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Abstract
Cerebral small vessel disease (cSVD) refers to the age-dependent pathological processes involving the brain small vessels 
and leading to vascular cognitive impairment, intracerebral hemorrhage, and acute lacunar ischemic stroke. Despite the 
significant public health burden of cSVD, disease-specific therapeutics remain unavailable due to the incomplete under-
standing of the underlying pathophysiological mechanisms. Recent advances in neuroimaging acquisition and processing 
capabilities as well as findings from cSVD animal models have revealed critical roles of several age-dependent processes in 
cSVD pathogenesis including arterial stiffness, vascular oxidative stress, low-grade systemic inflammation, gut dysbiosis, 
and increased salt intake. These factors interact to cause a state of endothelial cell dysfunction impairing cerebral blood flow 
regulation and breaking the blood brain barrier. Neuroinflammation follows resulting in neuronal injury and cSVD clinical 
manifestations. Impairment of the cerebral waste clearance through the glymphatic system is another potential process that 
has been recently highlighted contributing to the cognitive decline. This review details these mechanisms and attempts to 
explain their complex interactions. In addition, the relevant knowledge gaps in cSVD mechanistic understanding are identi-
fied and a systematic approach to future translational and early phase clinical research is proposed in order to reveal new 
cSVD mechanisms and develop disease-specific therapeutics.

Keywords  Arterial stiffness · Cerebral small vessel disease · Endothelial dysfunction · Leukoaraiosis · Mechanism · 
Oxidative stress

Introduction

Cerebral small vessel disease (cSVD) encompasses the vari-
ous age-dependent pathological processes of the brain small 
vessels leading to vascular cognitive impairment (VCI), 
intracerebral hemorrhage (ICH), and acute lacunar ischemic 
stroke [1]. Collectively, these diseases result in a major pub-
lic health burden [2, 3]. The typical brain MRI findings of 
cSVD include white matter hyperintensity (WMH), lacunes, 
perivascular spaces (PVS), cerebral microbleeds, and recent 
small subcortical infarcts (Fig. 1) [4].

The spectrum of cSVD manifestations, however, contin-
ues to evolve over the years by including additional features 

such as cortical cerebral microinfarct or focusing on the 
quantitative measurements of brain structure or function and 
the summary scores of cSVD burden [5]. Despite the sig-
nificant burden of cSVD, it remains without specific thera-
pies due to the incomplete understanding of the underlying 
pathophysiological mechanisms. This review summarizes 
the current state of knowledge of cSVD mechanisms and 
attempts to explain their complex interactions. It also pro-
vides an approach to future research aiming to address the 
knowledge gaps of cSVD mechanisms and develop future 
therapeutics.

Classification

cSVD is classified into 6 types (Table 1) [1, 6–8]. This 
review focuses on the mechanisms of type I (arteriosclerosis) 
which is the most common form of cSVD [1]. Histopatho-
logically, type I cSVD manifests by the loss of the vascular 
smooth muscle cells (VSMCs) in the medial vascular wall 
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layer which are replaced by deposition of glass-like material 
(fibrohyalinosis) as well as microvascular necrosis (fibrinoid 
necrosis). These changes are observed primarily in the white 
matter (WM) arterioles [9]. Other histopathological changes 
include microatheromas (distal atherosclerosis), microaneu-
rysms (dilated vessels), and microvascular rarefaction [1, 
10, 11]. In addition, remodeling of the vascular wall with 
or without thickening occurs due to the rearrangement of 
the VSMCs organization, increase in their volume, or pro-
liferation [9]. In association with the vascular changes, the 
WM exhibits areas of pallor (demyelination), cavitation with 
lacunar formation, small vessel rupture with red blood cell 
extravasation forming microbleeds, and PVS enlargement 
[4, 12].

The Cerebral Circulation and the Cerebral 
Small Vessels

The major intracranial arteries form a highly anastomotic 
vascular network on the brain surface (the pial arteries) from 
which the perforating arterioles originate (Fig. 2A, B) [13, 
14]. When the perforating arterioles enter the brain, they are 
surrounded by the PVS that separates the vessel basement 

membrane from the astrocytic processes [13]. The PVS dis-
appears when these vessels are smaller, and the astrocytic 
processes become in direct contact with the vessel basal 
lamina [13]. At this level, the endothelial cells (ECs) are 
encircled with a single layer of VSMCs that become discon-
tinuous, and they are replaced with pericytes as the vessels 
transition to capillaries [13].

The special histological and anatomical properties of 
the cerebral small vessels make them prone to the pathol-
ogies of cSVD. For example, the lenticulostriate perfora-
tors originate from the middle cerebral artery (MCA) or 
the circle of Willis at almost a vertical angle and there 
are little anastomoses among them making them suscepti-
ble to the effects of systemic hypertension. This explains 
the development of lacunes in the medial brain structures 
perfused by the lenticulostriate perforators [15]. Another 
important observation is the pressure differences within 
the cerebral circulation which are created by the cerebral 
artery branching patterns causing two arterial pressure 
systems which is referred to as an ambibaric brain model 
[16]. While the peripheral arteries on the brain surface 
follow a lower pressure system, the ones at the brain 
base which are in closer proximity to the larger vessels 
are rather under higher pressure [16]. This can also be 

Fig. 1   Neuroimaging features of cerebral small vessel disease accord-
ing to STandards for ReportIng Vascular changes on nEuroimaging 
1 (STRIVE-1) criteria. The brain MRI manifestations of cerebral 
small vessel disease include lacune, recent small subcortical infarct, 
white matter hyperintensity of presumed vascular origin, perivascu-

lar spaces, cerebral microbleed, and brain atrophy. CSF cerebrospi-
nal fluid, DWI diffusion weighted imaging, FLAIR fluid-attenuated 
inversion recovery, MRI magnetic resonance imaging, SWI suscepti-
bility weighted imaging
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predicted through mathematical modeling [17]. Knowl-
edge of these different pressure systems may explain the 
deleterious effects of the elevated and low blood pressure 
(BP) in cSVD pathogenesis necessitating an individual-
ized approach to BP control.

