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Intracranial arterial dolichoectasia (JADE), also known as dilatative arteriopathy of the brain vessels,
refers to an increase in the length and diameter of at least one intracranial artery, and accounts for
approximately 12% of all patients with stroke. However, the association of IADE with stroke is
usually unclear. Cerebral small vessel disease (CSVD) is characterized by pathological changes in the
small vessels. Clinically, patients with CSVD can be asymptomatic or present with stroke or
cognitive decline. In the past 20 years, a series of studies have strongly promoted an understanding

of the association between IADE and CSVD from clinical and pathological perspectives. It has been
proposed that IADE and CSVD may be attributed to abnormal vascular remodeling driven by an
abnormal matrix metalloproteinase/tissue inhibitor of metalloproteinase pathway. Also, IADE-
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related hemodynamic changes may result in initiation or progression of CSVD. Additionally, genetic
factors are implicated in the pathogenesis of IADE and CSVD. Patients with Fabry's disease and
late-onset Pompe's disease are prone to developing concomitant IADE and CSVD, and patients with
collagen IV alpha 1 or 2 gene (COL4A1/COL4A2) and forkhead box C1 (FOXCT) variants present
with |IADE and CSVD. Race, strain, familial status, and vascular risk factors may be involved in the
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pathogenesis of IADE and CSVD. As well, experiments in mice have pointed to genetic strain as a Accepted: May 6, 2020
predisposing factor for IADE and CSVD. However, there have been few direct genetic studies aimed
towards determining the association between IADE and CSVD. In the future, more clinical and basic
research studies are needed to elucidate the causal relationship between IADE and CSVD and the

related molecular and genetic mechanisms.
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Genetics; Hemodynamics

Introduction and sometimes tortuous. IADE in the posterior circulation is
more common than its counterpart in the anterior circulation.
IADE occurring in the basilar artery (BA), also known as BA

dolichoectasia, accounts for 80% of all cases. IADE with in-

Intracranial arterial dolichoectasia (IADE), refers to an increase
in the length and diameter of at least one intracranial artery,
and it accounts for approximately 12% of all patients with
stroke.! Affected intracranial arteries are dilated, elongated,

volvement of both the BA and the vertebral artery is named
vertebrobasilar dolichoectasia (VBD).>?
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The pathophysiology of IADE is largely unknown, but it can
be viewed as a common final pathway of an arterial wall re-
sponse or damage in the tunica media due to various mecha-
nisms, such as matrix metalloproteinase (MMP) dysfunction or
muscle cell or elastic fibre injury.' Patients with dolichoectasia
may present with brain infarction, transient ischemic stroke,
hemorrhagic stroke, subarachnoid hemorrhage, compression of
a cranial nerve, and the brainstem or third ventricle with hy-
drocephalus.” A systematic review of 375 patients with VBD
identified the 5 year risk of brain infarction (17.6%), brainstem
compression (10.3%), transient ischemic attack (TIA; 10.1%),
hemorrhagic stroke (4.7%), and subarachnoid hemorrhage
(2.3%).* The diagnostic criteria for IADE have not been estab-
lished, but an imaging diagnosis has been widely accepted.
Smoker et al.® recommended a cutoff of 4.5 mm diameter at
the level of mid pons to define BA ectasia based on magnetic
resonance imaging (MRI).? Passero and Rossi® have suggested
diameter cutoffs for the internal carotid (=7 mm), middle cere-
bral artery (>4 mm), and vertebral artery (>4 mm) to indicate
ectasia. Cerebral small vessel disease (CSVD) is a common dis-
ease in elderly patients. Radiological characteristics of CSVD
include small subcortical infarcts, lacunes, white matter hyper-
intensities (WMHs), enlarged perivascular spaces, microbleeds,
and brain atrophy.” Clinically, patients with CSVD can be as-
ymptomatic or present with stroke or cognitive decline.

