides a 

clinical–pathological perspective on the role of vessel disease, vascular brain injury, alterations of 

the neurovascular unit, and mixed pathologies in the Alzheimer’s disease pathophysiologic process 

and Alzheimer’s dementia. This article is part of a Special Issue entitled: Vascular Contributions 

to Cognitive Impairment and Dementia edited by M. Paul Murphy, Roderick A. Corriveau and 

Donna M. Wilcock.
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1. Introduction

Alzheimer’s disease (AD) is the most prevalent cause of dementia and represents a growing 

problem of the aging population. The International Alzheimer’s Disease Report estimates 

that 47 million people worldwide are living with AD in 2015, and this is estimated to 

increase to 131 million people by 2050 [1]. Neuropathological features of AD are the 

deposition of hyperphosphorylated tau proteins forming paired helical filaments in neurons 

called neurofibrillary tangles (NFTs), and the extracellular accumulation of amyloid beta 

(Aβ) in plaques. Hyperphosphorylated tau filaments are also commonly present in neurites, 

known as neuropil threads, and in neurites-associated within neuritic plaques [2]. Although 
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these pathologies accumulate throughout the clinical stages of AD, they can also be 

observed in abundance in the aging brain of persons without cognitive impairment.

A long term strategy to reducing the prevalence of dementia is to identify risk factors of 

the disease thus allowing intervention of the disease process and delaying disease onset. 

Evidence from the literature suggests that genetic, psychosocial, vascular, and life-style 

risk factors co-occur during lifespan to determine the risk of developing dementia and 

AD [3]. Unlike early onset cases of AD dementia, there has been increasing emphasis 

that late-onset AD (LOAD) dementia is a multifactorial disorder with persons commonly 

exhibiting a complex combination and manifestation of a spectrum of brain conditions. 

These mixed brain pathologies often include not only AD pathology but also varying 

degrees of cerebrovascular disease, Lewy bodies, hippocampal sclerosis, and TDP-43 

pathology. The most common of the mixed pathologies is AD with vascular pathology 

and there is accumulating evidence identifying how vascular lesions contribute to cognitive 

impairment, 1) how vascular lesions may be related to the pathogenesis of AD pathology, 2) 

the correlation between vascular disease with dementia, and 3) vascular risk factors which 

predispose individuals in developing vascular dementia and onset of AD.

Overall, the literature leads us to a critical question is the pathophysiologic process of AD 

a neurodegenerative disorder, a vascular disorder [4], or is AD dementia merely a varying 

composite of both neurodegenerative and vascular pathologies [5]? In this review we discuss 

the role of vascular factors in AD from a clinical–pathological perspective.

2. Vascular risk factors, pathology, and dysfunction in Alzheimer’s 

disease

Over the last two decades the amyloid hypothesis has been the most dominant in regards 

to pathophysiologic process of AD. It states the sequential cleavage of APP leading to 

formation of Aβ aggregates is responsible for neuronal injury and cognitive decline in AD 

[6]. Some authors have proposed the “vascular hypothesis of AD” which states vascular 

brain injuries precedes and promotes the neurodegenerative process. Studies supporting this 

hypothesis show vascular dysfunction leads to inability of Aβ clearance from the brain, 

leading to the Aβ accumulation in the parenchyma and blood vessels [4,7]. Vessel disease 

and vascular brain injury often coexist with the pathologic and clinical diagnosis of AD, and 

indeed vascular disease is considered the major pathology in 10–20% of dementia cases [8–

10] However, even in these cases there is often plaque and tangles pathology, but insufficient 

to reach a pathologic diagnosis.

There is an increasing prevalence of AD pathology and vascular brain injury co-

occurring in the aging population. Vascular pathologies include macroinfarcts, microinfarcts, 

atherosclerosis, arteriolosclerosis and cerebral amyloid angiopathy (CAA). Because CAA 

is more associated with AD pathology and not the classic cerebrovascular diseases (CVD), 

it is often discussed separately in pathologic studies [11]. A large body of community 

and population based studies document vascular pathologies in 50% of older persons, and 

that the overlap between vascular pathology and AD pathology is correlated with dementia 

(so-called mixed pathology in dementia or mixed dementia) [9,10,12]. Data from 5715 
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cases from the National Alzheimer’s Coordinating Center database assessed the correlation 

between the prevalence of CVD and vascular pathology in a variety of neurodegenerative 

diseases with dementia severity. The study identified a significantly higher prevalence of 

vascular pathology and CVD in Alzheimer’s disease than any other neurodegenerative 

diseases causative of dementias, such as α-synucleinopathy, fronto-temporal lobar dementias 

(FTLD), and prion disease [13]. Findings from the Religious Orders Study (ROS) and Rush 

Memory and Aging Project (MAP) suggest that vascular pathology (including macroinfarcts 

and microinfarcts) is very common in aging and often coexists with AD pathology, and 

persons diagnosed with AD dementia [10]. Indeed, AD mixed with vascular pathology 

was the most common mixed pathology in several studies [10,14,15]. Vascular pathology 

coexisting with AD pathology is thought to act as additional “hits” to the brain thereby 

lowering the threshold for cognitive impairment in persons with AD pathology [16] (Fig. 