The WM vascularization has also roles in cSVD patho-
genesis [18]. Historically, two vascularization models of 
the WM are described, centripetal and centrifugal models. 
In the centripetal one, the WM receives its blood supply 
from the dense pial arterial network in the periphery or 
the lenticulostriate perforators. In the centrifugal model, 
the WM receives its vascularization in addition from the 
choroidal arteries located in the lateral ventricles that 
perfuse that adjacent periventricular WM. This organi-
zation creates a WM watershed zone between the two 
vascularization systems which is susceptible to ischemia 
[18]. A more complex vascularization can also be con-
structed based on the interconnecting patterns of the 
perfusing vessels leading to 6 different brain areas [19]. 
The WM vascularization role in cSVD requires further 
investigation.

Mechanisms of Type I cSVD

cSVD results from the interaction of several mechanisms 
involving cerebral microangiopathy, EC dysfunction, 
neuroinflammation, and BBB breakdown which will be 
reviewed in the next sections [20].

cSVD Risk Factors and Their Roles in cSVD Animal 
Models

cSVD exhibits a strong age dependency [21–23] since its 
prevalence increases with age reaching almost 100% in 
subjects who are older than 80 years [21]. In addition to 
age, other cardiovascular risk factors including hyperten-
sion, diabetes, hypercholesterolemia, and smoking have 
been all associated with cSVD [24]. Among these risk 
factors, hypertension has the strongest association [24]. 
Several measurements of BP including the systolic BP 
(SBP), diastolic BP (DBP), and the variability of BP were 

Fig. 2   The cerebrovascular circulation and white matter perfusion. 
The internal carotid and basilar arteries combine at the base of the 
brain to form the circle of Willis from which the major intracranial 
arteries perfusing the brain originate (A). The lenticulostriate perfora-
tors perfuse the basal ganglia and its surrounding white matter and 
they originate from the middle cerebral artery at almost a vertical 
angle and are considered terminal vessels (B). The branches of the 
middle cerebral artery form the pial arteriolar network from which 
the pial perforators originate to perfuse the subcortical white matter 

in a centripetal vascularization pattern. Those vessels have extensive 
network of collaterals. The adjacent white matter to the ventricle 
(periventricular white matter) receives some of its perfusion from the 
choroidal arteries in a centrifugal vascularization pattern (B). ACA 
anterior cerebral artery, AICA anterior inferior cerebellar artery, BA 
basilar artery, ICA internal carotid artery, LV lateral ventricle, MCA 
middle cerebral artery, PCA posterior cerebral artery, SCA superior 
cerebellar artery, VA vertebral artery. The figure was created with 
Motifolio Toolkit (Motifolio, Inc, Ellicott City, MD)
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all significantly associated with cSVD [25, 26]. Hyperten-
sion is also associated with microstructural WM injury in 
healthy individuals [27, 28]. Among the environmental 
risk factors, increased salt intake has mostly been associ-
ated with cSVD [29, 30]. The genetic risk factors of cSVD 
are not entirely known. However, several genes causing 
the hereditary forms of cSVD and few loci associated with 
sporadic cSVD have been identified in the genome-wide 
association studies (GWAS) and their roles will be dis-
cussed in the following sections [31].

Exposure of animals to these risk factors, in particular 
hypertension, has been utilized to model many relevant 
features of cSVD. The spontaneously hypertensive rat 
stroke-prone (SHRSP) has been mainly used with or with-
out additional dietary salt administration for this purpose 
[32]. The SHRSP is a genetic model for severe hypertension, 
and it develops several histopathological features of cSVD 
as it ages including BBB breakdown, microbleeds, vascu-
lar wall thickening, and enlargement of the PVS [33–35]. 
When additional salt is added to the diet and drinking water 
(Japanese modified diet), the appearance of cSVD lesions 
is accelerated [36]. The use of SHRSP has enhanced our 
understanding of several important mechanisms especially 
the role of EC dysfunction in cSVD [37]. However, the lack 
of demyelination in SHRSP studies has remained a critique 
for its utility as an optimal disease model [38]. To induce 
specific changes of the WM in SHRSP, unilateral carotid 
occlusion with Japanese modified diet was applied resulting 
in inflammatory changes and BBB breakdown with associ-
ated cognitive impairment which were thought to be sec-
ondary to hypoxia [39, 40]. Similarly, bilateral occlusion 
of the common carotid arteries (BCAO) in rats was used 
to induce a widespread demyelination and axonal damage 
that involves the optic nerves and tracts [41]. This model 
shows, however, acute demyelination with involvement of 
the optic tracts which may cloud the interpretation of the 
behavioral testing. Therefore, a bilateral carotid artery ste-
nosis (BCAS) model was developed by attaching microcoils 
from outside the carotid arteries. In this model, WM changes 
and working memory deficit develop gradually 30 days fol-
lowing the procedure [42]. To overcome the sharp drop in 
CBF in the BCAS model, an ameroid constrictor device 
on bilateral common carotid arteries in rodents was used 
to more precisely replicate cerebral hypoperfusion. Results 
of this model show selective WM changes with significant 
spatial working memory impairment like the BCAS model 
at 28 days post-procedurally [43]. The main drawback of the 
hypoperfusion model is that the reduction of CBF does not 
appear to be an early mechanism of cSVD in human. Finally, 
focal injection of vasoconstrictors or fluorescent micro-
spheres has been utilized as a model of WM lacunar strokes 
[44, 45]. These lacunar stroke models, however, lack the 
biological changes of the underlying vasculature that result 

in the human disease. Therefore, it is now widely accepted 
that there is no single model that replicates all cSVD find-
ings due to the heterogeneity of the disease mechanisms and 
histopathological phenotypes in human and the inherent dif-
ferences between the rodent and human brain anatomy and 
vasculature [32].

Large Artery Stiffness (AS) and cSVD

Large AS is the hallmark of vascular aging which alters the 
hemodynamics of the systemic circulation [46, 47]. The 
reduction of aortic elasticity in AS increases the pulse wave 
velocity (PWV) and decreases the aortic distension and col-
lapse during systole and diastole, respectively (Fig. 3A, B) 
[48–50]. These changes result in an increase in SBP that far 
exceeds DBP with widening of the pulse pressure (PP) [46, 
47, 49]. In response, the arterial wall remodels to reduce 
the harmful effect of the increased arterial pulsatility on the 
microcirculation [9]. Nevertheless, the increase in PP even-
tually reaches the cerebral microvasculature leading to its 
damage (Fig. 3A) [51].