CSVD is characterized by pathological changes in the small
vessels. The main target of CSVD is the endothelium. Considering
the structural and functional correlation between large arteries
and small vessels, CSVD may be associated with physiological al-
terations in large arteries. These alterations include the two
types of vascular aging, which are atherosclerosis and increase
of vascular tortuosity®® In a large cohort of elderly community
participants, carotid atherosclerosis was associated with a higher
prevalence of CSVD.2 Another report implied that some markers
of carotid structure and function could be used to triage patients
at high risk of CSVD, such as carotid plaque and increasing ca-
rotid lumen diameter, Young's elastic modulus, and higher cir-
cumferential wall stress.’ The underlying molecular mechanisms
behind the impairment of endothelial function in systemic ves-
sels and the damage in the vascular wall of large and small ar-
teries may provide new insight into the correlation between
CSVD and cerebral large vessel atherosclerosis disease.” Ince et
al." demonstrated that patients with IADE are more likely to
develop stroke with a clinical and radiographic pattern of lacunar
infarction (LI) when they display an increase in vascular tortuosi-
ty and CSVD. Recently, some researchers have proposed a com-
mon physiopathology for IADE and CSVD, such as dysfunction of
the extracellular matrix (ECM), disrupted proliferation and apop-
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tosis of vascular smooth muscle cells, and mutual hemodynamic
alteration.'? IADE and CSVD are usually investigated separate-
ly,*¢ although increasing evidence has indicated that they are
associated and should be studied together.®*'* However, the
mechanisms underlying the correlation between IADE and CSVD
remain unknown. In this review, we summarize the current con-
cepts and views regarding the association between IADE and
CSVD as well as the underlying mechanisms.

Non-parallelism between the degree of

large artery stenosis and the severity of
CSvD

Large arteries and small vessels are structurally continuous and
subject to hemodynamic effects. From a pathophysiological per-
spective, the function of large arteries as an elastic reservoir can
reduce the direct pressure load on distal small vessels. Therefore,
theoretically, the pathological changes of large and small vessels
should be parallel.” In a large cohort of elderly community par-
ticipants, the carotid plaque was associated with a higher preva-
lence of Lls, increased WMH volume, and larger carotid lumen
diameter, which predicted an increased prevalence of LIs, where-
as functional markers of carotid stiffness were associated with
increased WMH burden.? These associations were attenuated but
maintained after adjustment for vascular risk factors. The au-
thors proposed that CSVD was not associated with the intima-
media thickness of the common carotid artery.? These findings
indicate that structural and functional characteristics of carotid
arteries may serve as a predictive factor for risk of CSVD, al-
though more studies are still needed. However, emerging evi-
dence has revealed that the severity of CSVD is not parallel to
the degree of large artery stenosis. For example, some severe
CSVD cases with several vascular risk factors were discovered
with normal large artery structures on magnetic resonance ar-
tery (MRA) or computed tomographic angiography. Therefore, an
understanding of the correlation between large vessel changes
and CSVD as well as the underlying mechanisms will be of great
significance for the prevention and treatment of cerebrovascular
disease.”® The non-parallelism in cerebral large- and small-vessel
changes suggests that the assessment of pathological changes
in the artery wall should not be limited to atherosclerosis, but
should also include functional features such as vascular elasticity
and compliance.” The hemodynamic characteristics of IADE are
consistent with the changes in arterial elasticity and compli-
ance.” Therefore, some researchers have proposed that IADE and
CSVD may represent two distinct entities with unique physio-
pathologic patterns.

https://doi.org/10.5853/j0s.2019.02985
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History of clinical and pathological
research on IADE and CSVD