1). The literature also suggests that the prevalence and impact of mixed AD and vascular 

pathology was even greater in the oldest old, subjects over the age of 90 and the fastest 

growing segment of the populations [17].

In adults with Down’s syndrome (DS) the risk of developing dementia has been attributed 

to the triplication of the APP gene. The distribution and pattern of beta-amyloid plaques 

and NFTs in DS adults indicate a pathological diagnosis of AD by the age of 40 

[18]. Interestingly, DS adults also exhibit vascular pathologies such as CAA [19] and 

microhemorrhages-associated with CAA [18]. Vascular risk factors such as hypertension, 

obesity, and diabetes have also been reported in DS children and adults [20–22].

Epidemiological studies have shown AD and stroke share common CVD risk factors such 

as hypertension, diabetes, smoking, hypercholesterolemia [23], heavy alcohol consumption 

[24], and APOE4 isoforms. In keeping with this, CVD increases the risk of developing 

AD dementia or vascular dementia by three-fold [25]. It is possible the cerebrovascular 

changes associated with these risk factors may be related to both vascular brain injury 

and the propagation of AD pathology, and therefore maybe a common mechanism 

associated with cognitive decline. Several studies have shown hypertension is a consistent 

CVD risk factor for developing stroke and dementia [17,26–28]. However, most clinical–

pathological studies suggest that vascular risk factors are related to infarcts rather than 

AD pathology. In a population-based MRC CFAS, vascular risk factors were not related 

to AD pathology burden, but a positive association with cerebral microinfarcts [29]. The 

association between diabetes and increased risk for developing dementia is well recognized. 

Since the risk concerns both AD and vascular dementia, multiple metabolic, inflammatory, 

and vascular mechanisms have been proposed but the exact pathogenesis remains unclear 

[30]. Community based studies from the Religious Order Study (ROS) [31] and Adult 

Changes in Thought (ACT) study [32] show diabetes was related to infarcts but not AD 

pathology. Similarly, in the ACT cohort increased blood pressure was associated with a 

higher prevalence of cortical microinfarcts, and not AD pathology [33].

Other studies suggest that vascular contributions in AD are much broader than the tissue 

injury and vessel disease seen in pathologic and imaging studies. Several data suggest that 

vascular contributions in AD also involve the following, 1) vascular anatomical defects such 

as irregularities or atrophy of the vasculature, 2) dysfunction of the blood brain barrier, 
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and 3) insufficient cerebral blood flow. All of these vascular changes contribute to vascular 

pathologies observed in patients with cognitive impairment, such as focal or multifocal 

ischemic and hemorrhagic infarcts, white matter lesions, small vessel and large vessel 

disease [34]. These lesions are also associated with a plethora of other disabilities such 

as stroke, depression, and gait disturbances [35]. While these abnormalities are associated 

with vessel disease and vascular injury, contributing to mixed pathologies, their role in the 

pathogenesis of AD pathology remains less clear.

3. Macroscopic and microscopic infarcts

3.1. Macroscopic infarcts

Macroinfarcts encompass all of the infarcts that can be identified by the naked eye on 

pathologic studies. Because conventional imaging studies only diagnose infarcts when 3 mm 

or larger and most pathologic studies include those visualized lesions as small 1 mm, there is 

some distinction between macroscopic infarcts by pathology vs. imaging studies. Moreover 

because most imaging studies slice the brain at 5 mm intervals and pathologic studies at 1 

cm intervals, both are likely imperfect at finding all macroscopic infarcts. Some imaging 

studies now can detect macroinfarcts smaller than 3 mm; however, these lesions are called 

“microinfarcts” even if they are visible without magnification [36,37].

A relatively small proportion of the larger macroscopic infarcts are recognized clinically as 

stroke. However, if one notes the prevalence of stroke in studies imaging infarcts in older 

persons [38] and neuropathological examination of macroinfarcts in older persons [38,39], 

these strokes are only the tip of the iceberg of macroscopic infarcts. Nonetheless these larger 

infarcts certainly contribute to dementia, especially in the form of poststroke dementia. 

Community based studies suggest that the prevalence of post-stroke dementia in people with 

a history of stroke is about 30% [40]. In the Rochester study, the incidence of dementia 

within the first year of persons who survived their first cerebral infarct was nearly 9 times 

greater. Compared with the community, the risks of developing Alzheimer’s disease doubled 

in the first year post-stroke [41].

Macroscopic infarcts are one of the most common mixed pathologies. Data from participants 

of the Rush MAP and ROS studies who have died with dementia has found about 50% 

with mixed pathologies; the most commonly observed was AD with macroscopic infarcts 

[12]. The pattern of cognitive impairment associated with macroscopic infarcts differed from 

those with AD pathology. In participants from the ROS study, the presence of cerebral 

infarcts was more strongly related to lower perceptual speed compared to episodic memory 

function in both those with and without AD pathology [42], and with motor function 

[43]. Though pathology data was not available, data from the Prospective Urban Rural 

Epidemiological (PURE) study demonstrated silent brain infarcts were also associated with 

slower timed gate and lower volume of white matter in the supraentorial region [44]. 

