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Abstract: Perivascular spaces are the fluid-filled areas surrounding small blood vessels in the brain, and they may play a role similar
to lymphatic vessels in clearing metabolic waste. When their diameters exceed 1 mm, as measured by structural magnetic resonance
imaging, they are classified as enlarged perivascular spaces (EPVS). Previously, EPVS were considered to be benign, but increasing
evidence suggests that their existence may be associated with various clinical diseases. Here, we review recent clinical studies to
understand the potential clinical implications of EPVS. We also review the anatomy and imaging characteristics of EPVS and discuss
four causal hypotheses for their formation and associated risk factors. Due to differences in research methods and concerns across
studies, unified conclusions are difficult to achieve. Overall, more basic high-quality research is needed to clarify the subject and
provide more concrete theoretical support.
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Introduction

Perivascular spaces are spaces around perforating cerebral arteries and are also called Virchow—Robin spaces.'” The
initial research on perivascular spaces mostly focused on anatomy and pathology, however, with the development of
magnetic resonance imaging (MRI) technology, they have received an increasing amount of attention, and numerous
clinical studies on perivascular spaces have emerged. As a transportation channel from the brain to the cerebrospinal fluid
(CSF),? perivascular spaces connected blood vessel and nerves,” so it may be of relevance for cerebrovascular,
neurodegenerative, and neuroinflammatory diseases.

EPVS is a common occurrence in the aging population,” and advanced age is a risk factor associated with EPVS.°
Studies have revealed that the presence of EPVS is linked to an increased risk of cognitive decline, dementia, stroke, and
cerebral small vessel disease (CSVD), which are considered age-related pathologies.”® Although the exact mechanisms
underlying the correlation of EPVS in older adults are not fully understood, it is believed that vascular stiffness and
aging, brain atrophy, and deposition of metabolic substances may contribute to the development and progression of these
conditions. Therefore, in this review, we summarize and discuss the associations between these factors and explore the
current knowledge on anatomy, physiology, and major imaging features, as well as the risk factors affecting perivascular
spaces and clinical research progress of age-related diseases. Overall, our study provides foundational insights for future
clinical studies.

Anatomy and Glial Lymphocytes
Understanding of the anatomical structure of perivascular space is improving. It was initially believed that perivascular
space was directly connected to subarachnoid space;'® however, in 1990 it was found that the perivascular spaces of
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cerebral cortical arteries are surrounded by vascular walls and by a peripheral monolayer of pial meninges and that they
are not connected with the subarachnoid space. The PVSs of veins on the other hand do not have this membrane and are
directly connected to the subarachnoid space.'" The perivascular spaces of the cortex and basal ganglia are not identical;
there is a layer of pial meninges surrounding the vessels of cortical arterioles and venules, and perivascular spaces are
located between the vessel wall and the pial meninge. Basilar ganglia arterioles on the other hand are surrounded by two
layers of pial meninges, and perivascular spaces are located between these two layers,'> which are connected to
subarachnoid space. The perivascular spaces around the veins of the basal ganglia are similar to those of the cortex,
but the pial meninges are discontinuous. Now with the development of high-resolution MRI, a better tool to help
understand the anatomy of perivascular spaces emerged. The perivascular spaces in the basal ganglia are connected to the
basal cisterna, extend significantly from the base of the putamen, and follow the perforating vessels upward with uneven
thickness; perivascular spaces in the white matter area are not connected with the subarachnoid space and converge to the
ventricle from the subcortex.'

It is generally believed that perivascular spaces play a role in the peripheral circulation of the central nervous system.
The main fluid components in the perivascular space are the interstitial fluid, macrophages, and various proteins,
including amyloid P, apolipoprotein E, proteoglycan, immunoglobulin G, and albumin.'* The functions of perivascular
spaces are to transport CSF and remove metabolic waste from the brain parenchyma. The main circulation process can be
outlined as follows: periarterial perivascular spaces are involved in the distribution of CSF and the exchange of CSF with
the interstitial fluid, which flows back from perivenous perivascular spaces to meningeal lymphatics and eventually back
to systemic circulation for clearance by the kidneys and liver.

