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Pathophysiology of Vascular
Cognitive Impairment (l):
Theoretical Background

Di Yu, Walter Swardfager, and Sandra E. Black

7.1 Introduction

Vascular cognitive impairment (VCI) is defined
as a syndrome with evidence of clinical stroke
or vascular brain injury associated with cogni-
tive impairment affecting at least one cognitive
domain [1]. It includes to a full range of cogni-
tive deficits secondary to cerebrovascular cere-
bral vascular injury, with vascular dementia
being the most severe manifestation.
Cerebrovascular pathology has been recog-
nized as the second most common cause of
dementia, as well as the commonest pathologi-
cal comorbidity in Alzheimer’s dementia,
highlighting the importance of cerebrovascular
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factors in cognitive decline from a global per-
spective. Risk factors for VCI include aging,
vascular disorders such as hypertension, diabe-
tes, smoking, and genetic mutations.
Historically, VCI was attributed to occlusive
large artery disease leading to multiple lacunes
or focal territorial, cortical-subcortical infarcts,
as suggested by Hachinski’s term “multi-
infarct dementia,” introduced in the 1970s to
distinguish vascular dementia from the neuro-
degenerative disorders (Fig. 7.1) [1]. Advances
in neuroimaging, and autopsy studies, have
revealed new substrates in the pathogenesis of
VCI, including subcortical white matter hyper-
intensities, microinfarcts, microbleeds, and
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Fig. 7.1 A Tl1-weighted MRI of a 70-year-old woman
with multi-infarct dementia who suffered bilateral dorsal
medial thalamic infarcts (yellow solid arrows) causing
marked short-term memory loss, followed by a right

other subtler changes including a decline in the
microstructural integrity of brain tissue appear-
ing normal on anatomical brain scans, particu-
larly mild VCI or in early stages. Because the
pathogenic mechanisms of VCI are complex
and heterogenous, the pathophysiology of VCI

medial frontal infarct (red open arrows) a few years later
causing profound apathy and loss of initiation of mental
and physical activity

remains yet to be fully understood. In this
chapter, the known pathophysiological mecha-
nism of VCI will be reviewed. The roles that
concepts such as the neurovascular unit, neu-
rotransmitter system, and large-scale neural
network may play will be discussed.
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The Neurovascular Unit
(NVU)

7.2

The cerebral vasculature provides numerous crit-
ical functions. It forms a selectively permeable
barrier that orchestrates the crossing or exclusion
of molecules to and from the brain parenchyma;
it sends and senses signals to accommodate
dynamic demands for cerebral oxygenation and
glucose; and it fulfills immunological roles to
support the defense of the brain against invading
microorganisms or harmful materials. To fulfill
these roles, the endothelial cells and the vascular
smooth muscle cells (VSMC) of the cerebral vas-
culature work closely with multiple types of cel-
lular components, including pericytes, astrocytes,
microglia, and neurons, which collectively form
the neurovascular unit (Fig. 7.2). Each of these
NVU components plays critical roles in times of
neural vascular injury, acting as important deter-
minants of VCI outcomes and progression. The

Basal lamina

Endothelial
cell

known specific contributions of the NVU compo-
nents to VCI are reviewed in the following
sections.

7.2.1 The Blood-Brain Barrier (BBB)

Cerebral blood vessels are free of fenestrae—
small holes that permit the free diffusion of mate-
rials across the vessel walls. Instead, endothelial
cells conjoined by occludins and claudins form a
physical barrier that impedes the bidirectional
diffusion of polar molecules between blood and
the brain, which protects the brain from poten-
tially harmful substances from the peripheral cir-
culation. Instead, molecules cross the BBB via
active transport due to the presence of multiple
transporters, which are critical for the mainte-
nance of cerebral homeostasis, carrying across
important substances such as apolipoproteins and
pumping out potentially harmful waste products.

Neurons

Microglia

Fig. 7.2 A cross-sectional schematic representation of
the neurovascular unit. The NVU is made of cerebral vas-
culature (endothelial cells and vascular smooth muscle),
pericytes, astrocytes, microglia, and neurons, which work
collectively to ensure cerebral homeostasis. The cerebral
endothelial cells are conjoined by tight junctions that
impede the bidirectional diffusion of polar molecules
between blood and the brain. The endothelial cells are sur-
rounded by pericytes embedded in the basal laminal
matrix, which are important for maintaining both cerebral

blood flow and BBB integrity. Neurons modulate cerebral
hemodynamics via astrocytes, star-shaped cells that
encase the cerebral blood vessels in their end feet.
Microglia are the resident macrophages of the human
brain; they work closely with astrocytes to fulfill the
immunological roles of NVU. In contrast to the arterioles,
pericytes are more plentiful in the capillaries and venules,
fulfilling many structural, contractile, immunological, and
phagocytic functions in the smaller vessels
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BBB integrity is found frequently to be com-
promised in VCI, manifested as elevated albumin
in CSF and detection of fibrinogen and immuno-
globulins in injured white matter [1]. The two
major causes of BBB leakage appear to be peri-
cyte injury and endothelial dysfunction. Pericytes,
the mural cells of cerebral capillaries, have been
shown to be critical for the maintenance of BBB
integrity [2]. BBB leakage has been reported in
multiple rodent models that have pericyte defi-
ciency [2]. Arterial atherosclerosis, stroke, and
vascular risk factors like hypertension and diabe-
tes have well-established associations with BBB
leakage. In stroke-prone hypertensive rodent
models, BBB leakage was found to be associated
with ischemic injuries [1], even in the absence of
arteriolar occlusion.

