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Alzheimer’s disease (AD) is the most common cause of dementia. Despite this, clear
pathophysiology for AD has not been confirmed, and effective treatments are still not
available. As AD results in a complex disease process for cognitive decline, various
theories have been suggested as the cause of AD. Recently, cerebral small vessel
disease (SVD) has been suggested to contribute to the pathogenesis of AD, as well
as contributing to vascular dementia. Cerebral SVD refers to a varied group of diseases
that affect cerebral small arteries and microvessels. These can be seen as white matter
hyperintensities, cerebral microbleeds, and lacunes on magnetic resonance imaging.
Data from epidemiological and clinical-pathological studies have found evidence of the
relationship between cerebral SVD and AD. This review aims to discuss the complex
relationship between cerebral SVD and AD. Recent reports that evaluate the association
between these diseases will be reviewed.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common cause of dementia, accounting for about 60%
of all dementia cases (1). As AD results in a complex disease process for cognitive decline,
various theories have been suggested as the cause of AD in many epidemiological, biochemical,
genetic, and animal studies. The main hypothesis, to date, is the amyloid-p (AP) cascade
hypothesis, which is that A is the most important factor in the pathogenesis of AD (2). Along
with the AP cascade hypothesis, another major theory is the tau hypothesis, in which the
abnormal phosphorylation of tau protein results in paired helical filament tau and neurofibrillary
tangles, causing neurodegeneration (3). However, the clear pathophysiology for AD, detailing the
contributions of cerebral AB accumulation and abnormal phosphorylation of tau protein has not
been confirmed, and effective treatments are still not available (4).

Cerebral small vessel disease (SVD) refers to a varied group of diseases that affect the cerebral
small arteries and microvessels. These can be seen as white matter hyperintensities (WMHs),
cerebral microbleeds (CMBs), and lacunes on magnetic resonance imaging (MRI) (5). Cerebral
SVD is the most common pathological neurological process and has an important role in dementia
as well as strokes (5). Since the causes of AD were first explored, studies have focused on the
relationship between AD and cerebral SVD (6, 7). Recently, it has been hypothesized that cerebral
SVD contributes to the pathogenesis of both AD and vascular dementia (8, 9). AD has similar
risk factors to cerebral SVD, such as hypertension and diabetes (10) as well as pathophysiological
mechanisms such as oxidative stress, inflammation, mitochondrial disruption, and metabolic
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dysfunction (11). For these reasons, the clinical differentiation of
AD from vascular cognitive impairment or vascular dementia can
be unclear.

Data from epidemiological and clinical-pathological studies
have supported a relationship between cerebral SVD and AD,
although the role of cerebral SVD in causing AD is still unclear.
This review aims to discuss the complex relationship between AD
and cerebral SVD. Recent reports that evaluate the association
between these diseases will be reviewed. The direction of future
research will be also presented by exploring the underlying
mechanism of cerebral SVD on AD development and hypotheses
will be suggested.

REVIEW OF THE LITERATURE

By searching the PubMed database (1982-2020), 1,335
potentially relevant studies were identified. The following
combinations of keywords were searched: “cerebral small vessel
disease” or “white matter hyperintensities” or “microbleed” or
“lacunes” and “AD.” A study was selected from the initial search
if it described at least one case of cerebral SVD and evaluated
the relationships between cerebral SVD and AD. Studies on
the relationship between cerebral SVD and broad spectrum of
dementia, or studies mainly dealing with vascular dementia
or neurodegenerative diseases other than AD, studies written
in languages other than English, duplicate studies, and review
articles were excluded. A total of 81 studies were selected for
inclusion by reviewing the titles and abstracts of identified
articles (Figure 1).

CEREBRAL SMALL VESSEL DISEASE

Cerebral SVD refers to a varied group of diseases that involve
the small (40~250 wm) perforating arterioles, capillaries, and
venules of the brain, causing various lesions that can be seen on
pathological examination or brain imaging (12). Cerebral SVD
is typically seen as WMHs, CMBs, lacunes, dilated perivascular
spaces, and microinfarcts on MRI (5). WMHs are usually seen
as bilateral, mostly symmetrical hyperintensities on T2 MRI
in older individuals (5). Pathological studies have shown that
WMHs are accompanied by vessel wall thickening, enlargement
of perivascular spaces, a decrease in vascular density, and an
increase in vessel tortuosity. WMHs are further characterized
by demyelination, gliosis, fiber loss, and decreased number
of oligodendrocytes (13, 14). The mechanisms for developing
WDMHs are presumed to be chronic ischemia, blood-brain barrier
(BBB) breakdown, dysfunction of oligodendrocyte precursor
cells, and venous collagenosis (13, 15, 16). CMBs are usually
seen as small areas (<10 mm in diameter) of the signal void
with associated blooming on the T2 MRI (5). CMBs have also
been known to be associated with various degrees of gliosis
and tissue loss (13). Histopathological studies have shown that
most CMBs have parenchymal micro-hemorrhages with vessel
wall disruption, but some only have vasculopathy, such as vessel
wall dissection, microaneurysms, and vessel wall thickening,
without hemorrhage (17). A lacune is a round, ~3-15mm sized,
fluid-filled cavity caused by an acute cerebral infarction or a
cerebral hemorrhage in subcortical regions within the territory
of a perforating arteriole (5). It is usually seen as a central
cerebrospinal fluid (CSF)-like hypointensity with a surrounding
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FIGURE 1 | Flow diagram showing the inclusion and exclusion of relevant studies.
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rim of hyperintensity on a fluid-attenuated inversion recovery
(FLAIR) MRI (5). Histopathological studies have shown that the
lacune is an irregularly shaped cystic cavity with surrounding
mild axonal loss and minimal gliosis (13).

Historically, cerebral SVD has been shown to be related to
age-related changes and was thought to be a slowly progressing
disease that affected the frontal-subcortical networks, which
lead to corresponding frontal symptoms (18). However, this
concept of cerebral SVD has evolved because it became clear
the spectrum of cognitive symptoms attributable to cerebral SVD
is more diverse than that of the classic concept which includes
loss of executive control, and decreased speed of behavioral
performance. In addition to the classic concept, it includes
deficits in language, memory, attention, and visuospatial abilities
(13, 19). Recent studies on brain connectomics and functional
neuroanatomy have resulted in a better understanding of the
mechanism for cerebral SVD in developing the broad spectrum
of cognitive symptoms by disrupting the structural or functional
connected cerebral networks (13). The structural network was
disrupted due to decreases in the number, strength and efficiency
of connections in patients with cerebral SVD (20, 21). It has
been reported that the degree of brain network disruption is
associated with the severity of cerebral SVD, such as WMH
volume, number of CMBs, and the number of lacunes (21).
Also, the disruption of the structural network in functional
neuroimaging studies has shown the disruption of functional
connectivity across distributed networks in patients with cerebral
SVD (13, 21). The disruption of functional connectivity by
cerebral SVD affects the default mode, dorsal attention and
frontoparietal networks, resulting in decreased attention and
impaired executive functions (22). Patients with cerebral SVD
have a lesser degree and later onset of memory impairment
compared with AD patients (13). In the context of the functional
connectivity disrupted by cerebral SVD, memory impairment has
been explained to be a result of impaired executive function,
leading to working memory deficits, in turn affecting memory
function (23). However, as the relationship between cerebral SVD
and AD pathology has been reported (6, 8), cerebral SVD seems
to have a direct and synergistic effect on memory function in
AD patients.

RELATIONSHIP BETWEEN AD RISK AND
CEREBRAL SVD

Several studies have evaluated the associations between
AD risk and cerebral SVD, including WMHs, CMBs, and
lacunes. Although the relationship between WMHs and AD is
controversial, most of the studies showed that cerebral SVD
had a predictive effect on AD risk in older individuals. The
Cardiovascular Health Study Cognition Study, which contained
3,375 participants, reported that a significantly increased risk
of AD [HR = 1.5 (1.17-1.99)] was observed in individuals
with higher grades of WMH over 8 years (24). Hertze et al.
(25) reported that the presence of pathologic tau and WMHs
in MCI patients was associated with an increased risk of

developing AD dementia. This result suggests that while WMHs
independently induce cognitive impairment, such impairments
are synergistically exacerbated in the presence of pathologic
tau. A 3 years follow-up study with 169 MCI patients reported
that patients with higher volumes of WMHs in the parietal
lobe had more advanced AD progression than those with
lower WMH volumes [HR = 1.07(0.99-1.16)] (26). Also, a
study by the Clinical Research Center for Dementia of South
Korea using 622 participants with MCI reported that severe
periventricular WMHs predicted incident all-cause dementia
[HR = 2.22 (1.43-3.43)] and AD [HR 1.86 (1.12-3.07)] (27).
A longitudinal study with MCI patients from the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) showed that patients
whose symptoms progressed from MCI to AD dementia
exhibited increased WMH burden faster than those with stable
cognitive function (28). A recent longitudinal study with 2,626
initially cognitively normal subjects showed that high WMH
burden was associated with an increased risk of developing
AD in a 5 years follow-up period [HR = 1.75 (1.37-2.01)]
(29). Furthermore, a recent cohort study with 575 cognitively
unimpaired participants revealed that WMH burden was
associated with AD risk factors, including cardiovascular risk,
age, hypertension, hypercholesterolemia and body mass index,
suggesting that control of modifiable risk factors could have a
significant impact on AD development (30). However, other
studies could not find any significant relationship between
WDMHs and the prevalence of AD (31-33).