EPVS and Age-Related Brain Pathologies

Studies carried in the hospital have shown that PVS in aging population is associated with complex mechanisms, such as

arteriolosclerosis,'> AB-amyloid'®!’

and tau proteins deposition, which are associated with altered fluid hydrodynamics
and may be related to neurodegenerative diseases. And in animal experiments, Kress et al found that, compared to young
mice, older mice had a 27% loss in vessel pulse ability and a 40% reduction in AB-amyloid clearance.'® Zenget al
proposed that the microglia inflammatory process may mediate the relationship between glymphatic dysfunction and
Alzheimer's Disease, and anti-neuroinflammation therapy may help break the vicious circle between pathology deposi-
tion and PVS expansion.'® Besides, A MRI-pathology investigation involving 654 older participants base on a commu-
nity cohort shows that PVS is related to infarcts independent of other neuro-pathologies regardless of dementia status,
which implied that PVS may share similar neurobiological pathways with the infracts.”’ In conclusion, current research

on PVS and age-related brain pathologies is still in its preliminary stage, and needs further study.

Hypotheses Related to the Cause of EPVSs

There are several proposed causal mechanisms for perivascular space enlargement: (1) arterial stiffening, (2) protein
aggregation (3), brain atrophy (4), and destruction of the blood-brain barrier (BBB) (Figure 1). First, arterial stiffening,
a sign of aging, likely contributes to the existence of EPVSs in the basal ganglia.' It is possible that blood vessel walls
are damaged and remodeled** due to the impact of high pulse waves, and that the perforating arteries in the basal ganglia
region are more vulnerable to damage than other blood vessels.”* In addition, the reduced elasticity and thickening of the
vascular wall impair the ability of the contractile phenotype of smooth muscle cells to discharge metabolic waste, leading
to the widening of the perivascular space.”* Second, the abnormal aggregation of proteins,”* such as p-amyloid, can block
the upstream system of cortical arteries, resulting in the drainage of ISF and the widening of perivascular space. White
matter has a lower cellular density and is more susceptible to the effects of pressure than gray matter; this is often used to
explain the EPVS around the center of the semiovale. Third, brain atrophy with age created a phenomenon known as
cavitation by pulling on the tissue around the blood vessels, which may explain the existence of the dilation of PVSs. The
fourth proposed mechanism is damage to the Brain Blood Barriers (BBB). High blood pressure, age, or nonspecific
inflammation can damage the endothelial cells of the blood vessels and disrupt the tight connections between endothelial
cells, resulting in increased BBB permeability. This increases the amount of material leaking from blood vessels, which
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Figure | The hypotheses of the cause mechanisms of perivascular space enlargement.

Notes: (A) The reduced elasticity and thickening of the vascular wall caused by high pulse waves impairs the ability of the contractile phenotype of smooth muscle cells to
discharge metabolic waste; (B) The abnormal aggregation of proteins can block the upstream system of cortical arteries; (C) Brain atrophy pulls on the tissue around the
blood vessels, creating a phenomenon known as cavitation; (D) The tight connections between endothelial cells was disrupted, resulting in increased blood-brain barrier
permeability. The yellow arrow in the figure above refers to enlarged perivascular spaces in centrum semiovale, and in the figure below refers to enlarged perivascular spaces
in the basal ganglia.

causes perivascular spaces to widen. These proposed mechanisms are still largely hypothetical and require more concrete
evidence.