One harmful substance in the CNS affected by
disruption of BBB integrity is cerebral amyloid,

which can be elevated in the CNS due to disrup-
tion of active transporter expression. Cerebral
amyloid beta (AP) is primarily cleared through
the perivascular spaces surrounding the penetrat-
ing venules and the active transporters like low-
density lipoprotein receptor-related protein-1s
(LRP-1) across BBB [3]. Impaired Ap clearance
has been linked to LPR-1 deficiency and enlarged
perivascular spaces [3]. Thus, BBB defects might
result in an elevation in CSF AP concentration,
which may contribute to the early formation of
amyloid plaques on the cerebral vasculature.
Amyloid deposition on blood vessel walls (“cere-
bral amyloid angiopathy”) can further aggravate
endothelial dysfunction, resulting in microbleeds,
white matter hyperintensities (WMH) visible on
T2-weighted MRI, and elevated risk of larger
intracerebral hemorrhage (Fig. 7.3). The fibrilla-
tion of amyloid beta 42 leads to deposition as

Fig.7.3 A gradient echo MRI illustrating different mani-
festations of cerebral amyloid angiopathy in an 81-year-
old woman, including large left frontal lobar hematoma
cavity surrounded peripherally by hemosiderin (iron-

containing macrophages and glial scar; blue arrow).
Cerebral microbleed (red open arrow), superficial sidero-
sis (yellow solid arrows), and white matter hyperintensi-
ties are also seen (purple)
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amyloid plaques in the neuropil, a well-
established feature of AD, are associated with
further damage seen as cerebral atrophy and usu-
ally cognitive deficits, while the perivascular
deposit of amyloid beta 40 is associated with
microbleeds. Lobar microbleeds have also been
linked to deficits in global cognition and in visuo-
spatial and executive functions [4].

The presence of BBB defects in both VCI and
AD brains suggests a potential interaction between
cerebrovascular dysfunction and AD pathology;
however, the causal relationships between BBB
defects and AD pathology remain to be fully clari-
fied. One hypothesis, proposed by Zlokovic, is that
AD is a vascular disorder involving two distinct
“hits” as opposed to a pure amyloid pathology
(Fig. 7.4) [5]. Zlokovic proposed that the earlier
phase of AD could be non-amyloidogenic and
purely vascular. The pathogenesis might be initi-

Vascular risk factors
(hypertension, diabetes

etc.)
+
Stroke

Decreased LPR1
AyredoiBue piojAwe [eigale)

Amyloid cascade

Fig. 7.4 The two-hit hypothesis of neurodegeneration
due to Alzheimer’s disease and VCI. The two-hit hypoth-
esis [6] postulates cerebral vascular injury as the “first hit”
in a two-fold causality of cognitive decline. Cerebral vas-
cular injury caused by vascular risk factors and stroke is
considered to damage the blood-brain barrier (BBB), the
neurovascular unit, and the surrounding gray and white
matter through hypoxia or oxidative stress. The second hit
is considered to be amyloid cascade, which damages neu-
rons directly through neuronal toxicity and synaptic dys-

ated by neuronal injuries and white matter infarcts
(first hit) secondary to BBB leakage and small ves-
sel hypoperfusion, which might facilitate the
development of amyloid accumulation (second
hit). This would also be consistent with the
observed changes in the transporters that clear Ap
from the brain found in vascular injury, with defi-
cits in perivascular drainage suggested in more
recent studies, and with reports that vascular brain
changes on MRI can precede amyloid deposition
[6]. Under this hypothesis, VCI could be an inter-
mediate phase in the development of some cases
of AD, and amyloidosis might contribute to some
cases of VCI, placing pure AD and pure VCI on
opposite ends of continuous spectrum. Ongoing
studies seek to uncover the key determinants of the
two-hit pathology model and to clarify the com-
plex interrelationships between cerebral vasculop-
athy and AD.

BBB deficits
+
Neurovascular iti
! Cognitive
uncoupling decline
+

Atrophy of grey matter
and white matter

function. These two concomitant insults interact. Amyloid
deposited along the arteries gives rise to cerebral amyloid
angiopathy (CAA), which compounds vascular injury and
impedes amyloid clearance, while BBB deficits further
impair the clearance of amyloid, for instance, due to a
decrease in LPR1 expression. Under this hypothesis, cere-
bral vascular pathology and amyloid deposition can lead
to cognitive decline due to their reciprocal interaction.
Moreover, VCI could be an intermediate phase in the
development of some cases of Alzheimer’s disease
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7.2.2 Cerebral Vasculature
and Neurovascular Coupling