The harmful effect of the increased pulsatility on the cer-
ebral microcirculation can be demonstrated in in vitro stud-
ies showing reduction of the expression of the tight junction 
(TJ) markers including occludin and claudin-5 in the setting 
of high shear stress and/or pulsatility [52]. Human studies 
provide evidence for the transmission of the systemic arte-
rial pulsatility to the intracranial vessels as the increase in 
the MCA CBF pulsatility index is associated with higher 
systemic PWV [53]. In another study, the MCA pulsatility 
was the strongest physiological correlate of leukoaraiosis 
[54]. The MCA diameter was also associated with the WMH 
volume among subjects with elevated large AS [55]. The 
association of large AS with cSVD imaging markers is now 
well-established in epidemiological studies [56, 57]. How-
ever, the effect of large AS may not be homogenous across 
the brain. A recent study showed the PVWMH had greater 
association than the DWMH with vascular property meas-
urements reflecting AS and vascular remodeling such as PP 
and hypertension response to exercise [58]. The regional 
differences in the WM susceptibility to the systemic hemo-
dynamic alterations require further investigation.

The mechanisms of large AS involve structural changes 
of the vascular wall extracellular matrix (ECM) manifesting 
by reduction in the elastin/collagen ratio with subsequent 
increase of the intima-media thickness, hypertrophy of the 
VSMCs layer, and arterial wall calcifications (Fig. 3B) [47, 
59]. The elastin/collagen ratio changes are mainly regulated 
by effects of matrix metalloproteases (MMPs) in addition 
to a smaller role of non-enzymatic protein glycation form-
ing irreversible cross-links among collagen and elastin 
molecules.
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Dysfunction of the ECs and VSMCs also contributes to 
AS. Circulating angiotensin II (Ang-II) causes hypertro-
phy and senescence of VSMCs and promotes collagen for-
mation and vascular media remodeling. Ang-II activates 
NADPH oxidase (NOX) enzymes leading to superoxide 
production which impairs the production and decreases the 
bioavailability of nitric oxide (NO) leading to impairment 
of NO-dependent vasodilation of the arteries and increas-
ing vascular tone [60]. Recently, the attention has shifted 
to the complex bidirectional communications between the 
cellular components and extracellular components/arterial 
hemodynamic changes as the cause of AS [61]. In these 
models, the dynamic effect of the sheer stress reaches the 
nuclear membrane of the VSMCs through the ECM-inte-
grin-cytoskeletal axis complex to regulate the nucleocy-
toplasmic transfer of protein/RNA and gene expression 
leading to ECM stiffness [62].

Decreased Cerebral Perfusion: a Cause or an Effect 
of cSVD?

Ischemia and hypoperfusion have long been linked to cSVD 
pathogenesis since microangiopathy is a prominent histo-
pathological feature [1]. Hypoperfusion is also an important 
mechanism for inducing WM injury in cSVD animal models 
[63]. However, clinical data supporting hypoperfusion in the 
mechanistic development of WMH have yielded conflicting 
results [64, 65]. In cross-sectional studies, larger WMH bur-
den has been consistently associated with lower resting CBF. 
This has been demonstrated in a meta-analysis that included 
all the cross-sectional studies evaluating CBF and WMH 
[64]. It is important to note that the significance of this asso-
ciation decreased when removing studies that had no age-
matched controls and subjects with dementia [64]. A follow-
up updated meta-analysis that included the remaining studies 

Fig. 3   Large artery stiffness, its mechanisms, and effects on the cer-
ebrovascular circulation. The pulse wave originating from cardiac 
systole travels down the aorta and reflects backward against the 
arterial bifurcation points and the transition points of the compliant 
and resistant arterial systems to create the reflected wave (A). The 
reflected wave travels backward toward the heart. In arterial stiffness, 
the pulse wave and reflected wave combine at the end of systole to 

increase the systolic blood pressure and widen the pulse pressure 
which reaches the cerebral microcirculation causing its damage (A). 
The mechanisms and structural changes of the arterial wall and the 
changes of the aortic pressure waveform in the setting of arterial stiff-
ness are displayed (B). DBP diastolic blood pressure, SBP systolic 
blood pressure. The figure was created with Motifolio Toolkit (Moti-
folio, Inc, Ellicott City, MD)
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from 2015 through 2020 confirmed the findings of the 
original meta-analysis by demonstrating the association of 
greater WMH burden with lower CBF in the cross-sectional 
studies [65]. CBF was also lower in WMH in comparison 
to the normally appearing WM [65]. In longitudinal stud-
ies, the baseline WMH volume was associated with future 
decline in CBF [66]. Taken together, these data suggest that 
WMH areas suffer from lower CBF. However, whether a 
decrease in CBF precedes the progression of WMH is less 
clear. In one large prospective study (N = 406), an associa-
tion between baseline global CBF and WMH progression at 
5-year follow-up was not found [67]. Another longitudinal 
study identified a decline in global CBF in association with 
PVWMH progression but not DWMH [68]. It is important 
to consider the limitations of the studies that measure global 
CBF since there are regional differences in CBF that may 
play roles in cSVD pathogenesis. Therefore, a small study 
(N = 52) analyzed the effect of CBF in the WMH penumbra 
which refers to the normally appearing WM surrounding 
WMH on brain MRI. The results indicated that low baseline 
CBF in the WMH penumbra was independently associated 
with the appearance of new PVWMH in these regions [69]. 
Larger-sample longitudinal studies are needed to identify the 
mechanistic link between CBF and cSVD.

Impairment of CBF Regulation: Can It Explain What 
Is Missing from Resting CBF Studies?