Perivascular spaces present similar to CSF on all MRI sequences, showing a low signal on TIWI and FLAIR and
a high signal on T2WI, with a uniform signal, no mass effect, and no contrast enhancement effect. According to the
Standards for Reporting Vascular Changes on Euro imaging (STRIVE), perivascular spaces with a diameter >2 mm are
considered EPVSs; the normal diameters of perivascular spaces are <2 mm and they rarely extend to 10-20 mm.”
Perivascular spaces are mainly distributed in the basal ganglia, subcortical white matter, and midbrain but can also be
seen in the thalamus, cerebellum, and insula. They are constituted by space around the blood vessels, which extends in
the direction of the perforator vessel. Therefore, according to the associated perforating arteries, perivascular spaces can
roughly be divided into three types: the basal ganglia type around the deep passage branch of the pin-stria artery; the
cerebral hemisphere type around the medullary arteries (hemi-oval center); and the midbrain type around the perforating
artery of the posterior cerebral artery.! The commonly used Potter score®® grades perivascular spaces from 0 to 4
according to the occurring numbers; grade 0: the absence of perivascular spaces in the brain plane determined in the basal
ganglia and central hemiovale; grade 1: 1 to 10 perivascular spaces; grade 2: 11 to 20 perivascular spaces; grade 3: 21 to
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40 perivascular spaces; and grade 4: >40 perivascular spaces. The midbrain is rated as 0 or 1 depending on whether any
PVS can be seen. Perivascular spaces can be classified according to the location of blood vessels, as well as according to
morphology. The two most common types are the single follicle type that is an isolated and round-like cystic structure
and the local cluster type constituted by multiple strips and lines.

Because EPVS are filled with interstitial fluid, their signals and those of CSF on all sequences are often difficult to
identify because of overlaps in intensity and distribution with the lacunae.?” Combining pathology and imaging, they can
be distinguished as shown in Table 1.

There have also been reports of a rare large perivascular space called the giant tumefactive PVS (GTPVS). It is
commonly found in the mesencephalothalamic region, paramedial artery, and white matter,” and it is associated with
headaches in approximately 50% of pa‘[ients.28 In addition, cognitive decline, vertigo, ataxia, vision changes, and seizures
have also been reported. The cause of large perivascular spaces is unclear. Regarding treatment, a waiting strategy may
be best for asymptomatic patients, and surgical intervention may be best for those with cerebral edema to obtain
pathological evidence and improve symptoms, but the selection and comparison of surgical methods are limited by the
small number of cases.”’

Risk Factors

The risk factors associated with EPVSs include demographic characteristics, genetics, hypertension, and sleep duration
and associated inflammation. Advancing age is significantly correlated with perivascular spaces and positively correlated
with the severity of EPVSs, which may be an independent risk factor.” Age is more strongly correlated with EPVSs in the
basal ganglia region than in the centrum semiovale.’® Studies have shown that in healthy people and patients with
Alzheimer’s disease (AD), EPVSs are more common in men than in women,*' especially in the white matter;** however,
there is no hypothesis for this sex difference. The prevalence of EPVSs is much lower in Chinese patients than in white
patients with TIA/ischemic stroke.’® In addition, there may be differences in the classic distribution pattern of
perivascular spaces in cerebral amyloid angiopathy (CAA).** Under the premise of uniform research methods, ethnic
differences need to be further explored.

Vascular risk factors are key to understanding the association between EPVS and clinical diseases and hypertension
plays an important role in it.>> In the priming phase, chronic stress exposure initiates hypoxia-sensitive gene expression
and molecular cascade. The release of inflammatory factors, including cytokines, inflammatory matrix metalloproteinases
and cyclooxygenase-2, in turn, acts on the BBB inducing the expression of adhesion molecules in endothelial cells,
thereby promoting leukocyte and platelet adhesion and microvascular obstruction.*** It becomes an important hypoth-
esis for the formation of EPVS. Yao et al*’
the whole brain, including BG, WM and hippocampus (HP). Further studies have shown that systolic blood pressure

have proposed that hypertension may promote the development of EPVS in

level is independently correlated with EPVS in BG, but not in WM.*>*' The control of blood pressure may play an
important role in EPVS.

Perivascular spaces play an important role in the removal of metabolic waste, and studies have shown that deep sleep
promotes the metabolism of substances such as beta-amyloid protein. Poor sleep efficiency is independently correlated
with the increase of BG-PVSs,** and the EPVS burden of individuals with a short sleep duration was significantly
higher,*® suggesting that sleep may be a risk factor for perivascular space enlargement.