In evaluating the associations between AD risk and CMBs,
most studies have failed to find a significant relationship between
AD risk and CMBs. A longitudinal study with 729 Japanese
participants with vascular risk factors showed that overall CMBs
were significantly related to the risk of all-cause dementia [HR
= 2.72(1.45-4.93)], but not significantly related with AD risk
(34). A meta-analysis of 3 studies on CMBs and AD risk
also revealed no significant effect of CMBs on AD incidence
using random-effect models (11). In evaluating the associations
between AD risk and lacunes, the results of several studies
conflict. The Cardiovascular Health Study with 5,888 adults
showed a significant relationship between lacunes and the
progression of AD [OR = 2.7 (1.0, 7.1)] (32). Contrastingly, two
longitudinal studies (34, 35) and three cross-sectional studies
(36-38) did not show any significant correlation between lacunes
and AD risk. A meta-analysis of these six studies showed that
lacunes significantly increased the risk of AD [OR = 1.203
(1.014-1.428)] (11).

Studies evaluating the associations between cerebral SVD
and AD risk based on the clinical AD diagnosis with a
cognitive function test usually show contradictory results,
because cognitive function can be substantially affected by
several factors, such as neurodegenerative disease, genetics,
physical activity, education level, alcohol abuse, diabetes and
cardiovascular disease (39). To clarify the effects of cerebral
SVD on the development of AD, longitudinal studies that
evaluate pathological changes, such as tau protein or Ap plaque
deposition, rather than studies based on the diagnosis of clinical
dementia, are needed.
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GENETIC CONTRIBUTIONS TO BOTH AD
AND CEREBRAL SMALL VESSEL DISEASE

Genetics affect AD risk. Familial autosomal-dominant genes
(PSEN1, PSEN2), and amyloid precursor protein (APP) gene have
been reported as being associated with early-onset AD (40). In
addition, there are several genetic markers that influence both
AD and cerebral SVD. It is unknown whether these genes cause
development of cerebral SVD and indirectly affect AD, or directly
affect both SVD and AD. The €4 allele of the apolipoprotein
E (APOE) gene is a risk factor for both AD and cerebral
SVD. The APOE protein performs several functions, and is
critically involved in the development of a number of metabolic,
cardiovascular, and neurodegenerative diseases. APOE enables
lipid transport by acting as a major cholesterol carrier; one of
its primary functions is to help the binding of lipoproteins or
lipid complexes to surface receptors of cells in plasma (41).
It has three major isoforms (APOE ¢2, APOE &3, and APOE
£4) with different effects on lipid and neuronal homeostasis. In
Caucasian populations, individuals with the APOE ¢4 allele were
reported to have a 10-fold higher risk of developing AD than
those without the APOE ¢4 allele (42). APOE is involved in the
breakdown and tau-mediated neurodegeneration of cerebral AP
plaques. APOE &4 does not efficiently perform a breakdown of
AP plaques, and is less efficient than other alleles in maintaining
cerebral homeostasis of lipid transport, synaptic integrity, glucose
metabolism, and cerebrovascular function (43). Also, the APOE
€4 genotype was associated with microstructural abnormalities
of the white matter in late middle-aged adults (44). Studies
using MRI have shown that APOE ¢4 is associated with an
increase in WMH volumes (45, 46). In developing cerebral
SVD, the expression of APOE ¢4, but not of APOE €2 or of
APOE ¢3, leads to BBB breakdown through the activation of
an NF-kB/matrix metalloproteinase 9 pathway in pericytes (47).
This causes cerebral SVD, allowing neurotoxic proteins from
the blood to accumulate in the neuron. However, it is not clear
whether APOE directly affects AD pathology or indirectly affects
AD pathology through cerebral SVD.

Another genetic marker has been reported to be related to
both the risk of AD and cerebral SVD. A study using a Dutch
family-based cohort reported that the presence of APOE e4,
as well as SORLI, was associated with cerebral SVD and AD
(48). The SORLI gene regulates APP processing, and SORL1
deficiency leads to increased levels of Ap and enhances amyloid
pathology in the brain (49). A recent meta-analysis study using
the genomic-relatedness-matrix restricted maximum likelihood
method found evidence of a shared genetic contribution between
AD and cerebral SVD (50). They reported that one particular
region on chromosome 17, that encompassed three genes
(ICT1/KCTD2/ATP5H) was associated with both diseases. A
pathway analysis identified four associated pathways involving
cholesterol transport [gene ontology (GO)/phospholipid efflux,
GO/cholesterol efflux, and GO/reverse cholesterol transport]
and immune response (GO/negative regulation of nuclear factor
kappa B transcription factor activity). Also, two polymorphisms
(rs1801133 and rs1801131) in the methylenetetrahydrofolate
reductase gene have been reported to correlate with elevated

levels of plasma homocysteine as well as being associated with
AD and vascular contributions to cognitive impairment (51). A
recent study comparing 96 Caucasian cerebral SVD patients with
368 healthy controls reported a burden of truncation mutations
in APP-Af} degradation genes (EPHAI p.M900V and p.V160A
and CD33 p.A14V). These genes were related with cerebral Af3
accumulation, which has a protective effect on cerebral SVD (52).

RELATIONSHIP BETWEEN AD
BIOMARKERS AND CEREBRAL SVD

As cognitive function can be substantially affected by several
factors, including AD pathology, contribution to cognitive
impairment by cerebral SVD could be under- or overestimated
depending on the cognitive reserve of each individual (39). For
this reason, there is no linear correlation between AD pathology
and cognitive impairment (53). It seems that cerebral SVD
independently induces cognitive impairment with concurrent,
synergistic exacerbation by AD pathology, resulting in MCI to
dementia (25). Thus, the utilization of biological AD markers
in place of its syndromal definition would be beneficial for
evaluating the effect of cerebral SVD on AD development.
The biomarkers that can be detected and quantified in AD
are cerebral AP plaques, pathologic tau, and neurodegeneration
(54). The biomarkers of cerebral AP plaques are low CSF
AB42 and cortical amyloid positron emission tomography
(PET) ligand binding (55). Biomarkers of pathologic tau are
elevated CSF phosphorylated tau (p-tau) and cortical tau PET
ligand binding (56). Biomarkers of neurodegeneration are
cerebral hypometabolism on '8F-fluorodeoxyglucose (FDG) PET,
and atrophy on MRI (57). The results of studies regarding
relationships between AD biomarkers, including cerebral AP
plaques, pathologic tau, and neurodegeneration, and cerebral
SVD, are summarized in Table 1.

Cerebral AP plaques and pathologic tau indicate
specific neuropathologic changes that define AD, whereas
neurodegeneration is not specific to AD (54). CSF and plasma
AP levels or AR PET imaging with !'C-PIB, !8F-florbetapir,
8F_florbetaben, or !SF-flutemetamol have been used for
measuring cerebral AP pathology. Several cross-sectional
or longitudinal studies have shown an association between
WMHs and AP plaques. A study using the memory clinic-based
Amsterdam Dementia Cohort reported associations of WMHs
and CBMs with CSF AP42 (58). Two other CSF analysis studies
showed that a higher WMH burden correlated with lower
levels of AB in the CSF (59, 60). A study with CSF markers
in AD patients showed that patients with cortical microbleeds
had lower levels of CSF AP40 and AB42 than those without
microbleeds after adjusting age, sex, APOE e4 presence, and
WMH burden (61). A study using specific enzyme-linked
immunosorbent assays reported that WMHs were significantly
associated with plasma AP40 and AP42 levels in an AD and
MCI population (62). A study with immunohistochemistry
also showed a positive correlation between the cerebral AP
burden at autopsy and the WMH volume score in T2 MRI in a
cohort of older adults (6). Furthermore, a study with Ap PET
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TABLE 1 | Relationship between AD biomarkers and cerebral SVD.