Cardiovascular disease burden likely plays a large role in the etiology of macroinfarcts [45].

Kapasi and Schneider Page 4

Biochim Biophys Acta. Author manuscript; available in PMC 2024 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.2. Microscopic infarcts

Microscopic infarcts are focal regions of tissue damage often associated with gliosis and 

cavitation, and can be detected by light microscopy but are not seen on gross examination. 

They are found in many regions of the brain especially the cerebral hemispheres, and 

are thought to be more abundant in the vascular watershed, cortical cortex and basal 

ganglia [46,47]. Like macroscopic infarcts, histopathological examinations can categorize 

microinfarcts into three lesion subtypes, acute, subacute, and chronic. Acute lesions 

typically associate with eosinophilic neurons and pallor of the tissue. Sub-acute lesions, 

occurring 3–5 days post infarct, can be identified by the influx of activated macrophages 

around the microinfarct area and an increase in astrocytosis occurs at about 10 days. 

Astrocytes are initially gemistocytic and gradually over time become fibrillary. Chronic 

lesions show cavitation of the tissue with residual macrophages, some with hemosiderin, if 

there was associated hemorrhage, and fibrillary gliosis [36].

Several data from multiple studies show a similar prevalence of microinfarcts in older 

individuals. In the National Alzheimer Coordinating Center (NACC) database microinfarcts 

are prevalent in 19.7% in a cohort study of older adults. Similarly, data from the Religious 

Orders Study showed microinfarcts in about 20% [48] of older community dwelling persons, 

and the Adult Change in Thought (ACT) study show that 16% of brains examined had 

microinfarcts [39]. Microscopic infarcts are commonly associated with macroscopic infarcts, 

but can also identified in persons in the absence of macroscopic infarcts [12].

Most studies show microinfarcts are present in a greater percent of persons with dementia. 

In one study, microscopic infarcts were present in 43% of patients with AD, 62% of patients 

with vascular dementia, compared to 24% of subjects of normal cognitive ability [46]. 

Consistently, another study concludes that microinfarcts are present in one-third of subjects 

with dementia [42] and that multiple cortical microinfarcts are related to dementia even 

after controlling for macroinfarcts and AD pathology. Similarly, data from the ACT and 

the Honolulu Asian Aging Study both showed strong associations between microinfarcts 

and cognitive impairment or dementia [49]. In the Religious Orders Study, microscopic 

infarcts further add to the likelihood of dementia and cognitive impairment in persons with 

AD pathology and macroscopic infarcts. The effect of infarcts and AD pathologies was 

independent and there was no interaction between AD and infarct pathology.

Structural neuroimaging techniques have provided a new avenue to identify microinfarcts. A 

recent study assessing cerebral microinfarcts on 3 Tesla (3 T) magnetic resonance imaging 

(MRI) in a memory clinic study identified 32% of patients had cortical microinfarcts [50]. 

It is important to note the average size of most microinfarcts (approximately 0.2 to 1 mm) 

is typically below the lower limit of the spatial resolution for the 1.5 and 3 Tesla [36]. 

The higher field strength of the 7 Tesla (7 T) MRI allows for high resolution imaging with 

isotropic voxel sizes. Studies using this imaging method have also shown to detect cortical 

microinfarcts in vivo, that are confirmed by histopathological examination, in patients with 

known history of dementia. Upon staging criteria, lesions detected on the 7 T MRI can be 

characterized into cortical or non-cortical microinfarcts [51]. One limitation to be aware of 

these studies is the small sample size. Meanwhile, conventional neuroimaging is only able 
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to detect infarcts 3 mm or greater in size, rendering most microinfarcts and the smaller 

macroscopic infarcts largely invisible to routine neuroimaging.

Overall, it is clear microinfarcts are emerging as an important contributor to cognitive 

impairment, but the precise pathophysiological causes of microinfarcts are not clear. 

Whether they are caused by those factors known to be related to other larger sized infarcts or 

additional molecular, biochemical or pathologic factors is uncertain.

Finally, the mechanism by which these tiny infarcts impact cognitive function is also not 

clear. A small number of these tiny infarcts in isolation are unlikely to be related to cognitive 

impairment. In an imaging pathology study, microinfarcts were related to not only infarcts 

but also microbleeds and white matter changes, both of which have been related to cognitive 

impairment. In another study, it was shown that one or several microinfarcts in the brain 

indicate that there are many more underlying microinfarcts present, sometimes over 1000. 

For instance finding 4 microscopic infarcts in a routine pathologic assessment of the brain is 

related to an estimated total brain load of 2000 microscopic infarcts [52]. Microinfarcts may 

also signal more widespread brain changes such as inflammation, hypoxia, or changes in the 

blood brain barrier.

3.3. Vessel disorders

Vessel disorders have been associated with vascular dementia and in some studies also 

related to AD dementia [53,54]. Age-related vessel disorders include atherosclerosis 

which affects the large arteries in the brain, and cerebral amyloid angiopathy (CAA) and 

arteriolosclerosis, both of which affect smaller arteries and arterioles.