Regulation of CBF requires complex mechanisms to meet 
the continuous and rapidly changing energy demands of 

the neurons [70]. These mechanisms include the myogenic 
vascular control (autoregulation), metabolic regulation (cer-
ebrovascular reactivity), and neurogenic mechanisms (neu-
rovascular coupling) [70–72]. The neurovascular coupling 
(NVC) is controlled by the neurovascular unit (NVU) where 
the neural activity is tied to local CBF (Fig. 4A, B) [72]. 
Cerebrovascular reactivity (CVR) refers to the sensitivity of 
cerebral vasculature to changes in arterial CO2 and O2 lev-
els (Fig. 4B) [71]. Cerebral autoregulation (CA) reflects the 
mechanisms that maintain constant CBF despite the changes 
of systemic BP which has a static component, referring to 
CBF changes in relation to systemic BP when the changes 
reach steady states, and dynamic component, referring to 
CBF changes in relation to fast BP changes [70].

As the link of CBF reduction and cSVD has not been 
clearly established, it is postulated that dynamic changes of 
CBF may lead to cSVD as in the case of adult onset cerebral 
autosomal dominant arteriopathy with subcortical infarcts 
and leukoncephalopathy (CADASIL), a hereditary form of 
cSVD [73]. Measurement of CVR can be achieved through 
detecting amplitude changes in the blood-oxygenation-level-
dependent (BOLD) signal of functional MRI per unit change 
in end-tidal CO2 (PETCO2) during breath-holding technique 
or inhaled 6% CO2 challenge [74, 75]. A systematic review 
involving five studies of CVR in cSVD revealed mixed find-
ings as only two of the included studies identified an asso-
ciation of WMH or cSVD score with decreased CVR [76]. 
More recently, however, a clearer association is found. One 
study identified the association of reduced CVR with cSVD, 
higher venous pulsatility, and lower foramen magnum CSF 

Fig. 4   The neurovascular unit and cerebral blood flow regulation. The 
neurovascular unit consists of endothelial cells that combine through 
the tight junctions, pericytes, cerebrovascular basement membrane, 
and the astrocyte end-feet (A). Cerebral blood flow regulation is 
maintained through mechanisms involving the neurovascular cou-
pling, cerebral autoregulation, and cerebrovascular reactivity (B). The 
feedforward mechanism of neurovascular coupling is mediated by the 
glutamate release from neuronal activity resulting in neuronal release 
of NO and astrocyte release of prostaglandin leading to increase in 

local cerebral blood flow. The feedbackward mechanism is mediated 
by local increase in CO2 and decrease in pH following neuronal activ-
ity. Cerebrovascular reactivity is mediated by the release of neuronal 
NO through chemical stimulation. Cerebral autoregulation maintains 
cerebral blood flow in the setting of systemic blood pressure changes 
and is mediated by the myogenic control of the vessel lumen. CO2 
carbon dioxide, EET epoxyeicosatrienoic acid, NO nitric oxide, O2 
oxygen
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stroke volume [77]. In another small prospective study, 
reduced CVR in the normally appearing WM preceded the 
progression of WMH [78]. Finally, vessel-clusters seen on 
SWI corresponding to the maximally dilated vessels in the 
WM approaching complete injury were associated with 
lower CVR in patients with cSVD [79].

Impairment of CA has been recognized in hypertension 
for a long time [70]. The question, however, is whether 
impairment of CA precedes the development of cSVD inde-
pendent of hypertension. This was not the case in a small 
study investigating the relationship of WMH, dynamic CA, 
and CVR [80]. More recently, however, diffuse and sustained 
impairment of dynamic CA was found in patients with lacu-
nar stroke compared to patients with territorial strokes who 
had localized impairment of the dynamic CA [81]. Another 
case-control study identified impairment of dynamic CA 
in cSVD patients while a larger burden of cSVD indicated 
worse CA [82]. The role of CBF regulation is undergoing 
further assessment in ongoing large prospective studies [12].

The Cerebral Capillary Networks

The cerebral capillary networks show inherent heterogeneity 
in their three-dimensional structures leading to heteroge-
neity of the resting cerebral capillary blood flow (CCBF). 
This heterogeneity is postulated to function as a reserve in 
allowing these networks’ flow to homogenize during the 
functional hyperemic response to the local neural activity 
[83]. Jespersen and Ostergaard showed through mathemati-
cal modeling that reduction of capillary transit time het-
erogeneity (CTTH) (i.e., flow homogenization within the 
capillary networks) improves the oxygen delivery to the 
brain tissue [84]. Their model predicted conditions where 
the tissue oxygen delivery is compromised due to the CCBF 
heterogeneity despite a higher state of CBF. We recently 
extended these results by demonstrating that perturbations of 
capillary segment diameter or length will always on average 
decrease the tissue oxygen level in a model of capillary net-
works with variability in geometric and three-dimensional 
structures [85]. The decrease in tissue oxygen level can reach 
a critical level that affects the neuronal activity [86]. A small 
cross-sectional study of patients with WMH provided evi-
dence of capillary dysfunction by showing higher values of 
CTTH within the WMH with associated decrease in CBF 
[87]. Histopathological studies also show decrease in capil-
lary density in patients with leukoaraiosis even outside the 
WMH areas [88, 89]. The mechanistic role of capillary dys-
function in cSVD requires further examination.

The Central Role of the NVU

The NVU components (ECs, mural cells, and astrocytic 
end-feet) form functionally the BBB and they harmonize 

to provide constant nutrient supply to the neurons, remove 
unwanted metabolites, enable neuroimmune trafficking, and 
maintain the homeostatic balance of the brain (Fig. 4A) [90]. 
The roles of the NVU components in cSVD will be dis-
cussed in the next sections.

The Endothelial Cells (ECs)

The ECs control the local CBF through secreting vasodila-
tory mediators (NO and prostacyclin) or vasoconstrictors 
(endothelin) in response to chemical or mechanical stimula-
tors which constitute the endothelial-dependent vasodilatory 
or vasoconstrictor response [13]. The ECs also participate 
in forming the BBB through their TJs [13]. “ECs dysfunc-
tion” term primarily refers to the impairment of endothelium 
synthesis, release, and/or activity of endothelium-derived 
NO [91, 92]. “ECs activation” term refers to the expression 
of adhesion molecules such as VCAM-1 and ICAM-1 on 
the ECs that is induced by proinflammatory cytokines [93]. 
The reduction in NO synthesis in EC dysfunction, however, 
can also lead to VCAM-1 expression and EC activation [92]. 
Therefore, dysfunctional ECs exhibit a wide-range impair-
ment of their functions with a switch toward reduced vasodi-
lation, proinflammatory state, and prothrombotic properties 
[94]. EC dysfunction is considered now by many as the start-
ing point of cSVD [12]. The dysfunctional ECs can lead to 
cSVD through multiple mechanisms including impairment 
of CBF regulation [95], breakdown of the BBB with sub-
sequent fibrinogen leakage into the brain and neuroinflam-
mation [96], and diminishing the flow and waste clearance 
in the PVS (Fig. 5) [97]. Furthermore, a direct link between 
the dysfunctional ECs and oligodendrocyte precursor cells 
has been identified in both SHRSP and human with WMH 
through heat shock protein 90α secretion by the dysfunc-
tional ECs which inhibits oligodendrocyte precursor cell 
maturation leading to demyelination [37].