Participants Study design Type of SVD AD biomarkers Relationship References
(clinical diagnosis, n)
50 subjects (CU = 50) Cross-sectional WMHs Neurofibrillary Positive® (6)
tangle?
83 subjects (AD = 34, MCI = 30, CU = 19) Cross-sectional WMHSs Cortical AB© Positive 8)
83 subjects (AD = 34, MCl = 30, CU = 19) Cross-sectional WMHs Cortical Negative® ©)
metabolism?
197 subjects (MCl = 159, CU = 38) Cross-sectional WMHs CSF p-tau Negative (25)
184 subjects (unknown) Cross-sectional WMHs Cortical AB Positive (53)
914 subjects (AD = 547; SCl = 337; VD = 30) Cross-sectional WMHs CSF AB42 Negative (58)
826 subjects (AD = 110, MCl = 195, SCI = 165, Cross-sectional WMHs CSF AB40/CSF Negative/Negative/ (59)
CU = 267, PD = 89) AB42/Cortical AB Positive
Lacunes CSF AB40/CSF Nof/No/No
AB42/Cortical AB
56 subjects (CU = 56) Cross-sectional WMHs CSF Ap42 Positive (60)
88 subjects (AD = 88) Cross-sectional Microbleeds CSF AB40/CSF Negative/Negative 61)
AB42
96 subjects (AD = 36, MCl = 18, CAA = 42) Cross-sectional WMHs plasma Positive/No (62)
AB40/plasma
AB42
44 subjects (AD = 13, MCI = 17, CU = 14) Cross-sectional WMHs Cortical AB Positive (63)
subjects (AD = 51, MCl = 18, SCl = 1, CU = 12) Cross-sectional WMHs Neurofibrillary Positive (64)
tangle
101 subjects (PPA = 82, CU = 19) Cross-sectional Microbleeds CSF p-tau/Ap42 Positive (65)
ratio
200 subjects (SCI = 200) Cross-sectional Microbleeds Cortical AB Positive (66)
282 subjects (CU = 282) Cross-sectional WMHs Cortical AB Positive 67)
517 subjects (AD = 184, MCl = 118, SCl = 121, Cross-sectional WMHs CSF AB42/CSF Positive/No (68)
others = 94) p-tau
62 subjects (MCI = 36, CU = 26) Cross-sectional WMHs CSF AB42 Positive (69)
159 subjects (CU = 159) Longitudinal WMHs Cortical AB Positive (70)
36 subjects (AD = 23, CU = 13) Cross-sectional WMHs cortical p-tau Positive (71)
70 subjects (CU = 70) Cross-sectional WMHs CSF AB42/CSF Negative/Positive (72)
p-tau
424 subjects (MCI = 33, CU = 391) Cross-sectional WMHs Cortical Positive/Negative (73)
AB/Cortical tau
2367 subjects (unknown) Cross-sectional WMHs Cortical atrophy Positive (74)
86 subjects (AD = 58, CU = 28) Cross-sectional WMHs Cortical atrophy Positive (75)
72 subjects (CU = 72) Cross-sectional WMHs Cortical Positive/Negative (76)
A/Cortical
metabolism
60 subjects (AD = 21, MCI = 23, CU = 16) Cross-sectional WMHs Cortical Negative (77)
metabolism
819 subjects (AD = 193, MCI = 397, NC = 229) Longitudinal WMHs CSF Ag42 No (78)
310 subjects (MCI = 310) Cross-sectional WMHs CSF AB42/CSF No/No (79)
t-tau
334 subjects (MCI = 60, CU = 274) Longitudinal WMHs CSF Ap42/CSF No/No (80)
p-tau

AD, Alzheimer’s disease; SVD, small vessel disease; CU, cognitive unimpaired; WMHs, white matter hyperintensities; MCI, mild cognitive impairment; SCI, subjective cognitive impairment;
VD, vascular dementia; PD, Parkinson’s disease; PFA, primary progressive aphasia; CSF, cerebrospinal fluid.

aNeurofibrillary tangle at autopsy; ? Positive relationship between Cerebral SVD and AD biomarker.,; ° Cortical AB burden on amyloid PET image; dCortical glucose metabolism on "8 F-FDG
PET image; ¢Negative relationship between Cerebral SVD and AD biomarker; "No significant relationship between Cerebral SVD and AD biomarker.

imaging using information extracted from the ADNI database
showed that WMHs were more highly correlated with cerebral
AP burden than any of the standard AD imaging biomarkers

(53). A study using AP PET and functional MRI revealed
that whole-brain WMHs and cerebral AP deposition were
significantly higher in AD patients than in controls, showing that
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increased WMH burden disrupts the functional connectivity of
the prefrontal and temporal cortices (63). A Clinicopathological
study in the United States with 82 participants from the National
Alzheimer’s Coordinating Center’s Data Sets found a direct
association between total volume of WMH and increased risk
of exhibiting AD neuropathology (defined as frequent neuritic
plaques and Braak stage III-VI at autopsy) (64). In agreement
with these previous studies, our study group also found that
the high-WMHs group exhibited a greater cerebral AB burden
compared with the low-WMHs group and that the cerebral
AP burden was positively correlated with WMH burden (8).
In addition, one multicenter cohort study with CSF analysis
revealed that CMBs were more frequent in patients with AD
pathology than without AD pathology (65) and another study
with Ap PET showed that parietal CMBs were associated with
cerebral AR burden (66). Although these findings suggest that
cerebral SVD may play a significant role in AD development,
there is still a possibility that cerebral AR deposition will cause
white matter alteration (67-69), due to the limitations of the
cross-sectional study design. A recent longitudinal study with
159 cognitively normal participants from the ADNI data set
showed that an increased baseline burden was associated with
faster cerebral AP accumulation in 2-years follow-up period,
suggesting WMH contributes to the development of AD (70).
Several studies have evaluated the relationship of cerebral
SVD with tau pathology, using CSF tau, immunohistochemistry
of phosphorylated tau, and tau PET imaging with '8F-AV
1451, "8 F-FDDNP, or !8F-THK-523. The results of studies
on the association between cerebral SVD and tau pathology
are conflicting. An immunohistochemistry study reported that
cortical tau load at autopsy was associated with WMH burden
in 36 cerebral hemispheres (71). A recent study using diffusion
tensor imaging revealed a decrease in fractional anisotropy,
which is an index of the WMH burden, significantly correlated
with AD biomarkers, including CSF p-tau (72). Furthermore,
a longitudinal study of 197 patients for 5.7 years showed that
MCI patients with both pathological levels of phosphorylated
tau and WMHs at baseline progressed more rapidly toward
AD. This suggested that cerebral SVD and tau pathology likely
have independent but synergistic effects on the reduction of the
cognitive reserve capacity of the brain (25). However, another
recent studies with tau PET imaging revealed that WMHs were
not significantly associated with increased p-tau burden (73).
Neurodegeneration can result from many causes and is not
specific to AD. However, the combination of an MRI or !8F-
FDG PET study with AD biomarkers provides a much more
robust prediction of future cognitive decline than an abnormal
amyloid study alone (54). A large population-based study found
that WMHs contributed to brain atrophy patterns in regions
associated with AD (74). A study using MRI revealed an
interaction between medial temporal lobe atrophy and WMHs,
suggesting that cerebral SVD and AD pathology act in synergy
in AD (75). While cerebral atrophy on MRI likely reflects
cumulative loss and shrinkage of the neuropil, ¥ F-FDG PET
probably indicates both cumulative losses of the neuropil and
functional impairment of the neurons (81). Typical findings of
E_FDG PET in AD patients are decreased glucose metabolism

in temporal and parietal cortices, posterior cingulate, and
precuneus (82), whereas more advanced AD results in decreased
glucose metabolism up to the frontal cortex (83). Our study
group reported that WMH burden was negatively correlated with
regional glucose metabolism in the bilateral frontal, temporal,
and parietal cortices, and limbic lobes in patients with cognitive
impairment (9). The decreased cerebral glucose metabolism
by WMHs is known to be due to disruption of functional
connectivity. A study using the connectivity change score on
MRI also revealed that in cognitively unimpaired subjects, those
with more impaired connectivity of their gray matter due
to WMHs also had lower glucose metabolism (76). Another
cohort study revealed that disruption of limbic white matter
pathways caused decreased glucose metabolism in the parietal
and temporal cortices and posterior cingulate in patients with
cognitive impairments (77). These findings suggest that cerebral
SVD has a similar pattern of AD with decreased cerebral glucose
metabolism and may be a cause of cognitive impairment in AD.

Although most of the studies evaluating the relationship
have shown a significant relationship between cerebral SVD
and AD biomarkers, including cerebral AP, pathologic tau,
and neurodegeneration, the results of some studies have not
(78-80). The conflicting results regarding the relationship
between cerebral SVD and AD biomarkers can be explained
by studies not adjusting the gray matter volume or by the use
of different methods to measure cerebral SVD. Additionally,
various definitions of cerebral SVD may have led to conflicting
results (11).

MECHANISMS LINKING CEREBRAL SVD
TO AD

Although the underlying mechanism of cerebral SVD to induce
AD pathology is still unclear, it can be explained by chronic
cerebral hypoperfusion (CCH) or BBB disruption from the
cerebral SVD (84). Firstly, cerebral SVD restricts the vessel
lumen, causing CCH in white matter where collateral vessels do
not develop, resulting in ischemic damage. This leads to repetitive
and selective apoptosis of oligodendrocytes that are vulnerable
to ischemia and eventually to degeneration of myelinated fibers
(85). Thus, CCH causes neurodegeneration of white matter
through neuronal energy failure, which is further facilitated by
proinflammatory cytokines via the production of reactive oxygen
species and activated microglial cells (86, 87). Additionally, CCH
can accelerate cerebral AP deposition (88). Our study group
showed that CCH could aggravate the AD pathology, including
cerebral AP and p-tau, and selectively decrease the neuronal
activity of the limbic system in rats (89). Another study with
mice overexpressing a mutant form of the human APP revealed
that CCH by bilateral common carotid artery surgery increased
cerebral Ap accumulation and promoted cognitive impairment
in combination with APP gene mutations (90). It seems that
CCH increases AP deposition by up-regulating APP processing
because overexpression of the -secretase gene on the 2nd day
and overexpression of the APP gene on the 7th and 30th was
found after global cerebral ischemia in a longitudinal study
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with rats (91). Furthermore, CCH increases hypoxia-induced
factor-1 expression, which not only activates the promoter of
p-secretase but also increases the expression of B-secretase (92).
In a vicious circle, cerebral SVD promotes AP accumulation,
thereby promoting the restriction of small vessel lumen, resulting
in irreversible neuronal damage (61). It has also been reported
that CCH causes cognitive dysfunction by reducing protein
O-GlcNAcylation and promoting tau phosphorylation in the
mouse model (93).