3.4. Atherosclerosis

Atherosclerosis commonly occurs in the extracranial and intracranial arteries in aging. A 

population based prospective cohort study using 6647 participants from the Rotterdam 

Study suggests that atherosclerosis is associated with increased risk of dementia [25]. Some 

clinical–pathological studies suggest that atherosclerosis plays a role in development of not 

only vascular dementia but also AD dementia [55]. More than 77% participants diagnosed 

with AD dementia had the presence of atherosclerosis in circle of Willis observed on gross 

[53]. An underlying cause of large infarcts may be due to atherosclerosis. Studies show a 

strong correlation between atherosclerosis of the circle of Willis and large brain infarcts 

[56].

The relationship between atherosclerosis, AD pathology, and dementia is somewhat unclear. 

Although many studies suggest a direct relationship between atherosclerosis and AD 

pathology, some studies suggest that there is no correlation [57]. Data from the United 

States National Alzheimer’s Coordinating Center Database show an association between 

atherosclerotic disease and neuritic plaque burden [58]. Increased neuritic plaque burden 

and a higher Braak stages was associated with increased grades of atherosclerosis in 

both subjects with AD and vascular dementia [59]. In an autopsy study, the circle of 

Willis arteries of AD patients exhibited numerous and severe stenosis, which correlated 

with AD pathology [60]. More recently developed imaging techniques have been used 

to visualize arterial structures and atherosclerotic plaque burden. A study using positon 
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emission tomography showed an increase in amyloid deposition in patients having both 

carotid artery occlusions and dementia [61]. In comparison, examining 200 brains in the 

Baltimore Longitudinal Study of Aging showed no correlation between atherosclerosis 

and AD pathology [57]. On the other hand, atherosclerosis had a direct relationship 

with dementia after controlling for both AD pathology and infarcts. New neuroimaging 

techniques used in clinical practice and research to measure cerebral blood flow in the circle 

of Willis will be important in future studies relating atherosclerosis to AD pathology and 

cognitive impairment.

3.5. Cerebral amyloid angiopathy

CAA pathology has been suggested to be a result from an imbalance between Aβ production 

and Aβ clearance, and is an important cause of lobar and cerebral hemorrhages resulting 

in profound damage. It is a result of Aβ aggregation within the basement membrane of 

meningeal and intracerebral arteries and arterioles, and less frequently in capillaries and 

veins, and leads to the replacement of smooth muscle cells and connective tissue [62]. 

Aβ clearance can occur via multiple routes: LRP-mediated clearance of Aβ across the 

BBB, APOE-mediated clearance of Aβ from the interstitial fluid, clearance of Aβ by 

microglia and macrophages, enzymatic degradation of Aβ, and the clearance of Aβ via the 

perivascular space [34].

CAA is present in over 75% of autopsy-confirmed AD brains [63]. Moderate to severe CAA 

in more than one cortical region show a significantly higher frequency of ischemic lesions 

or hemorrhages [64]. In keeping with this, examination of the temporal and parietal regions 

of cases from the Lund Longitudinal Dementia Study showed a strong correlation CAA 

with the presence of cortical microinfarcts [65]. Data from the Oxford Project to Investigate 

Memory and Aging (OPTIMA), and the Honolulu-Asia Aging Study (HAAS) suggest that 

the presence of CAA is associated with subjects having the APOE4 allele [66,67]. Imaging 

studies can be suggestive of CAA via the presence of cerebral microbleeds [68] or an 

atypical pattern of amyloid deposition.

Additionally, there are multiple studies suggesting that CAA is related to dementia. The 

HAAS study identified a relationship between CAA and cognitive impairment [67]. Data 

from the ROS study suggest that moderate to severe CAA is independently associated with 

lower perceptual speed and episodic memory, identifying a role of CAA in the functional 

decline of a specific cognitive domain [42]. More recently, data from the ROS study and 

Rush Memory and Aging Project, show that CAA is related to the diagnosis of probable 

AD even after controlling for infarcts and AD pathology. In addition, CAA was related to a 

steeper trajectory of cognitive decline in persons with and without dementia [11].

3.6. Arteriolosclerosis

Microscopic features of arteriolosclerosis (AS) occurring in smaller vessels (40–150 μm in 

diameter) include hyaline thickening, stenosis and narrowing of the lumen. Small vessels 

with diameter of 40–300 μm can also exhibit fibrosis associated macrophages or foam 

cells and leakage of plasma proteins, termed lipohyalinosis [69]. The term lipohyalinosis is 

sometimes used synonymously with arteriolosclerosis even without evidence of macrophage 
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infiltration or plasma proteins preceding the fibrosis. Lipohyalinosis is well described in the 

neurologic literature as being related to hypertension and diabetes and having a predilection 

for striate vessels of subcortical gray and white matter, where they predispose to lacunar 

infarcts.