The cerebral vasculature adopts an “outside in”
distribution pattern. Cerebral arteries arise from
the circle of Willis (located at the base of the
brain) and give rise to a rich network of pial ves-
sels along the brain surface. These superficial
arteries then divide into long and narrow pene-
trating smaller arteries and arterioles, without
collaterals, to supply blood to the deep subcorti-
cal areas. Therefore, any reduction in the blood
flow of larger vessels due to occlusion or carotid
stenosis would be exaggerated in the smaller ves-
sels, which cannot be compensated for by adja-
cent vessels. To accommodate this specialized
vascular distribution, the high demand for energy
consumption, and the lack of local metabolic
reserves, the cerebral vasculature has developed a
set of well-coordinated signaling mechanisms
that facilitate “functional hyperemia,” ensuring
sufficient blood flow to distinct cerebral regions.
As neural activity changes, vasoactive agents
released by endothelial cells and astrocytes act to
shape regional hemodynamics. Vascular smooth
muscle cells (VSMC) and pericytes (particularly
in the smaller vessels) also act to maintain
homeostasis by sensing and regulating blood
flow directly in the vessels via chemical or physi-
cal signals, in a process called autoregulation.
Attenuated cerebral blood flow (CBF) and
impaired neurovascular coupling are typical fea-
tures of VCI. Reduced global resting CBF has
been detected in patients with vascular comor-
bidities or with a heavy burden of white matter
injury. Areas surrounding WMH are typically
found to have lower vascular reactivity [7].
Interestingly, there is evidence of venous disease
in the vicinity of WMH, in addition to arteriolo-
sclerosis. In men with coronary artery disease,
CBF was related to poorer global cognitive func-
tion and to obesity measures; however, the mech-
anisms underlying these observations remain to
be fully elucidated [8]. Since the deep white mat-
ter is particularly vulnerable to CBF deficits, and
white matter injury has been linked to executive
and psychomotor processing speed, chronic CBF
reduction is a likely contributor to cognitive

decline. Venous collagenosis further exacerbates
alterations in CBF by increasing resistance [9].
Chronic insufficiency in blood supply might also
be associated with neuronal loss and brain atro-
phy, owing to the high demand for energy con-
sumption in neurons.

Different NVU compartments, including
VSMCs, endothelial cells, pericytes, and
astrocytes, all contribute differently to the
impaired CBF and neurovascular coupling.
VSMCs, as the sole controller of arterial blood
flow, were found to contribute to impaired func-
tional hyperemia [10]. During functional hyper-
emia, VSMCs hyperpolarize upon the release of
nitric oxide released from neurons and endothe-
lial cells, dilating the arteries to increase local
blood flow. The VSMC layers also ensure a rela-
tively uniform arterial pressure through autoregu-
lation, preventing the pressure of downstream
microvessels from swinging dramatically during
cardiac systole and diastole. Therefore, direct
injury to the VSMCs affects both resting CBF
and functional neurovascular coupling. Stiffness
and loss of arterial smooth muscle elasticity sec-
ondary to vascular risk factors have been associ-
ated with reduced resting white matter CBF and
loss of the ability to adapt CBF to metabolic need
[1]. Similarly, since the release of NO from endo-
thelial cells directly induces VSMC relaxation,
endothelial dysfunction secondary to ischemia or
vascular risk factors (e.g., hypertension) can also
impair functional hyperemia (Fig. 7.5).

Dysfunction of the pericytes and astrocytes
can contribute to deficits in neurovascular uncou-
pling detected in VCI. Pericytes are mural cells
embedded in the basement membrane of cerebral
capillaries and pre- or postcapillary mirovessels.
Pericytes have a direct modulatory effect on cap-
illary blood flow. In rodent models that lack peri-
cyte coverage on part of their capillaries, a delay
in stimulus-driven vasodilatory response was
observed. Comparing the covered and non-
covered capillaries, there was a reduction of cap-
illary blood flow in the non-covered ones [11]. In
the same loss of function model, a reduction in
global CBF was detected, indicating the critical
role of pericytes and capillary vascular coupling
in both functional and resting blood flow. Pericyte
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Fig. 7.5 Oxidative stress and neurovascular uncoupling.
The synthesis of free radicals in the brain can be initiated
by the production of superoxide (O,) as a product of
NADPH oxidase activation. NADPH oxidase can be acti-
vated in the presence of inflammatory signals or under
conditions of cellular stress. The O, generated can be
deactivated by superoxide dismutase and catalase into
water or give rise to a hydroxyl radical (OH’). These reac-
tive oxygen species can bind to adjacent lipids, proteins,
or DNA, leading to cellular damage. Superoxide can also
directly affect neurovascular coupling through the con-
sumption of nitric oxide (NO), which is the major vasodi-