Table | The Differences Between Perivascular Spaces and Lacunes

Perivascular Space Lacune
Location Common in lower one thirds of basal ganglia Common in upper two thirds of basal ganglia
Shape Round, oval, linear, etc. mostly smooth edge Mostly wedge-shaped irregular edges
Size Usually <2 mm in diameter The diameter is 3 ~ |5mm
Symmetry General symmetry Asymmetry
FLAIR No high density signal ring around it. Acute phase, high signal; In the non-acute stage, the central signal is
low and the peripheral signal is thin.
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EPVSs and Clinical Diseases

EPVS is a Potential Marker of Cognitive Decline and Dementia

It has been recognized that cerebral small vessel diseases (CSVD) are associated with cognitive decline. Therefore, the
role of EPVS, an emerging CSVD imaging marker, in cognitive impairment is a hot topic of current research (see in
Table 2 and Table 3). The evidence has shown that EPVS is a potential marker of cognitive decline and dementia.**
A recent community-based study suggested that the association between EPVS and cognitive decline and dementia was
independent of other CSVD markers.** It has been reported that there is a negative correlation between EPVS counts and
MoCA scores, wherein an increase in the number of EPVS is related to a decrease in the MoCA score, regardless of other
CSVD markers and vascular factors.*> A study involving 6135 person-years of follow-up demonstrated that participants
with the highest degree of EPVS (more than 20 EPVSs in the white matter or a cribriform change in the basal ganglia) is
related to incident dementia,’® and EPVS in the basal ganglia region were significantly associated with vascular
dementia.*’ In addition, studies have shown that severe EPVS at baseline experience is related to worsening of
information processing, visuospatial testing and executive function.*® No studies have shown the correlation of EPVS
with memory impairment, even for EPVS in hippocampal regions.**° A study with a follow-up period of up to 8 years
showed no significant association between hippocampal EPVS load and baseline cognitive performance or dementia
events.>® Surprisingly, a study in elderly without dementia found that EPVS is associated with good memory perfor-
mance, but the result should be interpreted with caution.”’

There are also findings that point away from the association between EPVS and cognitive decline. A recent study in
a large memory clinic population suggest that EPVS may not be used as a specific CSVD marker for cognitive
impairment.>® Besides, the relationship between EPVS and cognitive decline in patients with ischemic cerebral events
has not been established.®>* Several articles support the theory that EPVS are associated with dementia, but it is not
clear whether this relationship is causal or concomitant.**

Due to the widespread use of the 4-point scale method, the location and number of perivascular spaces are the main
focus of current studies, but other traits, such as size and Volume,5 3 are also informative. For example, study that reported
that the presence of LPVSs (>3 mm in diameter) was significantly associated with impaired information processing
performance and an increased risk of vascular dementia has received attention.>!

EPVSs May Distinguish Cerebral Amyloid Angiopathy from Spontaneous Intracerebral

Hemorrhage

CAA is one of the common causes of spontaneous intracerebral hemorrhage (ICH) which is characterized by strict
cerebral hemorrhage and hypertensive arteriopathy (HA)-related ICH is more common in basal ganglia(BG) regions.
Studies have shown that different MRI-visible EPVS patterns may be of significance in distinguishing the dominant
cause of ICH. The prevalence of high-degree BG-EPVS may be associated with HA-ICH and EPVS in the central
semiovale region (CSO) is related to CAA-related ICH.>® CAA is characterized by extensive p-amyloid deposition that
erodes cerebral arterioles and replaces smooth muscle, leading to extracellular degradation®’ and, ultimately, hemorrhage.
The possible cause of the vascular accumulation of f-amyloid is the clearing of mechanical obstacles that affect the CSF
outflow pathway and increase interstitial pressure, resulting in dilated perivascular space. A study further validated the
associations between CSO-EPVS and pathologically confirmed sporadic CAA and Dutch-Type CAA; the relative volume
of CSO-PVs in both groups was significantly higher than that in the non-CAA group and was not associated with
bleeding.'” 18F-florbetapir PET,”® an emerging imaging test to detect the p-amyloid burden in the human brain, also
provides supporting evidence.’**° The role of amyloid deposition in perivascular space enlargement needs to be
further elucidated.