Examination of small vessel pathologies, showed a high prevalence arteriosclerosis (AS) and 

CAA in brains of patients with sporadic late-onset of AD [70]. In autopsy-AD brains, AS 

affected the basal ganglia first, and then progressed into the white matter, and meningeal 

arteries of the cortex, cerebellum, and thalamus. Lastly, progression of AS was identified 

in the brainstem vessels [71]. We are not aware of this pattern of AS progression being 

confirmed in other studies.

Older Black patients with dementia have more severe arteriolosclerosis compared to Whites 

[72]. APOE4 allele has been related to arteriolosclerosis in persons with pathologic AD [70]. 

In addition, genetic studies on 755 ROS participants identified a diabetes risk and other 

variants associated with AS, highlighting genetic factors in the development of AS [73].

3.7. Cerebral microbleeds

Cerebral microbleeds (CMB), also known as microhemorrhages, are small hemorrhagic 

lesions typically visualized on neuroimaging which reflect vascular fragility and may be 

an indicator for future macroscopic hemorrhages. Cerebral microbleeds may be cortical 

or subcortical reflecting hemorrhagic lesions adjacent to cerebral amyloid angiopathy and 

arteriolosclerosis, respectively [74,75]. Using amyloid imaging and MRI, a study indicates 

that CMB occur in regions of increased amyloid deposition [9]. Consistently, in a study 

assessing 371 patients with probable AD, microbleeds are associated with cerebral amyloid 

angiopathy [76]. Clinical–pathological studies have linked the presence of CMB with 

cognitive impairment. The prevalence of microbleeds is much higher in patients with mild 

cognitive impairment (MCI) and AD compared to cognitive normal controls [74]. A study 

showed patients with more than 3 CMB were associated with a decline in cognitive function 

[77]. In keeping with this, data from 3979 subjects from the Rotterdam study identified an 

association between microbleeds and lower mini-mental scores and a decline in cognitive 

domain functionality when testing for information processing speed and motor speed. These 

associations were in individuals which had more than 5 microbleeds in lobar locations 

[78]. Together, these studies suggest a relationship between amyloid deposition, CMB, and 

cognitive impairment. It is clear that numerous microbleeds in lobar locations are associated 

with a decline in cognitive function, but the specific number which may be harmful needs 

further investigation. It would seem likely that CMB at least partly mediates the relationship 

between CAA and cognitive decline. Other CAA related factors that may mediate cognitive 

decline include microinfarcts, white matter pathology, hypoperfusion and alterations in the 

BBB.

3.8. White matter changes

Any lesions which cause damage to the white matter can be identified as white matter 

hyperintensities (WMH) using structural magnetic resonance imaging (MRI) techniques. 

Upon scanning, the WMH areas show increased signal on T2-weighted MRI images. 
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Various neuropathological studies have linked the severity of WMH with arteriosclerosis, 

demyelination, infarcts, hemorrhages, and hypoperfusion, with hypoperfusion being the 

most dominant [79–81]. Emerging studies have shown a relationship between WMH, AD 

pathology, and cerebral blood flow. Analysis of regional blood flow was significantly 

reduced in the frontal and mesial temporal regions in AD patients with white matter lesions 

(WML), than in AD patients without WML [81]. White matter lesions were significantly 

related to progression of amyloid deposition in sporadic AD patients [82]. In addition, 

WM volume has also been inversely related to AD pathology [83] and reduced cerebral 

autoregulation [80]. In another study, overall T2 signal prolongation was related to AD 

pathology and gross infarcts [84].

These studies highlight the importance of the relationship between vascular factors, the 

white matter and neurodegenerative pathologies and how they may be interrelated in the 

pathogenesis of AD dementia. The underlying pathology causing WMH maybe causally 

related to AD pathology itself [80].

Many studies have found relationships between WMH and cognition or incident dementia. 

In addition, several groups have investigated whether white matter changes are associated 

with SCD. Subjective cognitive decline (SCD) is a terminology introduced to identify 

patients who exhibit a normal neuropsychological test score but report memory-related 

complaints, thus may reflect an early indicator of cognitive decline. During a 2–3 year 

follow up, 16% of patients with subjective cognitive decline progressed clinically to MCI or 

dementia. A 4-fold higher risk of clinically developing MCI or dementia was identified in 

patients with severe white matter hyperintensities [85]. In contrast, a study investigating a 

cohort sample from Ireland found no association between white matter hyperintensities and 

SCD [86]. Few studies have been able to examine the role of WMH, after controlling for AD 

pathology. In one post-mortem imaging study, T2 signal prolongation in the white matter 

was related to episodic, semantic, and working memory after controlling for AD and gross 

infarct pathology [84].

Overall, current findings from the literature suggest that WMH and other white matter 

changes are complex abnormalities that are important markers of cerebrovascular burden, 

but may also be related to neurodegenerative pathologies and have independent relationships 

with cognition. Importantly, these abnormalities may represent an additional “hit” which in 

turn lowers the threshold for developing AD (Fig. 1). With newer MRI techniques patterns 

of white matter changes can be identified, and also may predict AD before the onset of the 

clinical disease [87].