Secondly, another possible mechanism to induce AD
pathology by cerebral SVD is BBB disruption. Several studies
using MRI and postmortem brain pathology have reported the
presence of BBB dysfunction in AD patients, suggesting that
BBB disruption could affect AD development independent of
cerebral AP pathology (94, 95). As cerebral AP is primarily
cleared by a vascular path in BBB, the disruption in neurovascular
integrity is thought to contribute to inducing AD pathology,
resulting in the onset and progression of cognitive decline (96). A
recent study using a CSF biomarker of BBB-associated capillary
mural cell pericytes, and which examined the regional BBB
permeability using dynamic MRI, showed that patients with
AD have BBB disruption combined with cerebral SVD in the
hippocampus, regardless of cerebral Ap plaque and pathologic
tau, suggesting that BBB disruption is an early biomarker for
AD (97). Following BBB disruption, neurotoxic AP peptides
are released from the circulatory system, which eventually
exacerbates ischemic neurons leading to neuronal death (98). In
addition, the cerebral AP plaque narrows the small vessel lumen,
worsening ischemia, and causing secondary neuronal death (99).
This vicious cycle caused by this BBB disruption may cause a
loss of the neuronal network connectivity in combination with
CCH from cerebral SVD and may advance cognitive impairment
in AD.

FUTURE PROSPECTIVE

Many epidemiological, genetic, and clinical-pathological studies
support the association of cerebral SVD in developing AD.
However, the molecular mechanisms linking cerebral SVD to
AD pathogenesis are not fully understood. Some investigators
have hypothesized that the primary cause for developing AD
is cerebral SVD (8, 97, 98). Several clinical and animal studies
support this ischemic hypothesis on AD development in terms of
cerebral SVD, causing CCH. Normal aging decreases the cerebral
perfusion by about 20% when comparing 60-year-olds to those
that are 20 years old (100). In addition to decreased cerebral
perfusion in normal aging, additional decrease in cerebral
perfusion is more likely to damage neurons that are vulnerable
to ischemia (101). Studies using animal models have reported
that hippocampus is particularly vulnerable to ischemia (102). In
particular, CA1 was shown to be highly damaged after ischemia,
while CA3 and granule cells were conserved in studies using
rodent models (103). The selective injury of the hippocampus by
CCH would cause the disconnection of the hippocampal-cortical
network, thereby reducing the neuronal activity of the temporal
and parietal lobes, which in turn causes secondary neuronal

degeneration (104, 105). A study using a flow-enhanced signal
intensity technique of MRI showed that decreased perfusion
of the hippocampus was related with loss of spatial memory,
suggesting that CCH of the hippocampus is associated with
cognitive impairment in older individuals (100). After the
hippocampus is selectively damaged, the cerebral cortices, which
are functionally closely connected with the hippocampus, are
affected, and in turn the prion-like tau spreading is facilitated
by neural activity (106). In addition, cerebral SVD itself, which
occurs in white matter tracts, can contribute to cognitive
impairment, with several PET studies with '8F-FDG indicating
that secondary neuronal degeneration with disconnection is a
major factor in early posterior hypometabolism in AD (105,
107). The cingulum bundle, a prominent tract in white matter,
is disrupted by cerebral SVD, resulting in decreased glucose
metabolism in a large connected network, including the whole
memory circuit of Papez and the posterior association cortex
(104). A recent study with 503 subjects revealed that the
interaction between cerebral SVD and hippocampal volumes
explained the memory decline, suggesting memory impairment
is a heterogeneous condition with different pathologies (108).

However, there are some limitations to the ischemic
hypothesis on AD development. There is a lack of direct evidence
regarding the mechanisms that explain the development of AD
pathology by cerebral SVD. It is also unclear whether cerebral
SVD generates AD pathology directly or in combination with
other causes. In contrast, AD pathology may affect vascular and
endothelial function, which may contribute to the development
of cerebral SVD and, potentially, to failure of eliminating
abnormal neurotoxic proteins, such as AB and phosphorylated
tau, from the brain (109). Furthermore, the cause of cerebral
SVD has not yet been clarified. In addition to hypertension and
hypercholesterolemia, systemic diseases, such as disturbances of
the brain-gut-microbiota axis and chronic inflammation, which
have recently been reported as causes of AD, may contribute
to or worsen cerebral SVD development, and in turn affect
AD development (110, 111). Nevertheless, as described in this
review, recent studies on the relationship between cerebral
SVD and AD development further support the hypothesis that
cerebral SVD contributes to AD development. The mechanism
by which cerebral SVD affects AD development, along with other
complex causes, and how to prevent AD development or slow
AD progression by inhibiting this process should be studied in
the future.

CONCLUSION

In summary, there is substantial epidemiologic, genetic, and
clinical evidence regarding the association between cerebral SVD
and AD. Cerebral SVD may contribute to cognitive impairment
through cerebral AR accumulation and play a significant role in
AD development. Further investigation is required to understand
the mechanistic pathways for the contribution of cerebral SVD on
the development of AD pathology. Further longitudinal studies
regarding cerebral SVD progression should result in new insights
regarding the etiology and treatment of AD.

Frontiers in Neurology | www.frontiersin.org

August 2020 | Volume 11 | Article 927


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Kim et al.

Small Vessel Disease and AD

AUTHOR CONTRIBUTIONS

HK and JH wrote manuscript and carried out the subsequent
revisions. JJ searched literatures and prepared the supporting
material. All authors contributed to the article and approved the
submitted version.

REFERENCES

10.

11.

12.

13.

14.

15.

16.

. Weuve ],

DA. Prevalence of
(2015) 26:e4-6.

Hebert LE, Scherr PA, Evans
Alzheimer disease in US states. Epidemiology.
doi: 10.1097/EDE.0000000000000199

. Braak H, Braak E. Neuropathological stageing of Alzheimer-related

changes. (1991) 82:239-59. doi: 10.1007/BF003

08809

Acta  Neuropathol.

. Igbal K, Alonso Adel C, Chen S, Chohan MO, El-Akkad E, Gong

CX, et al. Tau pathology in Alzheimer disease and other tauopathies.
Biochim Biophys Acta. (2005) 1739:198-210. doi: 10.1016/j.bbadis.2004.
09.008

. Tolar M, Abushakra S, Sabbagh M. The path forward in Alzheimer’s disease

therapeutics: reevaluating the amyloid cascade hypothesis. Alzheimers
Dement. (2019). doi: 10.1016/j.jalz.2019.09.075

. Wardlaw JM, Smith EE, Biessels GJ, Cordonnier C, Fazekas F, Frayne R,

et al. Neuroimaging standards for research into small vessel disease and
its contribution to ageing and neurodegeneration. Lancet Neurol. (2013)
12:822-38. doi: 10.1016/S1474-4422(13)70124-8

. Moghekar A, Kraut M, Elkins W, Troncoso J, Zonderman AB, Resnick SM,

et al. Cerebral white matter disease is associated with Alzheimer pathology
in a prospective cohort. Alzheimers Dement. (2012) 8(5 Suppl.):S71-7.
doi: 10.1016/j.jalz.2012.04.006

. Snowdon DA, Greiner LH, Mortimer JA, Riley KP, Greiner PA, Markesbery

WR. Brain infarction and the clinical expression of Alzheimer disease. The
Nun Study. JAMA. (1997) 277:813-7. doi: 10.1001/jama.277.10.813

. Yi H-A, Won KS, Chang HW, Kim HW. Association between white

matter lesions and cerebral Af burden. PLoS ONE. (2018) 13:e0204313.
doi: 10.1371/journal.pone.0204313

. No H-J, Yi H-A, Won KS, Chang HW, Kim HW. Association between

white matter lesions and cerebral glucose metabolism in patients with
cognitive impairment. Rev Espani Med Nucl Imagen Mol. (2019) 38:160-6.
doi: 10.1016/j.remnie.2019.01.005

Kivipelto M, Helkala EL, Laakso MP, Hanninen T, Hallikainen M, Alhainen
K, et al. Midlife vascular risk factors and Alzheimers disease in later
life: longitudinal, population based study. BMJ. (2001) 322:1447-51.
doi: 10.1136/bm;j.322.7300.1447

Liu Y, Braidy N, Poljak A, Chan DK, Sachdev P. Cerebral small vessel disease
and the risk of Alzheimer’s disease: a systematic review. Ageing Res Rev.
(2018) 47:41-8. doi: 10.1016/j.arr.2018.06.002

Wardlaw JM, Smith C, Dichgans M. Small vessel disease: mechanisms
and clinical implications.  Lancet (2019)  18:684-96.
doi: 10.1016/S1474-4422(19)30079-1

Ter Telgte A, van Leijsen EMC, Wiegertjes K, Klijn CJM, Tuladhar AM,
de Leeuw FE. Cerebral small vessel disease: from a focal to a global
perspective. Nat Rev Neurol. (2018) 14:387-98. doi: 10.1038/s41582-018-0
014-y

Gouw AA, Seewann A, van der Flier WM, Barkhof F, Rozemuller AM,
Scheltens P, et al. Heterogeneity of small vessel disease: a systematic review of
MRI and histopathology correlations. ] Neurol Neurosurg Psychiatry. (2011)
82:126-35. doi: 10.1136/jnnp.2009.204685

Joutel A, Chabriat H. Pathogenesis of white matter changes in cerebral small
vessel diseases: beyond vessel-intrinsic mechanisms. Clin Sci (Lond). (2017)
131:635-51. doi: 10.1042/CS20160380

Keith J, Gao FQ, Noor R, Kiss A, Balasubramaniam G, Au K, et al.
Collagenosis of the deep medullary veins: an underrecognized pathologic
correlate of white matter hyperintensities and periventricular infarction? J
Neuropathol Exp Neurol. (2017) 76:299-312. doi: 10.1093/jnen/nlx009

Neurol.