Failure to clear -amyloid may also lead to increased B-amyloid accumulation in the parenchyma, and the association
between perivascular space widening in the center of the semiovale and AD is also of concern. One study reported that
a high degree of MRI-visible CSO-EPVSs independently predicted B-amyloid positivity in patients with AD-related
cognitive impairment.®® Patients with more than 20 EPV'Ss in the white matter area had a significantly higher risk of AD
and related dementias than those with 11-20 EPVSs.®' In addition to the clearance mechanism of brain metabolic waste,
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Table 2 Characteristics of Non-Dementic Studies Included in the Review

control study

Study Study Geographic Subject Sample EPVS Locations EPVS Rating High Degree/ Age FIM Type of Scanner,
Design Region Characteristics Size Assessment Scale Threshold of EPVS (mean) MRI Sequence

Charidimou Prospective USA ICH 452 CSO and BG Count 4 points >20 70.6 217/235 I.5T, Tl, T2, FLAIR

etal®® cohort

Martinez- Retrospective USA CAA 117 CSO only Volume 4 points >20 736 38/25 1.5T, 3T, T2, T2*-GRE

Ramirez et al'” cohort

Best et al® Prospective UK ICH in OACs 14/1386 CSO and BG Count 4 points >10 75.8 575/811 NA, T1, T2, FLAIR,
cohort T2*-GRE

Raposo et al®® Prospective France ICH 38 CSO and BG Count 5 points >20 65.8 15/23 3T, T2, T2*-GRE,
cohort FLAIR

Tsai** Prospective China ICH 108 CSO and BG Count 4 points >20 66.9 37171 3T, Tl, T2, FLAIR
cohort

Park et al” Retrospective Korea PD 271 CSO and BG Count 5 points >20 66.6 / 3T, T2, FLAIR
cohort

Fang et al”? Prospective China PD and HCs 343 CSO and BG and Count 4 points / >20 60.6 122/221 1.5Tor 3T, T2
cohort MC binary

McKnight Retrospective USA PD and ET 181 The PVS of the Volume ALPS- / 63.4 63/118 3T, TI, T2

etal® cohort medullary veins index

ung et al etrospective orea on ount oints > . , 12, - s

Chung %8 R p Ko PD 248 BG only C 4 p 10 68.88 130/118 3T, T2, T2*-GRE
cohort FLAIR

Lau et al®® Prospective UK and China TIA/ischemic 2002 CSO and BG Count <Il/ 1= >20 68.5 881/1121 |.5T/3T, NA
cohort stroke 20/ >20

Liang et al”' Retrospective China TIA/ischemic 648 CSO and BG Count 4 points / 65.8 263/385 I.5T, Tl, T2, FLAIR
cohort stroke

Song et al®? Retrospective China Ischemic stroke 494 CSO and BG Count 5 points >20 66.4 207/287 3T, Tl, T2, FLAIR
cohort

Wang et al*® Prospective China General 161 CSO and BG Quantitative 5 points / 60.4 89/72 3T, Tl, T2, FLAIR
cohort population measures

Potter et al®’ Prospective UK Acute stroke 298 CSO and BG Count 5 points / 68 / I.5T TI, T2, FLAIR,
cohort T2*-GRE

Aribisala et al”® Retrospective UK CSVD 866 CSO and BG and NA NA / 73 NA |.5T, TI, T2, FLAIR,
cohort HP T2*-GRE

Rouhl et al*’ Prospective Netherlands CSVD 163 CSO and BG and Count 3 points / 63.9 63/100 I.5T, TI, T2, FLAIR
cohort MC

Conforti et al’”’ | Retrospective Italy MS 37 CSO and BG and Volume / / 427 25/12 3T, T, T2, FLAIR, etc
cohort MC and HP

Etemadifar A case- Italy MS 73173 CSO and BG and Shape, size / / 323 55/18 |.5T, TI, T2, FLAIR,

etal’® control study MC

Wauerfel et al” A case- Germany MS 45 / Volume / / 39.8 23/22 I.5T, Tl, T2, FLAIR,
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Table 3 Characteristics of Studies of Cognition Decline and Dementia Included in the Review