3.9. The neurovascular unit

The neurovascular unit is a specialized network of cells which maintain the cerebral 

microenvironment. The network consists of vascular endothelial cells, pericytes, astrocytes, 

and neurons and plays a role in maintaining the blood brain barrier (BBB), regulate 

cerebral blood flow (CBF), and contribute to immune surveillance. Abnormalities of the 

neurovascular unit are not easily assessed using routine pathologic assessments and therefore 

their contribution to mixed pathologies and their independent contributions to the clinical 

expression of AD dementia are less clear. Meanwhile dysfunction of the BBB and cerebral 
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blood flow changes appear to play a role in the AD pathophysiologic process and cognitive 

impairment.

3.10. Dysfunction of the blood brain barrier in AD

The role of the BBB is to regulate the entrance of blood-derived products, neurotoxic 

proteins, and pathogens into the brain. Increasing evidence from brain imaging and post-

mortem tissue studies in AD patients suggests the BBB becomes “leaky”, at least partly 

due to accumulation of toxic Aβ molecules in cerebral blood vessels, and associated 

inflammation [88–91]. A body of evidence from animal models of AD also suggests the 

integrity of the BBB is maybe compromised before the manifestation of plaques, tangles, 

and cognitive impairment, suggesting that this could be the earliest sign of AD [88,92].

Various BBB defects occur in the AD pathophysiologic process such as reduced staining of 

endothelial markers, suggestive of accelerated degeneration of brain endothelial cells [93]. 

Transcriptional profiling of brain endothelial cells from AD individuals show an alteration 

of a homeobox gene, important in regulating vascular differentiation, and leads to aberrant 

angiogenesis and reduction in cerebral blood flow [94]. Together, these studies suggest that 

degeneration of endothelial cells in AD patients may not be due to hypoxic vascular injury 

but may reflect a vascular remodeling defect. Accelerated pericyte degeneration is also 

identified in individuals carrying the APOE4 allele, a risk factor for developing late onset of 

Alzheimer’s disease [95]. Post-mortem studies of brains with AD show there is a breakdown 

in the BBB that leads to an accumulation of blood derived molecules in the hippocampus 

and degeneration of pericytes [89]. Clinical neuroimaging studies using positron emission 

tomography with 18F-fluorodeoxyglucose, which measures cerebral glucose transport across 

the BBB, show a significantly reduced glucose metabolism in fronto-temporal–parietal and 

cingulate cortices in patients with AD [96]. Another study using the same technology 

identified reductions in hippocampal glucose metabolism in both patients with MCI and 

AD [97], thus a decreased glucose metabolism may represent an early sign in the AD 

pathophysiologic process and in AD dementia. One study used MRI imaging to assess 

WHM and BBB fragility, using intravenous Gadolinium. They found an increased signal 

in subjects with more WMH, and an increased signal, especially in the basal ganglia, of 

patients with type II diabetes. This study is one the very few studies in humans identifying 

dysfunction of the BBB may be associated with a specific vascular pathology [98].

A compromised BBB alters the transport across the BBB, promoting entry of blood-borne 

molecules, also has an impact on Aβ accumulation, and triggers an inflammatory cascade. 

Much evidence suggests that neuroinflammation may modify or contribute the progression 

of neurodegeneration in AD. Identifying inflammatory mechanisms may provide us with a 

better understanding of the changes occurring in brain metabolism in patients with AD. The 

degeneration of endothelial cells and pericytes in carriers with the APOE4 allele showed 

an accumulation of proinflammatory cytokines and metalloproteinases, cyclophilin A and 

matrix metalloproteinase 9, respectively [95]. A study performing cytokine profiling found a 

significant correlation between interleukin 8 (IL8) and macrophage inflammatory protein 1 

beta with patients with severe VD, defined by the mini mental status test [99].
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Overall, the literature suggests that the dysfunction of the BBB may represent an early 

sign in the AD pathophysiologic process and in AD dementia [34,89,92]. Targeting the 

compromise of the neurovascular unit and BBB vasculature may represent an option to 

prevent or delay onset of clinical AD.

3.11. Changes in cerebral blood flow in AD

The endfeet of astrocytes which line the wall of cerebral vessels and interact with neurons 

play a role in regulating cerebral blood flow (CBF). Specialized receptors on the endothelial 

cells release signaling molecules which induces mechanisms to maintain a constant CBF 

[100]. Data from clinical imaging studies indicate that changes in cerebral blood flow may 

play a role in early AD. Functional MRI (fMRI) studies using blood oxygen level dependent 

(BOLD) responses in patients with a test that challenged episodic memory showed a delayed 

cerebral blood flow response in patients with MCI. When testing patients with AD, the delay 

in BOLD response was further delayed, suggesting that alterations in CBF are presented in 

early stages of AD [101]. Examination of CBF velocity, measured by transcranial Doppler, 

in participants of the Rotterdam Study showed subjects with a higher CBF velocity were less 

likely to have dementia [102]. In keeping with this, another study showed cerebrovascular 

reactivity was significantly reduced in subjects with AD [103]. It has been proposed that 

the presence of atherosclerotic occlusion in the Circle of Willis contributes to the changes 

in the hemodynamics present in AD [104]. Together these studies suggest that cerebral 

hemodynamics may be an important factor in the pathologic process of LOAD. Interestingly, 

reduced CBF was associated with amyloid deposition in several cortical regions in patients 

with autosomal dominant AD (ADAD), subjects who present clinical symptoms at an early 

age. Whether the relationship between amyloid deposition and CBF is direct or whether 

CBF decline is a byproduct of a different AD pathophysiologic process needs further study 

[105].