degeneration is a frequent feature of VCI and
brains with evidence of subcortical ischemic vas-
cular disease (SIVD) [11]. Pericyte malfunction-
ing has also been proposed to contribute to
postischemic white matter injury. By adopting a
hypercontractile phenotype following ischemic
attack, they stall capillary blood supply following
stroke and contribute to the secondary microves-
sel hypoperfusion and white matter injury [12].
Astrocytes are glial cells that serve to interme-
diate between neurons and cerebral vasculature.
They are found to have modulatory effects on
both arteriolar and capillary tone, through their
interactions with VSMCs and pericytes. The
interactions are mediated by astrocytic Ca*
oscillation and the release of arachidonic acid
lipid metabolites, which can result in vasodila-
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latory signal under functional hyperemia. NO is
synthesized by eNOS, residing in the endothelial cells,
upon activation by factors such as shear stress or musca-
rinic cholinergic receptor 1 activation during times of neu-
ronal activity. The generated NO will then relax the
vascular smooth muscle via cGMP activation, resulting in
vasodilation. O, can react with NO and give rise to
another longer-lived free radical species, peroxynitrite
(ONOO"), which can also covalently bind to adjacent
macromolecules and cause cellular injury. The consump-
tion of NO also impairs the vasodilatory signal, causing
defects in neurovascular coupling

tion or vasoconstriction through the phospholi-
pase A2 or phospholipase D2 pathways [10].
Presumably, astrogliosis or direct injury to astro-
cytes would negatively affect neurovascular cou-
pling and CBF. However, the specific mechanisms
and the effect size of astrocytic modulation on
VSMCs and pericytes remain controversial due
to the variable results generated under different
experimental settings, which still need to be
resolved by future studies.

One of the mechanisms that could injure the
NVU directly is oxidative stress. Animal studies
have demonstrated a direct connection between
cerebral hypoperfusion and oxidative stress [1].
Clinical studies have also reported elevation of
isoprostanes, cytokines, and adhesion proteins in
both the damaged white matter and the systemic
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circulation of VCI patient, while peripheral lipid
hydroperoxide concentrations were found to be
reflective of deep WMH caused by hypertension
[13]. At the molecular level, superoxides are gen-
erated by nicotinamide adenine dinucleotide
phosphate oxidase (NADPH oxidase) in the cere-
bral endothelial cells in response to hypoxia,
inflammation, or hypertensive stimuli, which
could react directly with the surrounding macro-
molecules and lead to endothelial, neuronal, and
pericyte dysfunction (Fig. 7.5). The superoxide
anion generated can also react with nitric oxide
(NO), consuming this critical vasodilator released
by both neurons and endothelial cells. Oxidative
stress mediators can thus directly reduce CBF
and functional hyperemia by inactivating NO
(Fig. 7.5). The association between SIVD and
oxidative damage to lipid molecules also sug-
gests the potential for oxidative stress to interfere
with arachidonic acid lipid-mediated vasodila-
tory capacity [13]. Perhaps even more impor-
tantly, superoxide gives rise to other reactive
oxygen species (ROS) or reactive nitrogen spe-
cies (RNS) like hydrogen peroxide (H,0,),
hydroxyl radicals (OH~), and peroxynitrite
(ONOO™), which initiate a chain of additional
redox reactions. It is thought that ROS and RNS
generated through these chain reactions propa-
gate injury to multiple components of the cere-
bral vasculature and NVU and to the adjacent
white matter. Accordingly, interventions attempt-
ing to reduce free radicals have shown promise in
rodent models of cerebral ischemia, and clinical
trials are underway.

7.2.3 Glial Cells
and Neuroinflammation

In people with vascular disease, inflammation
has been associated with cognitive decline and
dementia [14]. Upregulation of cerebral cyto-
kines and chemokines was detected in hyperten-
sive mice models and has been directly related
to cognitive decline [15]. Even though the
mechanism remains unclear, the presence of
neuroinflammation has been reported in VCI
patients [16], presumably due to both cerebral

vascular injury and crosstalk between the
periphery and the central nervous system.
Neuroinflammation has been proposed to be one
of the major mechanisms mediating postisch-
emic secondary cell death and neurovascular
dysfunction [17]. In mouse models of vascular
dementia, elevated astroglial NF-kB expression
has been shown to contribute to white matter
damage [18]. Even though the direct link
between inflammatory markers and cognitive
function in VCI patients remains scarce, animal
models have shown the association between
elevation of central or peripheral cytokines and
cognitive deficits [19], highlighting the poten-
tial role of inflammation in VCIL.

The specialized foot soldiers of the innate
cerebral immune responses are astrocytes,
microglial cells, and perivascular macrophages.
Astrocytes and microglial cells frequently com-
municate through the release of inflammatory
signals. Just as astrocytes serve as an intermedi-
ary between neurons and the cerebral vascula-
ture, they also act as an inflammatory
intermediary between multiple cell types.
Astrocytes express interleukin receptors, and
they are capable of secreting cytokines.
Astrocytes can be activated by IL-1p and TNF
released from microglia and then release further
cytokines that are sensed by the microglia to
establish either a feed-forward cycle or a regula-
tory negative-feedback signal. Constantinescu
et al. reported that astrocytes are sensors of
hypoxia, becoming activated and releasing pro-
inflammatory cytokines like interleukin (IL)-23
[20], which initiates and perpetuates an IL-17-
mediated inflammatory response [20]. A similar
inflammatory response mediated by interferon-y
(IFN-y) has also been associated with postisch-
emic injury in animals.