There is currently abundant evidence supporting the 
existence of EC dysfunction in cSVD. Hypertensive animal 
models of cSVD, such as SHRSP, show EC dysfunction in 
the brain manifesting by reduction in NO levels or impair-
ment of eNOS even before the onset of hypertension [37, 
98]. The brain of SHRSP also shows breakdown of the BBB 
with reduction of claudin-5 level, a component of the EC 
TJs [35, 99]. Hypoperfusion models of cSVD show signs 
of EC activation including overexpression of ICAM-1 and 
VCAM-1 leading to glial cell activation [100]. In human, 
data supporting dysfunction of the ECs and NVU can be 
inferred by studying the BBB function. Using dynamic con-
trast enhanced imaging, diffuse BBB breakdown was identi-
fied in the WM in patients with lacunar stroke and WMH 
[101, 102]. BBB leakage can be seen in areas of WMH, the 
normal-appearing WM, and the grey matter suggesting that 
this finding is universal in the brain and potentially predates 
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the development of WMH [102, 103]. In another study, BBB 
leakage increased in proximity of the WMH lesions sug-
gesting its role in WMH expansion [104]. Another body of 
evidence for EC dysfunction in patients with cSVD comes 
from studies examining cSVD association with several cir-
culating markers of EC dysfunction and activation [105]. 
In a cohort of asymptomatic patients, serum ICAM-1 level 
was associated with PVWMH and DWMH independent of 
cardiovascular risk factors [106]. Higher levels of circulating 
MMP-9 were found in stroke-free subjects with WMH vs 
those without WMH [107]. Longitudinally, ICAM-1 levels 
were associated with the progression of WMH at 3- and 
6-year follow-up in a cohort of subjects free of stroke and 
dementia [108]. These circulating biomarkers’ studies do not 
provide direct evidence of cerebrovascular EC dysfunction 
versus supporting a state of systemic EC dysfunction in the 
setting of cSVD.

The mechanisms of EC dysfunction in cSVD are not fully 
understood. Age and cardiovascular risk factors, especially 
hypertension, are associated with systemic vascular oxida-
tive stress with production of reactive oxygen species (ROS) 
[109, 110]. ROS may directly interact with NO reducing 

its bioavailability (Fig. 5). Additionally, by oxidizing the 
eNOS cofactor Tetrahydrobiopterin (BH4), ROS may uncou-
ple eNOS resulting in the paradoxical production of the 
ROS superoxide anion instead of NO. ROS also impair the 
responsiveness of the endothelial-dependent vasodilators 
through multiple interacting pathways [109]. The sources 
of ROS in the vascular wall are several including NOX, 
the mitochondrial respiratory chain, xanthine oxidase, and 
the uncoupled eNOS [111]. The perivascular macrophages 
(PVMs) have gained recent attention as the main source of 
superoxide in the brain in hypertension [112]. In a model of 
Ang-II induced hypertension, the entry of Ang-II through 
the broken BBB to the brain results in the production of ROS 
through NOX2 secondary to the activation of type I Ang-
II receptor (AT1R) in the PVM. Mechanistically, depletion 
of PVM or AT1R counteracts the harmful cerebrovascular 
effect of Ang-II [112]. In another work, PVM was neces-
sary for the full expression of BBB disruption while EC 
AT1R initiated the BBB disruption seen in hypertension 
[113]. This was evident as the depletion of brain PVMs or 
AT1R deletions in PVMs attenuated, but did not abolish, the 
BBB breakdown in the cerebrovascular arterioles. However, 

Fig. 5   The pathophysiological processes involving the neurovascular 
unit and microglia in cerebral small vessel disease. Oxidative stress 
impairs eNOS function and uncouples it resulting in lower NO levels. 
Dysfunctional ECs also express VCAM and ICAM-1 facilitating leu-
kocyte adhesion. They also show impairment of their tight junctions 
leading to fibrinogen infiltration. Dysfunctional ECs secrete HSP-90α 
affecting ODC precursors and resulting in demyelination. These pro-
cesses as well as hypoxia activate astrocytes to secrete MMP-2, peri-
cytes which secrete MMP-3, and microglia which produce MMP-9. 

MMP-3 activates inflammatory MMP-9 leading to neuroinflamma-
tion, ECM degradation, BM destruction, demyelination, and neuronal 
injury. BM basement membrane, ECM extracellular matrix, ECs 
endothelial cells, eNOS endothelial nitric oxide synthase, HSP-90α 
heat shock protein 90α, ICAM-1 intercellular adhesion molecule-1, 
MMP matrix metalloprotease, NO nitric oxide, ODC oligodendro-
cyte, ROS reactive oxygen species, TJ tight junction, VCAM vascular 
cell adhesion molecule. The figure was created with Motifolio Toolkit 
(Motifolio, Inc, Ellicott City, MD)



	 Translational Stroke Research

1 3

AT1R deletion in cerebral ECs prevented BBB disruption 
completely [113].