FUNDING

This

work was supported by a National Research

Foundation of Korea (NRF) grant funded by the Korea
Government (MSIP) (grant nos. 2014R1A5A2010008 and
2020R1F1A1070405).

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Shoamanesh A, Kwok CS, O. Cerebral microbleeds:
histopathological correlation of neuroimaging. Cerebrovasc Dis. (2011)
32:528-34. doi: 10.1159/000331466

Cummings JL. Frontal-subcortical circuits and human behavior. Arch
Neurol. (1993) 50:873-80. doi: 10.1001/archneur.1993.00540080076020
Gunning-Dixon FM, Raz N. The cognitive correlates of white matter
abnormalities in normal aging: a quantitative review. Neuropsychology.
(2000) 14:224-32. doi: 10.1037/0894-4105.14.2.224

Lawrence AJ, Chung AW, Morris RG, Markus HS, Barrick TR. Structural
network efficiency is associated with cognitive impairment in small-vessel
disease. Neurology. (2014) 83:304-11. doi: 10.1212/WNL.0000000000000612
Tuladhar AM, van Dijk E, Zwiers MP, van Norden AG, de Laat
KF, Shumskaya E, et al. Structural network connectivity and cognition
in cerebral small vessel disease. Hum Brain Mapp. (2016) 37:300-10.
doi: 10.1002/hbm.23032

Dey AK, Stamenova V, Turner G, Black SE, Levine B. Pathoconnectomics of
cognitive impairment in small vessel disease: a systematic review. Alzheimer’s
Dem. (2016) 12:831-45. doi: 10.1016/}.jalz.2016.01.007

Papma JM, den Heijer T, de Koning I, Mattace-Raso FU, van der Lugt A, van
der Lijn E et al. The influence of cerebral small vessel disease on default mode
network deactivation in mild cognitive impairment. Neuroimage Clin. (2012)
2:33-42. doi: 10.1016/j.nicl.2012.11.005

Kuller LH. Risk factors for dementia in the Cardiovascular Health Study
cognition study. Rev Neurol. (2003) 37:122-6. doi: 10.33588/rn.3702.2002445
Hertze ], Palmgyist S, Minthon L, Hansson O. Tau pathology and parietal
white matter lesions have independent but synergistic effects on early
development of Alzheimer’s disease. Dement Geriatr Cogn Dis Extra. (2013)
3:113-22. doi: 10.1159/000348353

Tosto G, Zimmerman ME, Hamilton JL, Carmichael OT, Brickman
AM, Alzheimer’s Disease Neuroimaging I. The effect of white matter
hyperintensities on neurodegeneration in mild cognitive impairment.
Alzheimers Dement. (2015) 11:1510-9. doi: 10.1016/j.jalz.2015.05.014

Kim S, Choi SH, Lee YM, Kim MJ, Kim YD, Kim JY, et al. Periventricular
white matter hyperintensities and the risk of dementia: a CREDOS study. Int
Psychogeriatr. (2015) 27:2069-77. doi: 10.1017/51041610215001076
Lindemer ER, Salat DH, Smith EE, Nguyen K, Fischl B, Greve
DN, et al. White matter signal abnormality quality differentiates
mild cognitive impairment that converts to Alzheimers disease
from  nonconverters.  Neurobiol — Aging.  (2015)  36:2447-57.
doi: 10.1016/j.neurobiolaging.2015.05.011

Ye S, Dong S, Tan ], Chen L, Yang H, Chen Y, et al. White-matter
hyperintensities and lacunar infarcts are associated with an increased risk
of Alzheimer’s disease in the elderly in China. J Clin Neurol. (2019) 15:46-53.
doi: 10.3988/jcn.2019.15.1.46

Salvado G, Brugulat-Serrat A, Sudre CH, Grau-Rivera O, Suarez-Calvet M,
Falcon C, et al. Spatial patterns of white matter hyperintensities associated
with Alzheimer’s disease risk factors in a cognitively healthy middle-aged
cohort. Alzheimers Res Ther. (2019) 11:12. doi: 10.1186/s13195-018-0460-1
Tapiola T, Pennanen C, Tapiola M, Tervo S, Kivipelto M, Hanninen
T, et al. MRI of hippocampus and entorhinal cortex in mild cognitive
impairment: a follow-up study. Neurobiol Aging. (2008) 29:31-8.
doi: 10.1016/j.neurobiolaging.2006.09.007

Rosano C, Aizenstein HJ, Wu M, Newman AB, Becker JT, Lopez OL,
et al. Focal atrophy and cerebrovascular disease increase dementia risk
among cognitively normal older adults. ] Neuroimaging. (2007) 17:148-55.
doi: 10.1111/j.1552-6569.2007.00093.x

Eckerstrom C, Olsson E, Klasson N, Berge ], Nordlund A, Bjerke M,
et al. Multimodal prediction of dementia with up to 10 years follow

Benavente

Frontiers in Neurology | www.frontiersin.org

August 2020 | Volume 11 | Article 927


https://doi.org/10.1097/EDE.0000000000000199
https://doi.org/10.1007/BF00308809
https://doi.org/10.1016/j.bbadis.2004.09.008
https://doi.org/10.1016/j.jalz.2019.09.075
https://doi.org/10.1016/S1474-4422(13)70124-8
https://doi.org/10.1016/j.jalz.2012.04.006
https://doi.org/10.1001/jama.277.10.813
https://doi.org/10.1371/journal.pone.0204313
https://doi.org/10.1016/j.remnie.2019.01.005
https://doi.org/10.1136/bmj.322.7300.1447
https://doi.org/10.1016/j.arr.2018.06.002
https://doi.org/10.1016/S1474-4422(19)30079-1
https://doi.org/10.1038/s41582-018-0014-y
https://doi.org/10.1136/jnnp.2009.204685
https://doi.org/10.1042/CS20160380
https://doi.org/10.1093/jnen/nlx009
https://doi.org/10.1159/000331466
https://doi.org/10.1001/archneur.1993.00540080076020
https://doi.org/10.1037/0894-4105.14.2.224
https://doi.org/10.1212/WNL.0000000000000612
https://doi.org/10.1002/hbm.23032
https://doi.org/10.1016/j.jalz.2016.01.007
https://doi.org/10.1016/j.nicl.2012.11.005
https://doi.org/10.33588/rn.3702.2002445
https://doi.org/10.1159/000348353
https://doi.org/10.1016/j.jalz.2015.05.014
https://doi.org/10.1017/S1041610215001076
https://doi.org/10.1016/j.neurobiolaging.2015.05.011
https://doi.org/10.3988/jcn.2019.15.1.46
https://doi.org/10.1186/s13195-018-0460-1
https://doi.org/10.1016/j.neurobiolaging.2006.09.007
https://doi.org/10.1111/j.1552-6569.2007.00093.x
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Kim et al.