Microglial cells are the macrophages resi-
dent in the human brain. They are activated
within 2 h post-stroke, releasing IL-1p and TNF
and becoming voraciously phagocytotic,
enabling them to remove cellular debris [21].
The release of inflammatory factors upon
microglial activation, including IL-1p and TNF,
IL-17, IL-6, and chemokine ligands (CXCL),
can contribute to tissue damage resulting from
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postischemic neuroinflammation in animal
studies, in a cascade ultimately intended to
resolve into active post-inflammatory tissue
repair [20].

Microglial cells and astrocytes can polarize
into different phenotypes depending on the acti-
vation signals presented. Secrotome studies have
found a shift of astroglial cytokine profiles upon
activation by IL-1f and TNF, indicating the
potential for astrocytes to change their secretome
under inflammatory conditions [22]. Microglia
were found to adopt either pro-inflammatory or
anti-inflammatory phenotypes following activa-
tion [21]. The specific mechanisms driving the
polarization of glial cells remain to be fully
understood; however, the polarization phenome-
non is well preserved among many types of
immune cells. One potential mechanism might
involve the release of cytokines from populations
of pro- and anti-inflammatory peripheral immune
cells, which have been shown in animal studies to
modulate postischemic brain injury [20]. The
polarization phenomenon makes astrocytes and
microglial cells potential targets for preventing
ischemia-related brain injury and functional
recovery.

The mechanisms contributing to the resolu-
tion of neuroinflammation following vascular
injury also remain under investigation. The
presence of both inflammatory and anti-inflam-
matory T cells has been reported in ischemic tis-
sue. A set of anti-inflammatory regulatory T
cells (Treg) can be developed from naive T
helper (Th) cells, in the presence of IL-10 or
TGF-p. Experimental depletion of Treg expres-
sion in animal models exacerbates functional
deficits following ischemia [20]. Further studies
are necessary to elucidate the crosstalk between
glial cells and Tregs and to harness their poten-
tial to reduce postischemic injury mediated by
neuroinflammation. Moreover, inflammatory
signals which are harmful at one stage may be
beneficial at another. For instance, the release of
IL-23 or IL-17 may exacerbate postischemic
injury but also stimulate the release of growth
factors (e.g., brain-derived neurotrophic factor)
that participate in angiogenesis and neurogene-
sis and the repair of the NVU.

7.3  Strategic Pathways

of Neurotransmitters

Synapses are considered to be the basic units of
neural connectivity. The release of neurotrans-
mitters in synaptic spaces enables the communi-
cation between individual neurons and neuronal
groups within a certain region and between
regions. For instance, glutamatergic and
GABAergic neurons that reside universally in the
brain will release glutamate/GABA locally,
which allows for communication with proximal
neurons, whereas cholinergic neurons innervate
the entire cortex via long axonal projections ema-
nating from the basal forebrain.

Neurochemical studies and imaging studies in
VCI have found abnormities in neurotransmitter
systems, even though the underlying mechanisms
and the relationship of these defects to neurovas-
cular pathologies remained uncovered. The cho-
linergic system appeared to be the most
commonly impaired system in VCI, manifested
as decreases in choline acetyltransferases and
cholinergic receptor expression in animal and
autopsy studies, respectively [23]. Glutamate,
which serves an essential physiological role in
long-term potentiation, has also been studied
extensively in VCI due to its role in excitotoxic-
ity. Even though memory loss is less pronounced
in VCI compared to Alzheimer’s disease, mem-
ory deficits are often key features of dementia
with vascular contributions.

7.3.1 The Cholinergic System

The cerebral cortex is endowed with a rich sys-
tem of cholinergic networks, originating from the
basal forebrain and the brain stem (Fig. 7.6).
Pedunculopontine tegmental (PPT) and Ilat-
erodorsal tegmental (LDT) nuclei residing in the
brain stem mainly project to subcortical regions,
which provide cholinergic innervation to the thal-
amus and the striatum, while basal forebrain cho-
linergic nucleus, consisting of medial septal
nucleus (MS chl), the diagonal band of Broca
nucleus (vDB ch2(v) + 3(h)), and nucleus basalis
of Meynert (NBM, ch4) of the substantia
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Basal forebrain
cholinergic system

Fig. 7.6 A schematic illustration of cerebral cholinergic
projections The cerebral cholinergic network originates
from two different nuclei systems, the basal forebrain
cholinergic nuclei and the brain stem cholinergic nuclei.
Pedunculopontine tegmental (PPT) and laterodorsal teg-
mental (LDT) nuclei reside in the brain stem. They mainly
project to subcortical regions, which provide cholinergic
innervation to the thalamus and the striatum. The basal

innominata (SI), is the major cholinergic input
for the cerebral cortex, the hippocampus, and
partially the thalamus.