Cerebral autoregulation is a mechanism in which the vasculature of the brain can adapt to 

changes in blood pressure, thus maintain a stable cerebral blood flow. Reduced cerebral 

autoregulation has been associated with increased amyloid deposition and increased white 

matter hyperintensities [80]. Changes in blood flow regulation and glucose metabolism 

has been identified in the medial parietal cortex (precuneus) in very early stages of AD. 

Analysis of the precuneus in early stage AD patients (Braak III-IV) showed nearly 50% 

reduction in myelinassociated glycoprotein: proteolipid protein 1 ratio levels, an indicator 

of oxygenation, suggesting that this may be a molecular mechanism contributing to cerebral 

hypoperfusion in early AD [106]. It is possible that autoregulatory dysfunction can lead 

to an imbalance of Aβ deposition/clearance; alternatively, amyloid pathology can lead to a 

dysfunction in the autoregulatory mechanism.

3.12. Mixed pathologies from community based studies

It is increasingly recognized that persons with dementia and probably AD dementia 

commonly have mixed pathologies. While most persons diagnosed with AD dementia are 

confirmed to have a pathologic diagnosis of AD, they very often have AD with additional 

pathologies (referred to as mixed pathologies) contributing to impairment. Cognitive and 

neuropathological data available from 653 autopsied participants showed persons with AD 
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pathology alone doubled the odds of developing dementia, and persons displaying mixed 

pathologies such as AD with macroinfarcts and/or Lewy body (LB) pathology markedly 

increases the odds [107]. Data from the Memory and Aging Project (MAP) and Religious 

Order Study (ROS) found that about half the subjects whom were clinically-diagnosed with 

probable AD had mixed pathologies, the most common being AD and infarct pathology. 

These studies suggest that AD pathology and infarct pathology are both associated with 

episodic memory impairment the supposed hallmark for AD dementia. Due to the overlap 

of pathologies there may not be a single causative pathology for mixed dementia, and 

even the initiating pathology becomes unclear. Indeed, macroscopic infarcts, microscopic 

infarcts, and amyloid angiopathy were each found to be associated with perceptual speed 

and episodic memory [10,16]. A study using subjects from the Baltimore Longitudinal 

Study of Aging Autopsy Program documents that AD pathology accounts for 50% in this 

cohort, and that AD with infarct pathology accounts for 35% [108]. Neuropathological 

examination of brains from participants of the Medical Research Council Cognitive Function 

and Ageing Study (MRC-CCFAS) report 78% with vascular pathology and 70% with AD 

pathology in this cohort [14]. Overall, there is a striking overlap between AD and vascular 

pathologies contributing to probable AD and dementia in these community cohorts.

There is limited data on mixed pathologies in special populations. Data from the ROS 

and Rush MAP, show that mixed pathologies, particular AD and infarcts is dramatically 

increased in the oldest old, the fastest growing segment of our population. On the other 

hand, the prevalence of a pathologic diagnosis of AD or infarcts alone was not increased 

in the oldest old compared to the old. Clearly, prevention and treatments in the oldest old 

should consider both AD and vascular pathologies.

Mixed pathologies are common in both blacks and whites, but frequency patterns appear to 

differ. Black clinic patients are much more likely to have mixed pathologies compared to 

white participants. In particular, the most common mixed pathology for black participants 

was AD pathology with Lewy bodies. Second most common was AD pathology with 

Lewy bodies and infarcts. The Black cohort also had more severe arteriolosclerosis and 

atherosclerosis but not more infarcts. Selection bias may have contributed to the very 

high rates of Lewy body disease in this Black clinic cohort [72]. Nonetheless, this has 

important implications given that these are the Blacks that may be most likely to seek help in 

memory disorders clinic. Similar studies in community cohorts with Black participants will 

be important.

In addition to AD pathology, other common co-existing pathologies are hippocampal 

sclerosis and TDP-43 pathology, both documented to play a role in cognitive decline 

and dementia [109,110]. Interestingly, hippocampal sclerosis of aging has been linked to 

cerebrovascular pathology in some, but not all studies [109–111]. Data from a large autopsy 

study show a strong correlation between arteriolosclerosis in brain regions outside the 

hippocampus and hippocampal sclerosis in aging brains [111], suggesting that hippocampal 

sclerosis may be a result of vascular brain injury.

Data from longitudinal clinical-neuropathological studies suggest that Parkinsonian signs 

may be a risk factor for cognitive impairment. Data from the Arizona Study of Aging 
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and Neurodegenerative Disorders show 38% of pathological diagnosis of Parkinson’s 

disease cases had a diagnosis of AD [112]. Data from 418 autopsied subjects suggest that 

cerebrovascular pathologies are associated with Parkinsonian signs. In particular, multiple 

cortical and subcortical macroscopic infarcts were related to higher global Parkinsonian 

scores [113].