Small Vessel Disease and AD

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

up: the Gothenburg MCI study. | Alzheimers Dis. (2015) 44:205-14.
doi: 10.3233/JAD-141053

Miwa K, Tanaka M, Okazaki S, Yagita Y, Sakaguchi M, Mochizuki
H, et al. Multiple or mixed cerebral microbleeds and dementia
in patients with vascular risk factors. Neurology. (2014) 83:646-53.
doi: 10.1212/WNL.0000000000000692

Staekenborg SS, Koedam EL, Henneman W], Stokman P, Barkhof E
Scheltens P, et al. Progression of mild cognitive impairment to dementia:
contribution of cerebrovascular disease compared with medial temporal lobe
atrophy. Stroke. (2009) 40:1269-74. doi: 10.1161/STROKEAHA.108.531343
Strozyk D, Dickson DW, Lipton RB, Katz M, Derby CA, Lee
S, et al. Contribution of vascular pathology to the clinical
expression of dementia. Neurobiol Aging. (2010) 31:1710-20.
doi: 10.1016/j.neurobiolaging.2008.09.011

Boyle PA, Yu L, Nag S, Leurgans S, Wilson RS, Bennett DA,
et al. Cerebral amyloid angiopathy and cognitive outcomes in
community-based  older persons. Neurology. (2015)  85:1930-6.
doi: 10.1212/WNL.0000000000002175

Arvanitakis Z, Capuano AW, Leurgans SE, Bennett DA, Schneider JA.
Relation of cerebral vessel disease to Alzheimer’s disease dementia and
cognitive function in elderly people: a cross-sectional study. Lancet Neurol.
(2016) 15:934-43. doi: 10.1016/S1474-4422(16)30029-1

Wu Y-T, Prina AM, Brayne C. The association between community
environment and cognitive function: a systematic review. Soc Psychiatry
Psychiatr Epidemiol. (2015) 50:351-62. doi: 10.1007/s00127-014-0945-6
Lamb BT. Presenilins, amyloid-beta and Alzheimer’s disease. Nat Med.
(1997) 3:28-9. doi: 10.1038/nm0197-28

Huang Y, Mahley RW. Apolipoprotein E: structure and function in lipid
metabolism, neurobiology, and Alzheimer’s diseases. Neurobiol Dis. (2014)
72 (Pt A):3-12. doi: 10.1016/j.nbd.2014.08.025

Corder EH, Saunders AM, Risch NJ, Strittmatter W], Schmechel DE, Gaskell
PC, et al. Protective effect of apolipoprotein E type 2 allele for late onset
Alzheimer disease. Nat Genet. (1994) 7:180-4. doi: 10.1038/ng0694-180
Yamazaki Y, Zhao N, Caulfield TR, Liu CC, Bu G. Apolipoprotein E and
Alzheimer disease: pathobiology and targeting strategies. Nat Rev Neurol.
(2019) 15:501-18. doi: 10.1038/s41582-019-0228-7

Adluru N, Destiche DJ, Lu SY, Doran ST, Birdsill AC, Melah KE, et al.
White matter microstructure in late middle-age: effects of apolipoprotein E4
and parental family history of Alzheimer’s disease. Neuroimage Clin. (2014)
4:730-42. doi: 10.1016/j.nicl.2014.04.008

Sudre CH, Cardoso MJ, Frost C, Barnes ], Barkhof E, Fox N, et al. APOE
epsilon4 status is associated with white matter hyperintensities volume
accumulation rate independent of AD diagnosis. Neurobiol Aging. (2017)
53:67-75. doi: 10.1016/j.neurobiolaging.2017.01.014

Rojas S, Brugulat-Serrat A, Bargallo N, Minguillon C, Tucholka A, Falcon
C, et al. Higher prevalence of cerebral white matter hyperintensities
in homozygous APOE-varepsilon4 allele carriers aged 45-75: Results
from the ALFA study. ] Cereb Blood Flow Metab. (2018) 38:250-61.
doi: 10.1177/0271678X17707397

Bell RD, Winkler EA, Singh I, Sagare AP, Deane R, Wu Z, et al
Apolipoprotein E controls cerebrovascular integrity via cyclophilin A.
Nature. (2012) 485:512-6. doi: 10.1038/nature11087

Schuur M, van Swieten JC, Schol-Gelok S, Ikram MA, Vernooij MW,
Liu E et al
in hypertensive patients from a genetically isolated population. [
Neurol Neurosurg Psychiatry. (2011) 82:41-4. doi: 10.1136/jnnp.2009.1
76362

Rogaeva E, Meng Y, Lee JH, Gu Y, Kawarai T, Zou F, et al. The neuronal
sortilin-related receptor SORLI is genetically associated with Alzheimer
disease. Nature genetics. (2007) 39:168. doi: 10.1038/ng1943

Traylor M, Adib-Samii P, Harold D, Alzheimer’s Disease Neuroimaging
Initiative TISGC, UK Young Lacunar Stroke DNA resource, Dichgans M,
et al. Shared genetic contribution to ischemic stroke and Alzheimer’s disease.
Ann Neurol. (2016) 79:739-47. doi: 10.1002/ana.24621

Mansoori N, Tripathi M, Luthra K, Alam R, Lakshmy R, Sharma §,
et al. MTHEFR (677 and 1298) and IL-6-174 G/C genes in pathogenesis of
Alzheimer’s and vascular dementia and their epistatic interaction. Neurobiol
Aging. (2012) 33:1003 el-e8. doi: 10.1016/j.neurobiolaging.2011.09.018

Genetic risk factors for cerebral small-vessel disease

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Blumenau S, Foddis M, Muller S, Holtgrewe M, Bentele K, Berchtold D, et al.
Investigating APOE, APP-Abeta metabolism genes and Alzheimer’s disease
GWAS hits in brain small vessel ischemic disease. Sci Rep. (2020) 10:7103.
doi: 10.1038/541598-020-63183-5

Kandel BM, Avants BB, Gee JC, McMillan CT, Erus G, Doshi J,
et al. White matter hyperintensities are more highly associated with
preclinical Alzheimer’s disease than imaging and cognitive markers
of neurodegeneration. Alzheimers Dement (Amst). (2016) 4:18-27.
doi: 10.1016/j.dadm.2016.03.001

Jack CR, Jr., Bennett DA, Blennow K, Carrillo MC, Dunn B, et al. NIA-AA
Research Framework: toward a biological definition of Alzheimer’s disease.
Alzheimers Dement. (2018) 14:535-62. doi: 10.1016/j.jalz.2018.02.018
Hellwig S, Frings L, Bormann T, Vach W, Buchert R, Meyer PT. Amyloid
imaging for differential diagnosis of dementia: incremental value compared
to clinical diagnosis and [(18)F]FDG PET. Eur ] Nucl Med Mol Imaging.
(2019) 46:312-23. doi: 10.1007/s00259-018-4111-3

Okamura N, Harada R, Furumoto S, Arai H, Yanai K, Kudo Y. Tau PET
imaging in Alzheimer’s disease. Curr Neurol Neurosci Rep. (2014) 14:500.
doi: 10.1007/s11910-014-0500-6

Ossenkoppele R, Tolboom N, Foster-Dingley JC, Adriaanse SE, Boellaard
R, Yaqub M, et al. Longitudinal imaging of Alzheimer pathology using
[11C]PIB, [18F]FDDNP and [18F]FDG PET. Eur ] Nucl Med Mol Imaging.
(2012) 39:990-1000. doi: 10.1007/500259-012-2102-3

Kester MI, Goos JD, Teunissen CE, Benedictus MR, Bouwman FH, Wattjes
MBP, et al. Associations between cerebral small-vessel disease and Alzheimer
disease pathology as measured by cerebrospinal fluid biomarkers. JAMA
Neurol. (2014) 71:855-62. doi: 10.1001/jamaneurol.2014.754

van Westen D, Lindqvist D, Blennow K, Minthon L, Nagga K, Stomrud E,
et al. Cerebral white matter lesions - associations with Abeta isoforms and
amyloid PET. Sci Rep. (2016) 6:20709. doi: 10.1038/srep20709

Wei K, Tran T, Chu K, Borzage MT, Braskie MN, Harrington MG,
et al. White matter hypointensities and hyperintensities have equivalent
correlations with age and CSF beta-amyloid in the nondemented elderly.
Brain Behav. (2019) 9:e01457. doi: 10.1002/brb3.1457

Noguchi-Shinohara M, Komatsu J, Samuraki M, Matsunari I, Ikeda T, Sakai
K, et al. Cerebral amyloid angiopathy-related microbleeds and cerebrospinal
fluid biomarkers in Alzheimer’s disease. ] Alzheimer’s Dis. (2017) 55:905-13.
doi: 10.3233/JAD-160651

Gurol ME, Irizarry MC, Smith EE, Raju S, Diaz-Arrastia R, Bottiglieri
T, et al. Plasma beta-amyloid and white matter lesions in AD,
MCI, and cerebral amyloid angiopathy. Neurology. (2006) 66:23-9.
doi: 10.1212/01.wnl.0000191403.95453.6a

Zhou Y, Yu E Duong TQ, Alzheimer’s Disease Neuroimaging I. White
matter lesion load is associated with resting state functional MRI activity
and amyloid PET but not FDG in mild cognitive impairment and early
Alzheimer’s disease patients. ] Magn Reson Imaging. (2015) 41:102-9.
doi: 10.1002/jmri.24550

Alosco ML, Sugarman MA, Besser LM, Tripodis Y, Martin B, Palmisano
JN, et al. A clinicopathological investigation of white matter hyperintensities
and alzheimer’s disease neuropathology. ] Alzheimers Dis. (2018) 63:1347-60.
doi: 10.3233/JAD-180017

Mendes A, Bertrand A, Lamari E Colliot O, Routier A, Godefroy
O, et al. Cerebral microbleeds and CSF Alzheimer biomarkers
in primary progressive aphasias. Neurology. (2018) 90:e1057-e65.
doi: 10.1212/WNL.0000000000005165

Lim EY, Ryu SY, Shim YS, Yang DW, Cho AH. Coexistence of cerebral
microbleeds and amyloid pathology in patients with cognitive complaints.
J Clin Neurol. (2020) 16:83-9. doi: 10.3988/jcn.2020.16.1.83