Cholinergic neurons play critical roles in cog-
nitive functions, ranging from executive function
and memory to emotional processing. Impaired
cholinergic cortical innervations have been asso-
ciated with overall cognitive decline, particularly
with reductions in executive function. Clinical
trials have shown some potential cognitive bene-
fits of cholinesterase inhibitors in VCI patients
[24]. Cholinergic depletion secondary to cerebral
vascular injuries is most commonly observed in
the lateral projection of basal forebrain choliner-
gic nuclei, which passes through the external
capsule (capsular division) and the claustrum
(perisylvian division). The disruption of lateral
cholinergic projections is likely to be linked to
both white matter lesions (external capsule) and
infarctions to the nuclei (claustrum), which in
turn reduce cholinergic innervations to the cortex
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forebrain cholinergic nucleus consists of four different
nuclei, the medial septal nucleus (MS chl), the diagonal
band of Broca nucleus (vDB ch2(v) + 3(h)), and the
nucleus basalis of Meynert (NBM, ch4) of the substantia
innominata (SI). The basal forebrain cholinergic nuclei
are the major cholinergic inputs for the cerebral cortex,
the hippocampus, and partially the thalamus

[25]. Direct insult to the NBM due to elongation
of the internal carotid artery has also been associ-
ated with atrophy and cognitive deficits, indicat-
ing a role for large vessel disease [26].
Cholinergic neuronal loss due to cerebral
infarction has been reported in several studies;
however, the extent of cholinergic loss in VCI
appeared to be contradictory [23]. Animal mod-
els of VCI utilizing choline acetyltransferase
activity as the marker of cholinergic neurons
have reported cholinergic depletion in the tempo-
ral cortex and the hippocampus; however, a MRI
study in patients with multi-infarct vascular
dementia found no neuronal changes in the NBM
nuclei [27]. It has been hypothesized that this
might be because neuronal arborization volume,
but not neuronal cell numbers, was impaired in
VCI [23]. Another potential mechanism behind
the vascular injury-induced cholinergic reduction
is proposed to be the decrease in receptor-ligand
affinity, supported by the detection of modulated
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muscarinic expression in VCI [23]. Further stud-
ies comparing the volume of cholinergic nuclei
between controls and distinct types of VCI are
necessary.

Cholinergic tracts disrupted by WMHs (iden-
tified through CHIP) have been linked to execu-
tive function decline in multiple studies [28].
However, most of the lesions are identified
through visually rated white matter hyperintensi-
ties that appeared in the cholinergic pathways
which does not specify the spatial injuries to the
cholinergic microstructure. Cholinergic micro-
structural changes might also lead to “large-scale
network disruption” [29, 30].

A reciprocal correlation between cholinergic
system function and cerebral blood flow has been
identified, suggesting that changes in either cho-
linergic signaling or cerebral blood flow could
influence the other. Animal studies show that of
NBM cholinergic nuclei increased cortical blood
flow, either through direct actions of acetylcho-
line or by activating nitric oxide synthase [23].
Reduction in CBF was suggested to be one of the
underlying mechanisms of greater executive
function decline in elderly people taking anticho-
linergic agents [31]. Therefore, the cholinergic
system might also represent and important intrin-
sic link between cerebral blood flow and cogni-
tive function, contributing to cognitive decline
induced by vascular injuries.

7.3.2 The Glutamatergic System

Glutamate is the sole excitatory neurotransmitter
of the central nervous system. Unlike the cholin-
ergic pathways, which originate from certain
nuclei and then divide into multiple sub-
projections, glutamate neurons are dispersed
throughout the brain, with multiple origins.
Glutamate receptors can also be found univer-
sally in diverse types of neurons. The loss of glu-
taminergic synapses, indicated by the reduction
of vesicular glutamate transporter 1, has been
detected in the temporal cortex of VCI patients,
though the glutamate synapse in the frontal cor-
tex seems to be preserved [32]. Since glutamate
is also the major player of cerebral excitotoxicity

following ischemic or hemorrhagic attacks,
research has focused on the utilization of anti-
glutamatergic agents in reducing ischemic stroke
related neurodegeneration. For instance, meman-
tine was suggested to be potentially beneficial for
patients with mild to moderate vascular dementia
[33]. The impact of memantine on post-stroke
functional recovery is currently under clinical
investigation. Moreover, the excitotoxic trypto-
phan metabolites along the kynurenine pathway
amplify glutamatergic signaling and apoptosis,
and this has been implicated in post-stroke cogni-
tive impairment [34].

Glutamate is essential for long-term potentia-
tion (LTP), which is the underlying mechanism
of learning and memory formation. Both animal
studies and clinical studies have confirmed the
contribution of glutamate receptors to memory
formation, especially the NMDA and AMPA
receptors. Both pharmacological and genetic
modification of NMDA signaling could affect
learning and memory formation in rats [35]. In
humans, administration of an AMPA agonist,
Ampakine CX516, was shown to have some ben-
efits on short-term memory retention [32].

Even through glutamate has been shown to
play an essential role in cognition and ischemia-
related neurodegeneration, studies focusing on
aspects of glutamatergic pathways in VCI
remain scarce. One of the major underlying
mechanisms of glutamatergic contribution to
VCI might be strategic infarcts disrupting either
the frontal parietal, the ventral tegmental, or the
temporal glutaminergic projections to other
neurotransmitter networks. A study utilizing
transcranial magnetic stimulation found that
glutamatergic defects might be involved demen-
tia secondary to cerebral autosomal dominant
arteriopathy with subcortical infarcts and leuko-
encephalopathy (CADASIL) [36]. Another clin-
ical study has found correlations between
temporal and frontal vesicular glutamate trans-
porter (VGLUT1) concentrations and
Cambridge Cognition Examination (CAMCOG)
scores. The concentration of VGLUT was also
reported to be higher in the frontal cortex of
post-stroke patients who didn’t develop demen-
tia [32], suggesting the potential correlation



82

D.Yuetal.

between loss of glutaminergic synapses and
cognitive impairment in VCI.