Dysregulation of systemic hemodynamics and systemic 
inflammation are additional contributors to EC dysfunction 
[114]. As preceded, the increase in arterial pulsatility in the 
setting of large AS can be transmitted to the cerebral cir-
culation leading to EC injury [52, 114]. Age is also asso-
ciated with chronic low-grade inflammation “inflammag-
ing” resulting in vascular oxidative stress and impairment 
of EC-dependent vascular tone with associated increase in 
vascular permeability and procoagulant activity [114–117]. 
Excessive dietary salt intake, an environmental cSVD risk 
factor, can cause cerebrovascular EC dysfunction through 
the expansion of TH17 in the small intestine with marked 
increase in plasma interleukin-17 (IL-17) which in turn 
promotes the inhibition of phosphorylation of eNOS and 
reduce NO production in the cerebral ECs [118]. The cogni-
tive impairment induced by excessive salt intake is mediated 
by hyperphosphorylation of tau and can be prevented by 
restoring endothelial NO production providing a mechanistic 
link between dietary salt, EC dysfunction, and tau pathol-
ogy [119].

The Cerebrovascular Basement Membrane (BM)

The BMs are layers of complex ECM proteins providing 
support of the ECs and contributing to the formation of the 
BBB [120]. The vascular BM along the interstitial matrix 
and the perineuronal network of the brain parenchyma form 
the brain’s ECM [120].

Impairment of the BM and ECM is found in models of 
cSVD and VCI [121, 122]. BCAO in normotensive rats or 
unilateral carotid artery occlusion in SHRSP on Japanese 
modified diet shows disruption of the BM and TJs due to the 
action of MMPs [123, 124]. The hypoxia induced by carotid 
occlusion leads to expression of hypoxia inducible factor-1α 
(HIF-1α) with subsequent activation of MMP-2 in the astro-
cytes resulting in BM disruption and demyelination. As the 
hypoxia persists, the inducible MMP (MMP-3 and MMP-9) 
production is stimulated by cytokine (TNF-α) release lead-
ing to irreversible BBB disruption and neuroinflammation 
(Fig. 5) [121, 122].

Like EC dysfunction, impairment of the BM function in 
forming the BBB can be inferred in human with cSVD by 
utilizing dynamic contrast-enhanced brain MRI [102, 103]. 
Monogenic mutations affecting type IV collagen genes, an 
important component of the BM, provide additional evi-
dence for the BM role in human cSVD [31]. More than half 
of the individuals with mutations in COL4A1 have cSVD 
lesions. Large-scale genetic population studies have also 
identified variants in COL4A2 gene in association with lacu-
nar ischemic stroke and deep ICH while a meta-analysis of 

healthy and stroke participants identified a common variant 
in COL4A2 in association with WMH burden [31].

The Pericytes

The crosstalk of pericyte with the ECs and astrocytes main-
tains the BBB, angiogenesis, CCBF, and material clearance 
from the brain. The pericytes also regulate inflammation and 
immune cell activation in the brain [125].

The roles of pericyte in BBB breakdown and cSVD are 
emerging. In the BCAS model, pericyte count and coverage 
of the small vessels decrease reaching a nadir 3 days follow-
ing carotid surgery with an increase in BBB permeability 
that precedes WM injury or behavioral deficits [126]. Mech-
anistically, ablation of pericytes in mice by diphtheria toxin 
administration to an inducible pericyte-specific Cre line 
results in acute BBB breakdown, severe loss of CBF, and 
rapid neuronal loss [127]. Furthermore, pericyte-deficient 
mice exhibit disruption of the WM microcirculation with 
accumulation of fibrinogen deposits and associated decrease 
in blood-flow triggering a loss of myelin, axons, and oli-
godendrocytes [128]. The negative cerebrovascular effects 
of APOE4 causing BBB breakdown are mediated through 
activation of a proinflammatory CypA-nuclear factor-ĸB-
matrix-metalloproteinase-9 pathway in pericyte providing 
additional evidence for the pericyte role in maintaining the 
BBB. These vascular deficits precede the neuronal dysfunc-
tion and can initiate neurodegenerative changes [129]. The 
production of MMP-3 by pericytes is also important for 
MMP-9 activation and neuroinflammation [121, 122].

The role of pericytes in human with cSVD can be dem-
onstrated in CADASIL where patients develop cSVD at an 
early age [130]. The extracellular fragment of the responsi-
ble gene, NOTCH3, accumulates at the cytoplasmic mem-
brane of the VSMCs and pericytes leading to the disease 
[131]. Evidence for the role of NOTCH3 in sporadic cSVD 
is still lacking except for a single GWAS in healthy sub-
jects that found an association between common variants on 
EFEMP1 and higher WMH load [31].

The Astrocytes

The astrocytes support the neuronal function through their 
roles in potassium buffering and osmotic and glutamater-
gic homeostasis. The astrocyte end-feet also participate in 
the BBB formation and NVC through the release of COX-1 
metabolites [132–134].

Evidence of astrocytic functional impairment in cSVD 
models already exists. Ang-II induced impairment in NVC 
in mice is mediated by the increase in calcium in astrocytes 
which subsequently promotes vasoconstrictor over vaso-
dilatory response to neuronal activity [135]. The increase 
in the glial fibrillary acid protein (GFAP) expression, a 
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marker for reactive astrocytes [136], is consistently found in 
SHRSP [98, 99]. Astrocytes and microglia produce MMPs 
which play important roles in models of cSVD. MMP-2 and 
MMP-9 expression is increased in hyperhomocysteinemia-
induced VCI models [137]. Similar observations are made in 
cerebral hypoperfusion models which show astrocyte activa-
tion through HIF-1 expression leading to MMP-2 activation 
and subsequent ECM alteration [121]. Inflammatory media-
tors secreted by activated microglia such as IL-1α or TNF-α 
are additional sources for astrocyte activation which are seen 
in neuroinflammatory disorders and yet to be determined in 
cSVD [138].

The Microglia and Neuroinflammation

Microglia constitute 5–10% of total brain cells and are the 
only true CNS parenchymal macrophages [139]. Microglia 
activation is a prominent feature of the neuroinflammatory 
process [139]. Evidence of neuroinflammation and microglia 
activation is consistently seen across cSVD experimental 
models. Iba-1, a marker of microglia, is increased in the 
brain of SHRSP early in life compared to age-matched 
normotensive Wistar-Kyoto (WKY) rat [98, 99]. Pathway 
mapping of the differentially expressed genes in the brain 
of SHRSP compared to age-matched WKY identified sig-
nificant differences in the responsible pathways for glia 
and microglia activation [140]. In the chronic hypertension 
model of deoxycorticosterone acetate (DOCA)–salt-treated 
Wistar rats following unilateral nephrectomy, the resting 
perivascular microglia directly switched to the pro-inflam-
matory M1 state [141]. Microglia activation is also present 
in the models of BCAO in rats [142, 143] as well as a lacu-
nar infarct model induced by stereotactic injection of oua-
bain into the striatum in the adult rats [144]. Mechanistically, 
pharmacological depletion of microglia using PLX5622, a 
highly selective CSF1R tyrosine kinase inhibitor, in Cx3Cr1 
gfp/wtxThy1 yfp/0 reporter mice protects against the cognitive 
impairment induced by prolonged Ang-II infusion [145].