Study Participation | Study Geographic | Sample EPVS EPVS Rating Age FIM Type of Cognitive Evaluation Tool Congnitive
Design Region Size Locations | Assessment Scale (mean) Scanner Domain
MRI
Sequence
Hilal General Meta analysis Germany 3575 BG and Count The 68.3 1808/ NA, TI, MMSE and G-factor Visuomotor
et al® population CSO and Rotterdam- 1767 | T2, FLAIR speed(BG) /
HP and Graz EPVS memory
MC domain (Hp)
Ding General Prospective USA 2612 BG and Count >3 mm 74.6 1542 I.5T, TI, Verbal memory, processing Information
etal®' population cohort CsO T2, FLAIR speed, and executive function processing
speed
Javierre- General Prospective USA 654 Brain Count and 3-point 90.1 180/ 3T MMSE Visuospatial
Petit population cohort hemi- shape scale 474 abilities,
et al®® sphere semantic
memory
Zhu etal* | General Prospective France 1778 BG and Count —_— 724 1081/ I.5T, Tl, MMSE and ISTet al DSM-IV Verbal fluency
population cohort CsSO 691 T2, criteria and
psychomotor
speed
Libecap General Cross- USA 110 CAQO, BG, Counts Numbers / 46/64 3T, TI, MoCA /
etal® population sectional HP and FLAIR
MC
Hurford Patients with Prospective UK 246 BG and Count 4 points 62 110/ I.5T, TI, NART and seven cognitive None
etal™ ischaemic cohort CsO 136 T2, FLAIR, domains
stroke and TIA T2*-GRE
Yao et al*® | General Prospective France 1818 HP Count 3 points 72.46 1112/ I.5T, TI, MMSE and IST, et al None
population cohort 706 T2, FLAIR
Francesco Patients with Retrospective Italy 430 BG and Count 4 points 64.7 154/ NA, TI, MMSE NG
et al®? ischaemic cohort CsoO 276 T2, FLAIR
stroke and TIA
Philip Patients with Prospective UK 120 BG and Count and 4 points 70 42/78 I.5T, TI, Standardized tests None
etal®® lacunar stroke | cohort CSO and volume T2, FLAIR
syndrome MC
Passiak General Cross- USA 327 BG Count / 134/ I.5T, TI, The California Verbal Learning Multiple
et al®® population sectionally 193 T2, FLAIR | Test-Second Edition, the Biber information
Figure Learning Test, DKEFS processing and
Test, Letter-Number Switching executive
Test function
performances
Joan Patients with Prospective Spain 723 HP and Count / 64 355/ I.5T, TI, Dementia Rating Scale-2,
et al* hypertension cohort MC 368 T2, FLAIR
Matthew General Prospective Australia 414 BG and Count / 79.8 218/ | 3T, TI, T2, MMSE Verbal
etal* population cohort CsO 196 FLAIR reasoning (HP)

(Continued)
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Table 3 (Continued).

Study Participation | Study Geographic | Sample EPVS EPVS Rating Age FIM Type of Cognitive Evaluation Tool Conghnitive
Design Region Size Locations | Assessment Scale (mean) Scanner Domain
MRI
Sequence
Sim General Prospective Italy 109 HP Count 5-point 65.2 52/57 | 3T, Tl, T2, MMSE, ADAS-Cog, Montreal None
Jetal® population cohort FLAIR, Cognitive Assessment
T2*-GRE