7.4  Large-Scale Neural Network

Perspectives

Human brains have evolved a set of intricate,
interconnected, and functionally crucial net-
works. Different brain regions may be function-
ally connected in co-activating networks. The
white matter tracts that interconnect these regions
are often interrupted in VCI. This is thought to
lead to patterns of atrophy, which co-occurs in
functionally connected gray matter regions. Each
of these types of networks, and their contribu-
tions to VCI, will be discussed in the following
subsections.

7.4.1 Functional Networks

Functional magnetic resonance imaging (fMRI)
allows the partitioning of brain into large-scale
functional networks, which is more of a statisti-
cal concept built upon the correlations between
spatially distinct regions that have common tem-
poral activation patterns. The functional syn-
chronicity between distinct brain regions is most
often captured through low-frequency fluctuation
signals of cerebral blood oxygen level-dependent
(BOLD) fMRI. These functional networks
remain relatively stable within a certain state, but
they are much more plastic than anatomical net-
works as we switch between a resting state and
various tasks. A single cerebral region could par-
ticipate in different functional networks and
change its connectivity with other regions accord-
ing to different tasks.

Altered functional connectivity has been
detected in multiple neurodegenerative disorders,
including AD, multiple sclerosis, and VCI [37].
Alternations usually manifest as decreased or
increase in connectivity or simply as changes in
regional BOLD signal strength. It is useful to
overlap anatomical and fMRI images to study the
mechanisms underlying cognitive decline in VCI
patients. Cognitive deficits associated with VCI

more frequently manifest as decline in executive
functions, attention, and psychomotor processing
speed, rather than amnesia, particularly in early
stages of subcortical VCI. Multiple studies utiliz-
ing resting-state fMRI have proposed the possi-
ble association between default mode network
(DMN) connectivity deterioration and executive
defects [38, 39].

DMN is a functional network conjoining fron-
tal cortex, parietal cortex, and subcortical regions.
It involves three major hubs, including posterior
cingulate cortical (PCC), medial prefrontal corti-
cal, and angular gyrus, as well as several medial
temporal subregions of the hippocampus, parietal
lobe, and retrosplenial cortex. DMN plays a criti-
cal role in externally orientated tasks. In healthy
people, DMN is activated when the subject is in a
wakeful state but not when focusing on a specific
task. It is normally suppressed at times of focused
attention [40].

The disruption of DMN resting functional
connectivity in SIVD, particularly the connection
between PCC and the frontal-subcortical path-
ways, has been directly linked to slower psycho-
motor processing speed, poorer executive
function on the Stroop test, and decreased mem-
ory scores, indicating the role of the DMN in
SIVD-induced cognitive impairment. Sun et al.
reported disruption of resting functional connec-
tivity in frontoparietal DMN pathways in 16
patients with VCI [38]. The suppression of rest-
ing functional connectivity with the PCC was
detected in the left middle temporal gyrus, the
left anterior cingulate cortex, the left and right
middle frontal gyrus, and the left medial frontal
gyrus, which overlaps with the DMN. It is
thought that the decline in anterior parts of DMN
connectivity might be compensated for by
enhanced connectivity between PCC and the
right inferior temporal cortex, left middle tempo-
ral gyrus, and the superior parietal lobule,
accounting for these observations of both
enhanced and diminished connectivity [38].
These results were confirmed by Yi et al. in 2012
[39], who also reported increased resting-state
connectivity between the posterior components
of DMN and decreased connectivity between the
anterior components of DMN.
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The default mode is an example of a large-
scale functional network, which has helped to
understand how vascular brain changes can inter-
rupt brain circuits, producing some of the most
salient cognitive symptoms in VCI. Other cir-
cuits, for instance, the attention network that is
activated during times of focused mental effort,
are activated when the DMN is suppressed, which
is also affected in VCI [41].

7.4.2 Network Anatomical
Connectivity

The anatomical connections between different
cerebral regions can be interrupted by pathology
related to VCI. Subcortical WMH burden
detected on MRI images has been closely linked
to the cognitive decline in both healthy aging
population and VCI patients. In cognitively intact
elderlies, increasing WMH volumes has been
linked to gait disturbance and memory decline
[42]; however, depending on the location and the
volume of WMHs, the cognitive consequences
associated with the WHMs may differ. Strategic
WMH disrupting anterior thalamic white matter
tracts and forceps were found to inversely corre-
late to executive function psychomotor process-
ing speed [43], while the WMH load on the
cholinergic tracts has also been reported to impair
attention in SVD regardless of the overall cogni-
tive status [44].