In post-mortem human studies, markers of BBB break-
down, activated microglia, and astroglia are seen in the brain 
of patients with cSVD [146]. In an autopsy study from the 
Cognitive Function and Ageing Study (CFAS), heteroge-
neity in the inflammatory response profile was identified 
within the brain in patients with WM lesions. In particular, 
the expression of microglia and astrocyte markers increased 
from the subcortical to the subventricular WM. Furthermore, 
WM inflammation showed a weak relationship to microvas-
cular disease pathology and no relationship to Alzheimer’s 
neuropathology [147]. Recent advances in neuroimaging 
techniques have allowed in vivo measurement of neuroin-
flammation in patients with cSVD. By using 11C-PK-11195 
PET imaging for microglia activation, 11C-PK-11195 bind-
ing was associated with cSVD particularly in regions typical 

of hypertensive arteriopathy [148]. In another study com-
bining sporadic cSVD, CADASIL patients, and normal 
controls, microglial activation identified by 11C-PK11195 
PET and increased BBB permeability were found in spo-
radic cSVD in the normal appearing WM while CADASIL 
patients did not have increase in BBB permeability [149].

Systemic Inflammation, Gut Dysbiosis, and cSVD

Age is closely associated with a state of chronic, low-grade, 
systemic, and asymptomatic inflammation that is known 
as “inflammaging” [115, 117]. The cellular and molecular 
mechanisms of inflammaging are complex, and they involve 
cellular senescence, immunosenescence, mitochondrial 
dysfunction, defective autophagy, metaflammation, and gut 
microbiota dysbiosis [117]. While it has not been estab-
lished how inflammaging may cause cSVD, the increase in 
cytokine levels such as TNF-α, IL-6, or IL-1β and vascu-
lar oxidative stress may cause EC dysfunction [114–117]. 
Indeed, the association of systemic inflammatory markers 
(e.g., CRP, IL-6, fibrinogen) and cSVD is well-documented 
[150]. In a systematic review, longitudinal studies showed 
an association of elevated levels of systemic inflammatory 
markers at baseline and future cSVD severity and progres-
sion [150]. Furthermore, a robust association of systemic 
markers of vascular inflammation (e.g., homocysteine, von 
Willebrand factor) and cSVD was also seen [150].

The gastrointestinal microbiota is a particular source of 
inflammaging that has gained special attention as a cause 
of vascular inflammation and EC dysfunction [115, 151]. 
Mechanistically, lipopolysaccharides, a component of the 
gram-negative gut bacteria, can directly influence the ECs 
by initiating interrelated redox and kinase-dependent sig-
nally pathways through endothelial TLR4 activation [151]. 
When the neutrophils of both human and mouse are exposed 
to fecal bacterial extracts from a patient with cSVD, they 
activate with an increase in their capacity to provide IL-17A 
demonstrating the effect of gut dysbiosis to induce systemic 
inflammation in cSVD [152]. Evidence of gut dysbiosis is 
also found in experimental models of cSVD with mecha-
nistic effect on hypertension and BBB function [153, 154]. 
When normotensive WKY at young age were gavaged with 
SHRSP microbiota, their SBPs were increased as they aged. 
While SHR gavaged with WKY microbiota tended to have 
lower BP than SHR gavaged with SHRSP microbiota [153]. 
SHRSP fostered on WKY dams had also lower SBP and 
improved BBB function compared to SHRSP fostered on 
SHRSP dams [154].

The association of dysbiosis of the oral or the gut micro-
biota with cSVD markers has been identified in several retro-
spective studies of different cohorts including stroke patients 
and patients without dementia or stroke history [155–157]. 
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However, larger prospective studies are needed to determine 
the role of gut dysbiosis in cSVD.

The Glymphatic System: a New Target for cSVD

The glymphatic system utilizes a network of perivascular 
channels formed by the astroglial cells for the brain waste 
clearance [97]. The roles of the glymphatic system are being 
revealed in various neurological diseases [158]. Enlarged 
PVS have long been recognized as cSVD feature [4]. How-
ever, questions remain whether an associated impairment 
of the glymphatic transport exists in association with PVS. 
Experimentally, this was the case as solute transport in the 
PVS and PVS-to-tissue transfer were slower in SHRSP 
compared to normal rats [159]. Recent reports show pro-
gressive enlargement of PVS in SHRSP with age enhancing 
this hypothesis further [33, 34]. SHR also shows similar 
findings to SHRSP of the enlarged PVS association with 
impaired glymphatic clearance [160]. However, given the 
presence of hydrocephalus in SHR, these results should be 
interpreted with caution [161]. Chronic cerebral hypoperfu-
sion model induced by BCAS in mice also shows evidence 
for glymphatic dysfunction with loss of AQP4 polarization 
[162].

Novel MRI techniques are being developed to measure 
the glymphatic clearance in human both invasively by using 
intrathecal tracer injections [163] and non-invasively by uti-
lizing diffusion tensor image analysis along the perivascular 

space (DTI-ALPS) [164]. Indeed, the DTI-ALPS index was 
associated with cSVD markers and cognitive function in 
small studies of sporadic cSVD and cerebral amyloid angi-
opathy [165, 166]. In another study, the association of the 
DTI-ALPS index with cognitive function was independ-
ent of cSVD four classical markers including WMH, lacu-
nes, microbleeds and PVS [167]. The mechanistic role of 
glymphatic system impairment in cSVD requires further 
investigation.

Conclusions and Future Recommendations

As preceded, cSVD mechanisms are complex and involve 
several overlapping systems including the brain, the sys-
temic circulation, and other body organs (Fig. 6).