Ciampa Patients Retrospective Switzerland 680 BG and Count 4 points 59.95 220/ 3T, TI- / /
et al® with AD cohort Cso 460 | TFE, T2-

cognitively FLAIR

unimpaired
Kim at al®® | Patients Retrospective Korea 144 BG and Count 4 points 73.35 88/56 | 3T, Tl, T2, | Clinical Dementia Rating Scale— /

with AD— cohort CsO FLAIR Sum of Boxes score, MMSE,

related etal

cognitive

impairment
Vilor- Patients Retrospective Spain 322 BG and Count 4 points 60.7 204/ | 3T, TI, T2, / /
Tejedor with AD cohort CSsoO 118 FLAIR
et al®? cognitively

unimpaired
Banerjee Patients with Prospective UK 226 BG and Count 4 points 72.1 128/ 3T, Tl, T2, NINCDS-ADRDA /
et al® cognitive cohort CSO 98 T2*GRE,

impairment FLAIR

Notes: Seven cognitive domains: current intellectual functioning, verbal and visual memory, nominal, perceptual, frontal executive and speed and attention functions.
Abbreviations: CSO, centrum semiovale; BG, basal ganglia; HP, hippocampus; MC, mesencephalon; CAA, cerebral amyloid angiopathy; HA, hypertensive arteriopathy; ICH, Spontaneous intracerebral hemorrhage; MMSE, Mini-Mental
State Examination; G-factor, general fluid cognitive ability factor; IST, the Isaacs Set; NART, National Adult Reading Test; ADAS-Cog, The Alzheimer’s Disease Assessment Scale-Cognitive Subscale; PD, Parkinson disease; ET, essential
tremor; TIA, transient ischemic attack; CSVD, cerebral small vessel disease.
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some scholars have also elaborated on the relationship between EPVSs and AD from the perspective of tau pathophy-
siology, neurodegeneration, and synaptic dysfunction® or AD gene susceptibility.®® Some studies have indicated that f-
amyloidosis and EPVSs in patients with AD are not associated with PET findings.®

The Influence of Other Markers on the Assessment of EPVSs Should Not Be Ignored
The interaction between EPVSs and other CSVD markers is complex, and their role in cognitive impairment is widely
debated. It is believed that EPVSs, white matter lesions, and lacunae can be explained by arteriolosclerosis-related
outcomes, such as increased cortical arterial pulsatility or hypoperfusion.®* But that does not mean that their clinical
effects are the same, for example, Philip et al highlighted that the relationship between EPVS and cognitive decline,
possibly due to the presence of lacunae, is overestimated.>

EPVS is close related to markers of CSVDs, such as WMHs, lacunae, and cerebral microbleeds. It is generally
believed that WMH is a manifestation of white matter degradation and metabolic waste deposition, as well as an active
state of the colloid lymphatic clearance mechanism, which is widely associated with other markers.®> Lacunae are small
infarcts with diameters of 2-20 mm, and BG-PVSs have been reported to be closely related to lacunae.®®®” Cerebral
microbleeds, typically 1-10 mm in diameter, are characterized by hemosiderin deposition. EPVSs are non-bleeding
markers with diameters of less than 3 mm. They run along blood vessels anatomically, and it is not unexpected that they
are affected by hypertensive damage, especially in the basal ganglions. A study on computational measures, including
volume, count, size, length, width, and linearity, demonstrated that BG-EPVS features were related to most CSVD
imaging markers.®® Similar differences have been found in previous literature in patients with ischemic stroke.”'

The inflammatory mechanism is an important hypothesis for understanding the formation of CSVD, and there is also

19 found

a close association between EPVS and inflammatory factors reported in existing studies. A study by Rouhl et a
that a higher degree of BG-EPVS was independently related to neopterin concentrations, which is a marker of activated
monocytes/macrophages. Aribisala et al’® demonstrated that MRI-visible PVSs are weakly associated with circulating
inflammatory markers, such as C-reactive protein (CRP) and interleukin-6 (IL-6)). These results are consistent with the
hypothesis that inflammation affects CSVD by affecting small perforated arterioles. Longitudinal studies for determining

whether inflammatory modulators can prevent small vessel disease are needed.