More subtle changes compromising the
microstructure of axon tracts connecting the sub-
cortical structures and the frontal cortex, but not
visible on a T2 MRI, might be another underlying
cause of functional connectivity defects.
Diffusion tensor imaging (DTI) can be used to
examine specific bundles of parallel nerve fibers,
delineating individual white matter tracts by
tracking the diffusivity of water molecules. The
two measures most commonly generated from
DTI are fractional anisotropy (FA), a measure of
water diffusivity in a common orientation, and
MD, a measure of the magnitude of water diffu-
sion in any direction. FA is an indicator of micro-
structural change, which is frequently used to
track white matter bundles. A decrease in FA may

be an indicator of demyelination or other white
matter defects. MD is considered to be more of a
measure of cellularity and membrane density,
which is inversely related to cell number.
Therefore, edema would cause an elevation in
MD measurements, while neoplasia would be
linked to a decrease in MD values.

In cognitively normal patients with coronary
artery disease, Santiago et al. reported signifi-
cant associations between executive function
and normal-appearing white matter microstruc-
tural integrity, measured as FA and MD [45].
Psychomotor processing speed and executive
function were positively correlated with mean
FA in the left parahippocampal, cingulum, and
inferior fronto-occipital white matter tracts.
Mean MD in the right parahippocampal cingu-
lum, left inferior fronto-occipital, and left supe-
rior longitudinal white matter bundles was
negatively associated with processing speed and
executive function [45]. These indicate a contri-
bution of white matter microstructural changes
in early VCIL.

The contribution of white matter tract injury at
the microstructural level to disrupted functional
networks was shown in a study of 20 healthy
individuals, combining DTI and
fMRI. Microstructural compromise of the cingu-
late white matter bundle conjoining the PCC and
the lateral or medial temporal lobes was reported
to correlate with suppressed functional connec-
tivity between those regions [46]. Further studies
combining DTI and fMRI in VCI patients would
help to elucidate specific roles of white matter
microstructural 1 damage in disrupting the neural
circuits involved in executive function.

7.4.3 Structural Covariance
Networks

The combination of statistical approaches and
structural imaging allows the investigation of
structural covariance networks (SCN), which are
built based on the correlations between the struc-
tural characteristics (cortical thickness, white
matter hyperintensity, brain-parenchymal frac-
tion, etc.) of spatially distinct regions of interest
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(ROI). The SCN approach allows for the isola-
tion of gray matter structural networks and the
study of cross tract lesions. By examining covari-
ance, much as in fMRI studies, SCNs overcome
the limitation that important structural changes
may be related even between regions that are not
directly connected by white matter tracts. Yi et al.
[39] proposed that gray matter atrophy might
contribute partially to the decrease in DMN rest-
ing functional connectivity, since accounting for
gray matter loss attenuated the differences in
functional connectivity between VCI and con-
trols. This finding suggests relationships between
the anatomical and functional network changes.

Gray matter networks can be constructed
through statistical approaches examining the
covariance between the cortical thickness of
ROIs. Tuladhar et al. reported an inverse relation-
ship between interhemispheric frontoparietal
ROIs’ cortical thickness covariates and white
matter burdens [47], describing the contribution
of white matter injuries to brain atrophy.
Similarly, Nestor et al. showed the connection
between subcortical white matter injury and gray
matter atrophy in AD patients with SVD. They
found that subcortical white matter volume was
inversely related to covariance in cortical thick-
ness within the hubs of DMN in AD [48]. Another
study by Swardfager et al. reported a significant
impact of WMH on verbal recall due to a specific
covariance pathway mediated in serial by left
temporal lobe atrophy and poorer verbal learning
[49]. Further longitudinal studies combining
SCN measures and cognitive outcomes are now
necessary to confirm relationships with cognitive
deficits in VCI.

7.5 Conclusion

VCI, as the second most important cause of
dementia, is defined as a full range of heteroge-
nous cognitive disorders attributed to cerebrovas-
cular injuries. Damage to the neurovascular unit,
disruption of neurotransmitter systems, and dis-
connection within large-scale neural networks
contribute distinctly to the pathogenesis of
VCI. The primary pathogenic mechanisms are

considered to be cerebrovascular injuries (endo-
thelial dysfunction, neurovascular uncoupling,
etc.) caused by oxidative stress and neuroinflam-
mation secondary to vascular risk factors and
stroke, which not only affect BBB integrity and
the clearance of AP but also impair the resting
CBF and functional hyperemia. The interaction
between cerebrovascular injuries and AP homeo-
stasis reveals a potential link between VCI and
AD, suggesting that VCI can contribute to cases
of AD dementia. The cerebral hypoperfusion
resulting from NVU disruption affects the firing
of neurons and interrupts neurotransmitter sys-
tems, notably the cholinergic system, and the glu-
tamatergic overstimulation, which has been linked
to functional decline and post-stroke cognitive
impairment, respectively. The resulting hypoper-
fusion can also injure the subcortical white matter
tracts interconnecting functionally related regions,
leading to distinct patterns of atrophy and changes
in functional connectivity within neural networks,
collectively contributing to psychomotor slowing,
executive dysfunction, behavioral inactivation,
and also to memory deficits.
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