Caballero MAA, Song Z, Rubinski A, Duering M, Dichgans M, Park DC,
et al. Age-dependent amyloid deposition is associated with white matter
alterations in cognitively normal adults during the adult life span. Alzheimers
Dement. (2020) 16:651-61. doi: 10.1002/alz.12062

Weaver NA, Doeven T, Barkhof F, Biesbroek JM, Groeneveld ON, Kuijf HJ,
et al. Cerebral amyloid burden is associated with white matter hyperintensity
location in specific posterior white matter regions. Neurobiol Aging. (2019)
84:225-34. doi: 10.1016/j.neurobiolaging.2019.08.001

Al-Janabi OM, Brown CA, Bahrani AA, Abner EL, Barber JM, Gold BT,
et al. Distinct white matter changes associated with cerebrospinal fluid

Frontiers in Neurology | www.frontiersin.org

August 2020 | Volume 11 | Article 927


https://doi.org/10.3233/JAD-141053
https://doi.org/10.1212/WNL.0000000000000692
https://doi.org/10.1161/STROKEAHA.108.531343
https://doi.org/10.1016/j.neurobiolaging.2008.09.011
https://doi.org/10.1212/WNL.0000000000002175
https://doi.org/10.1016/S1474-4422(16)30029-1
https://doi.org/10.1007/s00127-014-0945-6
https://doi.org/10.1038/nm0197-28
https://doi.org/10.1016/j.nbd.2014.08.025
https://doi.org/10.1038/ng0694-180
https://doi.org/10.1038/s41582-019-0228-7
https://doi.org/10.1016/j.nicl.2014.04.008
https://doi.org/10.1016/j.neurobiolaging.2017.01.014
https://doi.org/10.1177/0271678X17707397
https://doi.org/10.1038/nature11087
https://doi.org/10.1136/jnnp.2009.176362
https://doi.org/10.1038/ng1943
https://doi.org/10.1002/ana.24621
https://doi.org/10.1016/j.neurobiolaging.2011.09.018
https://doi.org/10.1038/s41598-020-63183-5
https://doi.org/10.1016/j.dadm.2016.03.001
https://doi.org/10.1016/j.jalz.2018.02.018
https://doi.org/10.1007/s00259-018-4111-3
https://doi.org/10.1007/s11910-014-0500-6
https://doi.org/10.1007/s00259-012-2102-3
https://doi.org/10.1001/jamaneurol.2014.754
https://doi.org/10.1038/srep20709
https://doi.org/10.1002/brb3.1457
https://doi.org/10.3233/JAD-160651
https://doi.org/10.1212/01.wnl.0000191403.95453.6a
https://doi.org/10.1002/jmri.24550
https://doi.org/10.3233/JAD-180017
https://doi.org/10.1212/WNL.0000000000005165
https://doi.org/10.3988/jcn.2020.16.1.83
https://doi.org/10.1002/alz.12062
https://doi.org/10.1016/j.neurobiolaging.2019.08.001
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Kim et al.

Small Vessel Disease and AD

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

amyloid-betal-42 and hypertension. ] Alzheimers Dis. (2018) 66:1095-104.
doi: 10.3233/JAD-180663

Moscoso A, Rey-Bretal D, Silva-Rodriguez J, Aldrey JM, Cortes J, Pias-
Peleteiro ], et al. White matter hyperintensities are associated with
subthreshold amyloid accumulation. Neuroimage. (2020) 218:116944.
doi: 10.1016/j.neuroimage.2020.116944

McAleese KE, Firbank M, Dey M, Colloby S], Walker L, Johnson M, et al.
Cortical tau load is associated with white matter hyperintensities. Acta
Neuropathol Commun. (2015) 3:60. doi: 10.1186/s40478-015-0240-0

Hoy AR, Ly M, Carlsson CM, Okonkwo OC, Zetterberg H, Blennow K, et al.
Microstructural white matter alterations in preclinical Alzheimer’s disease
detected using free water elimination diffusion tensor imaging. PLoS ONE.
(2017) 12:e0173982. doi: 10.1371/journal.pone.0173982

Graft-Radford ], Arenaza-Urquijo EM, Knopman DS, Schwarz CG,
Brown RD, Rabinstein AA, et al. White matter hyperintensities:
relationship to amyloid and tau burden. Brain. (2019) 142:2483-91.
doi: 10.1093/brain/awz162

Habes M, Erus G, Toledo JB, Zhang T, Bryan N, Launer L], et al. White
matter hyperintensities and imaging patterns of brain ageing in the general
population. Brain. (2016) 139 (Pt 4):1164-79. doi: 10.1093/brain/aww008
Van der Flier W, Middelkoop H, Weverling-Rijnsburger A, Admiraal-
Behloul E, Spilt A, Bollen E, et al. Interaction of medial temporal lobe atrophy
and white matter hyperintensities in AD. Neurology. (2004) 62:1862-4.
doi: 10.1212/01.WNL.0000125337.65553.8 A

Glodzik L, Kuceyeski A, Rusinek H, Tsui W, Mosconi L, Li Y,
et al. Reduced glucose uptake and Abeta in brain regions with
hyperintensities in connected white matter. Neuroimage. (2014) 100:684-91.
doi: 10.1016/j.neuroimage.2014.06.060

Bozoki AC, Korolev IO, Davis NC, Hoisington LA, Berger KL. Disruption of
limbic white matter pathways in mild cognitive impairment and Alzheimer’s
disease: a DTI/FDG-PET study. Hum Brain Mapp. (2012) 33:1792-802.
doi: 10.1002/hbm.21320

Lo RY, Jagust W], Alzheimer’s Disease Neuroimaging I. Vascular burden and
Alzheimer disease pathologic progression. Neurology. (2012) 79:1349-55.
doi: 10.1212/WNL.0b013e31826c1b9d

Nolze-Charron G, Mouiha A, Duchesne S, Bocti C, Alzheimer’s disease
neuroimaging i. white matter hyperintensities in mild cognitive impairment
and lower risk of cognitive decline. J Alzheimers Dis. (2015) 46:855-62.
doi: 10.3233/JAD-140618

Soldan A, Pettigrew C, Zhu Y, Wang MC, Moghekar A, Gottesman
RE et al. White matter hyperintensities and CSF Alzheimer disease
biomarkers in preclinical Alzheimer disease. Neurology. (2019) 94:9 €950-60.
doi: 10.1212/WNL.0000000000008864

Knopman DS, Penman A, Catellier D, Coker L, Shibata D, Sharrett A, et al.
Vascular risk factors and longitudinal changes on brain MRI: the ARIC study.
Neurology. (2011) 76:1879-85. doi: 10.1212/WNL.0b013e31821d753f
Nasrallah IM, Wolk DA. Multimodality imaging of Alzheimer disease
and other neurodegenerative dementias. /] Nucl Med. (2014) 55:2003-11.
doi: 10.2967/jnumed.114.141416

Marchitelli R, Aiello M, Cachia A, Quarantelli M, Cavaliere C, Postiglione
A, et al. Simultaneous resting-state FDG-PET/fMRI in Alzheimer disease:
relationship between glucose metabolism and intrinsic activity. Neuroimage.
(2018) 176:246-58. doi: 10.1016/j.neuroimage.2018.04.048

Pantoni L. Cerebral small vessel disease: from pathogenesis and clinical
characteristics to therapeutic challenges. Lancet Neurol. (2010) 9:689-701.
doi: 10.1016/S1474-4422(10)70104-6

Petito CK, Olarte JP, Roberts B, Nowak TS, Jr., Pulsinelli WA. Selective glial
vulnerability following transient global ischemia in rat brain. ] Neuropathol
Exp Neurol. (1998) 57:231-8. doi: 10.1097/00005072-199803000-00004
Bang J, Jeon WK, Lee IS, Han JS, Kim BY. Biphasic functional regulation
in hippocampus of rat with chronic cerebral hypoperfusion induced by
permanent occlusion of bilateral common carotid artery. PLoS ONE. (2013)
8:€70093. doi: 10.1371/journal.pone.0070093

Urabe T. [Molecular mechanism and new protective strategy for
ischemic white matter damages]. Rinsho Shinkeigaku. (2012) 52:908-10.
doi: 10.5692/clinicalneurol.52.908

Kitaguchi H, Tomimoto H, Ihara M, Shibata M, Uemura K, Kalaria RN,
et al. Chronic cerebral hypoperfusion accelerates amyloid B deposition

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

in APPSwind transgenic mice. Brain research. (2009) 1294:202-10.
doi: 10.1016/j.brainres.2009.07.078

Park JH, Hong JH, Lee SW, Ji HD, Jung JA, Yoon KW, et al. The effect
of chronic cerebral hypoperfusion on the pathology of Alzheimer’s disease:
a positron emission tomography study in rats. Sci Rep. (2019) 9:14102.
doi: 10.1038/s41598-019-50681-4

Yamada M, Thara M, Okamoto Y, Maki T, Washida K, Kitamura A, et al.
The influence of chronic cerebral hypoperfusion on cognitive function and
amyloid beta metabolism in APP overexpressing mice. PLoS ONE. (2011)
6:¢16567. doi: 10.1371/journal.pone.0016567