Perivascular Space May Be a Prognostic Indicator of Poor Ischemic Cerebrovascular

Disease

EPVSs may serve as early prognostic markers of poor health-related quality of life in patients with mild to moderate
acute ischemic stroke.”' A study involving two independent prospective cohorts from UK and China, predominantly
comprising patients with transient ischemic attack (TIA)/ischemic stroke, indicated that BG-EPVS but not CSO-EPVS is
a prognostic marker of stroke and death, independent of other neuroimaging markers of SVD.”' Multivariate analysis
showed that patients with >20 BG-EPVSs showed a 1.8-fold increase in the risk of recurrent ischemic stroke. It should be
noted that significant ethnic differences in the prevalence of EPVSs exist, and more prospective multicenter studies are
needed to confirm them.

EPVSs are Associated with the Severity of Parkinson’s Disease

Parkinson’s disease (PD), a neurodegenerative disorder, is also of concern in relation to dilated perivascular space.
EPVSs may be valuable markers of PD progression.”* Increased BBB permeability in the striatum of the brain’* and the
deposition of abnormal proteins such as o- synuclein’* may lead to the formation of enlarged perivascular spaces in
patients with PD. Yi et al found that a high degree of BG-EPVSs was associated with a higher movement disorder score,
while a low degree of BG-EPVSs was more common during the early stage of the disease.”” In addition, EPVSs may
play an important role in predicting cognitive decline in patients with PD’> and may be associated with specific higher
neurological symptoms, such as the speed of olfactory and general cognitive processing.”” However, the type and
location of abnormal protein deposition in PD and its role in disease progression remain to be clarified.
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The Role of Perivascular Space Enlargement in Multiple Sclerosis is Unclear

PVSs clear abnormal metabolites and are considered to be the intersection of nerves, blood vessels, and immunity.4
According to a meta-analysis published in 2020 on EPVSs and multiple sclerosis (MS),”® there is no conclusive evidence
that EPVSs have diagnostic and prognostic value for MS. However, several studies have reported a significant increase in

777 and volume’ of PVSs in MS patients relative to the healthy population. This may indicate impaired

the number
central nervous system fluid drainage and/or excessive fluid leakage from the vasculature.®® Since most of the included
studies were retrospective, it is difficult to determine whether EPVS is an accompanying feature or a risk factor.
Compared with the number of EPVSs that may reflect cognitive decline, the diameter may better reflect the increase

of local immune cells.

EPVSs are Associated with a Variety of Diseases

In addition to the diseases mentioned above, some diseases have been less studied but are relevant. A study®' of
Huntington’s disease and the perivascular space reflected the burden of perivascular spaces by measuring the volume of
EPVS and showed that a greater number of PVSs was associated with higher severity of the disease. More importantly,
because impaired BBB and the glial lymphatic system may affect the efficacy of intrathecal injections, EPVS, which are
closely related to these factors, are expected to be important indicators for assessing treatment eligibility. A study on
epilepsy™ focused on conventional traits such as location or number but also on the asymmetrical distribution of EPVSs
and found that the largest asymmetrical region of perivascular spaces may help to locate or confirm the onset of seizures.
The relationship between EPVS and systemic lupus erythematosus®® validated the inflammatory sensitivity of CSO-
EPVS relative to the basal ganglia region. Studies on aneurysmal subarachnoid hemorrhage® and glioma infiltration®
also provide valuable insights that improve our understanding of the pathophysiological process of EPVS.

Discussion

EPVS is closely related to a variety of clinical diseases and is a promising potential indicator of cognitive impairment,
disease course, and prognosis. However, it is worth noting that there is great heterogeneity among research methods.
Therefore, researchers should aim for unification and standardization of research methods in the future. Additionally,
some previous studies did not investigate the role of other CSVD in their evaluation of EPVS; thus, more systematic
work is needed to further confirm this conclusion.

Conclusions

In this review, we have summarized the clinical consequences, anatomy, risk factors, and imaging characteristics of
EPVS. We identified several studies showing that EPVS have strong clinical significance. However, most studies on
EPVS rely on artificial vision scales with limitations such as dependence on vision, low accuracy, limited scope, and
difficulty responding to changes during long-term follow-up. Automated and reproducible methods relying on compu-
terized systems are expected to be used more often in the future. Given the possible clinical consequences of EPVSs,
more studies are needed to explore this underexplored area.
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