In the setting of advanced age, vascular oxidative stress, 
chronic systemic inflammation, and AS-related alterations 
of the systemic hemodynamics interact to cause a state of 
cerebrovascular EC dysfunction. The dysfunctional ECs 
induce the subsequent neurovascular dysfunction and neu-
roinflammation (Fig. 6). The dysfunctional ECs exacerbate 
superoxide production through the uncoupled eNOS, impair 
CBF regulation, and lose their BBB-protective capabilities. 
Hypoxia and passage of fibrinogen into the brain activate the 
microglia and astrocytes leading to MMP secretion and neu-
roinflammation. These events worsen the BBB breakdown 
with potential recruitment of systemic inflammatory cells, 

Fig. 6   Overview of cSVD mechanisms. Age leads to large artery 
stiffness, systemic low-grade inflammation, vascular oxidative stress, 
and gut dysbiosis which combine to cause cerebrovascular EC dys-
function. Because of these events, CBF regulation becomes impaired 
with BBB breakdown leading to neuroinflammation and neuronal 
injury. Age also impairs waste clearance through the glymphatic sys-

tem resulting in tau and amyloid-β accumulation. These pathological 
events eventually result in cerebral small vessel disease and vascular 
cognitive impairment. BBB blood brain barrier, CBF cerebral blood 
flow, cSVD cerebral small vessel disease, ECs endothelial cells, MRI 
magnetic resonance imaging, VCI vascular cognitive impairment
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ECM damage, and neuronal injury. The astrocytic dysfunc-
tion and neuronal injury may further impair the NVC. It 
remains unknown whether the initial neurovascular dysfunc-
tion is sufficient alone or whether it requires the secondary 
neuroinflammation to induce VCI [9]. Aging also impairs 
the glymphatic waste clearance system leading to phospho-
rylated tau accumulation with additional neuronal injury 
(Fig. 6).

The management of covert cSVD focuses on cardiovascu-
lar risk factor modification and they are currently supported 
by weak quality evidence (Table 2) [168].

Prior attempts to develop disease-specific treatments 
have not been successful such as NO donors and cGMP-
modifying agents, while others remain under investigation 
such as minocycline for modifying neuroinflammation and 
BBB breakdown [12, 169, 170]. The translational failure in 
bringing cSVD therapies to bedside is due to several fac-
tors, many of which are linked to the complexity of cSVD 
mechanisms and phenotypes. Therefore, important research 
questions need to be addressed to improve the mechanistic 
understanding of cSVD and develop new therapies (Fig. 7). 
First, knowledge gaps need to be addressed as identified in 
this review. Given the significance of EC dysfunction and 
BBB breakdown in cSVD, understanding of the early oxida-
tive stress process that induces EC dysfunction and how the 
dysfunctional ECs lead to neuronal injury needs to be prior-
itized [91]. In doing so, the heterogeneity of the EC molecu-
lar composition across the brain vessels should be consid-
ered [171]. Neuroinflammation is another consistent finding 
in cSVD. Most of the prior cSVD research has focused on its 

negative consequences while recent discoveries have noted 
the positive roles of the inflammatory response in neurore-
generation [138, 172]. Therefore, the positive and negative 
roles of neuroinflammation in cSVD should be deciphered. 
The mechanistic contribution of the glymphatic system to 
cSVD is another knowledge gap, especially, whether the 
glymphatic system explains the overlaps of aging, cSVD, 
and AD [173–175].

Following identifying the relevant knowledge gaps, test-
ing mechanistic and therapeutic interventions requires a sys-
tematic approach to pre-clinical models of cSVD (Fig. 7). 
Utilizing more than one translational model reflecting the 
different mechanisms for inducing cSVD is needed. The 
cognitive and histological endpoints of cSVD in pre-clin-
ical studies also need to carefully consider the underlying 
neurochemical profile of the utilized model [176]. Testing 
of therapeutic and mechanistic interventions in subsequent 
early-phase human studies should utilize advanced neuroim-
aging, genomics, and artificial intelligence (AI) techniques 
to enrich the study sample with a homogenous population 
(Fig. 7). An important step toward this aim has been recently 
made by a group of international experts [177]. Endpoints 
and treatment goals of cSVD clinical studies also need to 
closely align with the specific mechanism that is targeted. 
An example is utilizing large AS as a treatment target in 
cSVD studies [178, 179]. Beyond utilizing AI for cSVD seg-
mentation [180], it can also infer the underlying mechanisms 
by combining the genetic, imaging, and clinical character-
istics of the studied sample [181, 182]. New mechanistic 
pathways identified in early exploratory human studies 

Table 2   Evidence-based recommendations for management of covert cerebral small vessel disease

cSVD cerebral small vessel disease, ESO European Stroke Organization

Interventions addressed in the ESO guidelines for the management of covert cSVD

Intervention type Intervention goals Recommendation and strength/quality of 
evidence

Antihypertensive treatment in hypertensive 
covert cSVD (≥ 140/90)

Prevent the extension of cSVD lesions and 
related clinical manifestations

Strong recommendation for the intervention/
very low

Antiplatelet treatment Reduce clinical outcome events of strokes or 
cognitive decline

Weak recommendation against the intervention/
very low

Lipid lowering treatment Prevent clinical outcomes Weak recommendation for the intervention/
very low

Physical exercise Decrease cerebrovascular events, all-cause 
mortality, decrease cognitive decline, and 
improve mobility

Weak recommendation for the intervention/
very low

Non-physical lifestyle modifications (healthy 
diet, good sleep, etc.)

Improve clinical outcomes No recommendation/very low
These interventions are strongly encouraged for 

general health reasons (not related to covert 
cSVD)

Glucose lowering in patients who do not have 
any indication for glucose control

Improve clinical outcomes No recommendation/very low

Use of conventional anti-dementia drugs Reduce cognitive decline or dementia Weak recommendation against the intervention/
very low
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should also be tested in animal models through a reverse 
translational approach to confirm their findings.

In conclusion, a systematic approach to translational 
and clinical cSVD research combined with advancements 
in neuroimaging, genomics, and AI will move the field 
closer to developing specific therapeutics to improve the 
lives of patients with cSVD.
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