Pluta R, Kocki J, Ulamek-Koziol M, Petniak A, Gil-Kulik P, Januszewski S,
et al. Discrepancy in expression of beta-secretase and amyloid-beta protein
precursor in Alzheimer-related genes in the rat medial temporal lobe cortex
following transient global brain ischemia. J Alzheimers Dis. (2016) 51:1023-
31. doi: 10.3233/JAD-151102

Zhang X, Zhou K, Wang R, Cui J, Lipton SA, Liao F-E et al
Hypoxia-inducible factor 1o (HIF-1a)-mediated hypoxia increases BACE1
expression and B-amyloid generation. J Biol Chem. (2007) 282:10873-80.
doi: 10.1074/jbc.M608856200

Zhao Y, Gu J-h, Dai C-], Liu Q, Igbal K, Liu F et al. Chronic cerebral
hypoperfusion causes decrease of O-GlcNAcylation, hyperphosphorylation
of tau and behavioral deficits in mice. Front Aging Neurosci. (2014) 6:10.
doi: 10.3389/fnagi.2014.00010

Erickson MA, Banks WA. Blood-brain barrier dysfunction as a cause and
consequence of Alzheimer’s disease. J Cerebral Blood Flow Metab. (2013)
33:1500-13. doi: 10.1038/jcbfm.2013.135

Deane R, Wu Z, Zlokovic BV. RAGE (yin) versus LRP (yang)
balance regulates Alzheimer amyloid B-peptide clearance through
transport across the blood-brain barrier. Stroke. (2004) 35:2628-31.
doi: 10.1161/01.STR.0000143452.85382.d1

Zlokovic BV. Neurovascular pathways to neurodegeneration in Alzheimer’s
disease and other disorders. Nat Rev Neurosci. (2011) 12:723-38.
doi: 10.1038/nrn3114

Nation DA, Sweeney MD, Montagne A, Sagare AP, D’Orazio LM,
Pachicano M, et al. Blood-brain barrier breakdown is an early
biomarker of human cognitive dysfunction. Nat Med. (2019) 25:270.
doi: 10.1038/s41591-018-0297-y

Pluta R, Amek MU. Brain ischemia and ischemic blood-brain barrier
as etiological factors in sporadic Alzheimer’s disease. Neuropsychiatr Dis
Treatment. (2008) 4:855. doi: 10.2147/NDT.S3739

Kalaria RN. The role of cerebral ischemia in Alzheimer’s disease. Neurobiol
Aging. (2000) 21:321-30. doi: 10.1016/S0197-4580(00)00125-1

Heo S, Prakash RS, Voss MW, Erickson KI, Ouyang C, Sutton BP, et al.
Resting hippocampal blood flow, spatial memory and aging. Brain Res.
(2010) 1315:119-27. doi: 10.1016/j.brainres.2009.12.020

de la Torre JC. Critically attained threshold of cerebral hypoperfusion: the
CATCH hypothesis of Alzheimer’s pathogenesis. Neurobiol Aging. (2000)
21:331-42. doi: 10.1016/S0197-4580(00)00111-1

Schmidt-Kastner R. Genomic approach to selective vulnerability of the
hippocampus in brain ischemia-hypoxia. Neuroscience. (2015) 309:259-79.
doi: 10.1016/j.neuroscience.2015.08.034

Bothe H, Bosma H, Hofer H, Hossmann K, Angermeier W. Selective
vulnerability of hippocampus and disturbances of memory storage after
mild unilateral ischemia of gerbil brain. Stroke. (1986) 17:1160-3.
doi: 10.1161/01.STR.17.6.1160

Villain N, Desgranges B, Viader F, De La Sayette V, Mézenge F, Landeau B,
et al. Relationships between hippocampal atrophy, white matter disruption,
and gray matter hypometabolism in Alzheimer’s disease. ] Neurosci. (2008)
28:6174-81. doi: 10.1523/J]NEUROSCI.1392-08.2008

Teipel S, Grothe M]J, Initiative AsDN. Does posterior cingulate
hypometabolism result from disconnection or local pathology across
preclinical and clinical stages of Alzheimer’s disease? Europ ] Nucl Med Mol
Imaging. (2016) 43:526-36. doi: 10.1007/500259-015-3222-3

Franzmeier N, Rubinski A, Neitzel J, Kim Y, Damm A, Na DL, et al.
Functional connectivity associated with tau levels in ageing, Alzheimer’s, and
small vessel disease. Brain. (2019) 142:1093-107. doi: 10.1093/brain/awz026
Mutlu ], Landeau B, Tomadesso C, de Flores R, Mézenge E, de La Sayette
V, et al. Connectivity disruption, atrophy, and hypometabolism within

Frontiers in Neurology | www.frontiersin.org

10

August 2020 | Volume 11 | Article 927


https://doi.org/10.3233/JAD-180663
https://doi.org/10.1016/j.neuroimage.2020.116944
https://doi.org/10.1186/s40478-015-0240-0
https://doi.org/10.1371/journal.pone.0173982
https://doi.org/10.1093/brain/awz162
https://doi.org/10.1093/brain/aww008
https://doi.org/10.1212/01.WNL.0000125337.65553.8A
https://doi.org/10.1016/j.neuroimage.2014.06.060
https://doi.org/10.1002/hbm.21320
https://doi.org/10.1212/WNL.0b013e31826c1b9d
https://doi.org/10.3233/JAD-140618
https://doi.org/10.1212/WNL.0000000000008864
https://doi.org/10.1212/WNL.0b013e31821d753f
https://doi.org/10.2967/jnumed.114.141416
https://doi.org/10.1016/j.neuroimage.2018.04.048
https://doi.org/10.1016/S1474-4422(10)70104-6
https://doi.org/10.1097/00005072-199803000-00004
https://doi.org/10.1371/journal.pone.0070093
https://doi.org/10.5692/clinicalneurol.52.908
https://doi.org/10.1016/j.brainres.2009.07.078
https://doi.org/10.1038/s41598-019-50681-4
https://doi.org/10.1371/journal.pone.0016567
https://doi.org/10.3233/JAD-151102
https://doi.org/10.1074/jbc.M608856200
https://doi.org/10.3389/fnagi.2014.00010
https://doi.org/10.1038/jcbfm.2013.135
https://doi.org/10.1161/01.STR.0000143452.85382.d1
https://doi.org/10.1038/nrn3114
https://doi.org/10.1038/s41591-018-0297-y
https://doi.org/10.2147/NDT.S3739
https://doi.org/10.1016/S0197-4580(00)00125-1
https://doi.org/10.1016/j.brainres.2009.12.020
https://doi.org/10.1016/S0197-4580(00)00111-1
https://doi.org/10.1016/j.neuroscience.2015.08.034
https://doi.org/10.1161/01.STR.17.6.1160
https://doi.org/10.1523/JNEUROSCI.1392-08.2008
https://doi.org/10.1007/s00259-015-3222-3
https://doi.org/10.1093/brain/awz026
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Kim et al.

Small Vessel Disease and AD

108.

109.

110.

posterior cingulate networks in Alzheimer’s disease. Front Neurosci. (2016)
10:582. doi: 10.3389/fnins.2016.00582

van Leijsen EMC, Tay J, van Uden IWM, Kooijmans ECM, Bergkamp MI,
van der Holst HM, et al. Memory decline in elderly with cerebral small
vessel disease explained by temporal interactions between white matter
hyperintensities and hippocampal atrophy. Hippocampus. (2019) 29:500-10.
doi: 10.1002/hipo.23039

Castellano JM, Kim ], Stewart FR, Jiang H, DeMattos RB, Patterson
BW, et al. Human apoE isoforms differentially regulate brain
amyloid-beta peptide clearance. Sci Transl Med. (2011) 3:89ra57.
doi: 10.1126/scitranslmed.3002156

Shen L, Ji HF. Associations between gut microbiota and Alzheimer’s
disease: current evidences and future therapeutic and diagnostic
perspectives. | Alzheimers Dis. (2019) 68:25-31. doi: 10.3233/JAD-1
81143

111.

Tao Q, Ang TFA, DeCarli C, Auerbach SH, Devine S, Stein TD,
et al. Association of chronic low-grade inflammation with risk of
Alzheimer disease in ApoE4 carriers. JAMA Netw Open. (2018) 1:e183597.
doi: 10.1001/jamanetworkopen.2018.3597

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Kim, Hong and Jeon. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org

11

August 2020 | Volume 11 | Article 927


https://doi.org/10.3389/fnins.2016.00582
https://doi.org/10.1002/hipo.23039
https://doi.org/10.1126/scitranslmed.3002156
https://doi.org/10.3233/JAD-181143
https://doi.org/10.1001/jamanetworkopen.2018.3597
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Cerebral Small Vessel Disease and Alzheimer's Disease: A Review
	Introduction
	Review of the Literature
	Cerebral Small Vessel Disease
	Relationship Between AD Risk and Cerebral SVD
	Genetic Contributions to Both AD and Cerebral Small Vessel Disease
	Relationship Between AD Biomarkers and Cerebral SVD
	Mechanisms Linking Cerebral SVD to AD
	Future Prospective
	Conclusion
	Author Contributions
	Funding
	References