Community-based clinical-neuropathological cohort studies are imperative in understanding 

the contribution of mixed pathologies to dementia. Together, the data from these studies 

suggest that vascular lesions’ acting in combination with other pathologies is detrimental to 

cognitive function. It is also possible that risk factors work through additional functional or 

yet unrecognized pathologies. Moreover there are a host of risk factors that have not been 

definitely linked to specific pathologies including such things as depression, education, and 

specific genetic polymorphisms. Mixed vascular pathology with AD pathology is the most 

prevalent ahead of dementia with lewy bodies, and hippocampal sclerosis [10,13,14]. Due to 

the high prevalence of the vascular pathologies in mixed dementia, prevention and treatment 

of the vascular component is important to reduce risk of dementia.

3.13. Biomarkers and neuropathology

To develop and implement successful treatments for AD, the ideal goal is to identify 

pre-symptomatic detection of reliable biomarkers. The field of neuroimaging has been 

widely used to improve diagnosis of AD dementia and other neurodegenerative and vascular 

dementias. Some studies have used MRI techniques to assess presence of hippocampal 

atrophy [114] and cortical microinfarcts [50,51], though these pathologies overall remain 

a challenge to detect in vivo. FDG-PET imaging has also been used to identify decreased 

glucose uptake in brain regions, and the decrease in glucose uptake correlated with AD 

pathology. FDG-PET however is not a specific marker for AD pathology and studies have 

related this more to neurodegeneration and specifically neuronal loss and gliosis [115] in 

the progression of AD dementia [116]. More recent studies show that FDG-PET is strongly 

related to measurements of regional blood flow [117]. FDG-PET has also been used for 

hypoxic ischemic injury [118] and in acute stroke [118,119]. We are not aware of FDG-PET 

being used to determine vascular contributions to dementia.

One of the most important biomarkers recently discovered, which specifically marks a 

central pathology of AD, is the use of PET with molecular ligand targets with beta-amyloid 

binding. This was first introduced using a tracer termed Pittsburgh compound B (PiB) 

[5,120]. More recently, beta-amyloid tracers with shorter half-life have been FDA approved 

for diagnostic use [121]. Greatest changes in beta-amyloid tracer uptake in the cortex are 

observed in pre-dementia stages with a plateau reaching around the time dementia develops 

[122]. Indeed, amyloid accumulation appears to be an early event possibly occurring a 

decade or more prior to dementia. These models may differ in late life dementia with mixed 

pathologies [116]. More recently tau radioligands targeting NFT have been developed [123], 

and are being studied as potential biomarkers for AD. Especially, since neocortical NFT are 

presumed by many experts to be later in the AD progression compared to amyloid [123], 

and is strongly related to cognition. Neither beta-amyloid nor tangle biomarkers however 

exclude the presence of mixed pathologies [124].
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Other studies have utilized functional MRI imaging to determine impaired cerebral blood 

flow associated with CAA [125]. CSF biomarkers are another field being explored. Three 

CSF biomarkers have been well established to diagnose AD, Aβ (1–42), total Tau, and 

hyperphosphorylated tau. Novel neurovascular unit-based CSF biomarkers are also being 

identified to investigate vascular injury and potentially aid in the diagnosis of vascular 

dysfunction in AD [126]. The field of genomics and proteomics is emerging rapidly to 

further biomarker discovery. Specific genetic polymorphisms are related to cerebrovascular 

disease, and identification of these genes or protein metabolism associated with disease 

pathogenesis will lead to better strategies to optimize drug development [127].

4. Conclusion

The contribution of vascular disease to the AD pathophysiologic process, clinical expression 

and progression of AD dementia is a complicated and varied one. Vascular pathologies such 

as macroinfarcts, microinfarcts, CAA, microbleeds, and white matter changes add to the 

likelihood of expressing AD pathology and all contribute to cognitive impairment. Though 

there is evidence that atherosclerosis and impairment of the BBB and blood flow may 

contribute to the AD pathophysiologic process, whether these processes and pathologies 

initiate or accelerate the pathologic process of plaque and tangle progression remains 

incompletely understood. Overall, it is clear that vascular and AD pathologies rarely occur 

in isolation, and that the entity that we consider to be “AD dementia” in older persons 

is a complex composite of vascular and neurodegenerative processes. By targeting the 

vascular component we may be able to not only reduce the risk of developing dementia, 

but potentially decelerate the pathologic progression of AD pathology. Further research in 

elucidating molecular and cellular mechanisms underlying vascular pathologies present in 

AD and dementia, and facilitating the development of noninvasive vascular biomarkers will 

be imperative for finding preventions and treatments for AD dementia and other dementias.
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Fig. 1. 
A schematic representation showing the additive effect of vascular pathologies in the brain 

acts as “hits” and lowers the threshold for developing dementia. As aging in the brain 

occurs there is a threshold for developing dementia. Additional vascular “hits” lowers this 

threshold, thus accelerating the onset of dementia.
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