As early as 1998, Ince et al." from the Mayo clinic reported
that patients with dolichoectasia diagnosed by cranial com-
puted tomography scans were more likely to have LI than those
without dolichoectasia (42% vs. 17%). Then Pico et al."® con-
ducted a series of studies on the relationship between IADE
and CSVD. In 2003, they found that the distribution of cerebral
infarction subtypes was different between stroke patients with
and without IADE. More specifically, they noted that lacunar
stroke was more frequent in patients with IADE, and the asso-
ciation between IADE and lacunar stroke remained significant
after adjustment for age, sex, hypertension, and previous myo-
cardial infarction.”® This case-control study provided further
evidence to support the correlation between IADE and CSVD. In
2005, the authors evaluated the MRI profiles of 510 patients
with cerebral infarction in which the diagnosis was classified
into multilacunar infarction, leukoaraiosis, dilated perivascular
spaces, and IADE. When compared with stroke patients with-
out IADE, stroke patients with IADE had significantly more fre-
quent multilacunar infarction, severe leukoaraiosis, and severe
perivascular spaces. Elderly age and familial history of stroke
were independent risk factors for dilated perivascular spaces.
The authors also noted that IADE in stroke patients was inde-
pendently associated with parenchymal manifestations of
CSVD, suggesting that these entities may have a common bio-
logical basis.” In 2007, Pico et al.”® investigated the entire ar-
terial system from the heart to the intracranial small arteries in
381 consecutive autopsies from patients with stroke. They
found that patients with IADE had a >2-fold increase in preva-
lence of BA plaques and ulcerated plaques in the aortic arch,
and CSVD was more frequent in patients with IADE than those
without IADE. These findings validate the theory that IADE and
CSVD may share common pathophysiological processes, which
is a milestone (Figure 1). In 2013, Park et al.*' conducted a pro-
spective stroke registry study and recruited a consecutive series
of 182 patients hospitalized due to ischemic stroke or TIA. The
authors found that VBD in patients with ischemic stroke or TIA
was independently associated with cerebral microbleeds
(CMBs), especially in the posterior circulation territory. To the
best of our knowledge, this is the first study to reveal the rela-
tionship between CMBs and VBD in stroke patients. Our clinical
study also found that patients with VBD were prone to having
WMH and CMBs, and that CMBs were more common in the
area supplied by the posterior circulation (Figure 2) (unpub-
lished data). The appearance of CMBs in VBD is an intriguing
phenomenon and the exact mechanisms needs further study.

https://doi.org/10.5853/j0s.2019.02985

Figure 1. A 66-year-old hypertensive male smoker who succumbed to a
substantial right putaminal and ventricular hemorrhage. (A) Basilar, verte-
bral, and internal carotid arteries were dolichoectatic with enlarged diame-
ters and thin walls and were free of any atherosclerotic lesions. (B) There
were multiple, small, deep infarcts and dilatation of perivascular spaces on
the celloidin-fixed section (Loyez staining for myelin). (C) Microscopic ex-
amination of the brain showed cerebral small vessel disease with lipohyali-
nosis (x40). (D) Hematoxylin-eosin staining showed hyalinosclerosis (x40).
Adapted from Pico et al.” with permission from Wolters Kluwer Health, Inc.

As is well known, elderly age is a risk factor for CSVD. In 2017,
Thijs et al. analyzed data from the Stroke in Young Fabry Pa-
tients (SIFAP1) study, a large prospective, hospital-based
screening study for Fabry disease in young (<55 years) TIA/
stroke patients. They found that dolichoectasia was more com-
mon in patients with small infarctions in the brainstem and
white matter. Microbleeds, higher grades of WMH, and CSVD
were more often present in patients with dolichoectasia. Doli-
choectasia was associated with imaging markers of CSVD and
brainstem localization of acute and old infarcts in younger pa-
tients with TIA and ischemic stroke. These findings support the
correlation between IADE and CSVD in young patients, further
suggesting that this correlation may be affected by not only
age but also other underlying factors.

Although the above mentioned studies, which are based on
independent cohorts, have demonstrated the association be-
tween VBD and CSVD, some researchers have also found incon-
sistent results in larger populations. In 2017, Del Brutto et al.”
assessed the prevalence of VBD and CSVD using MRI and MRA
in elderly adults (=60 years) living in rural Ecuador. The authors
found that VBD was associated with both WMH and CMBs; ad-

http://j-stroke.org 175



Zhang et al.  Arterial Dolichoectasia and Small Vessel Disease

Our representative case of a 71-year-old hypertensive woman presenting with vertigo and nausea. (A, B) Magnetic resonance angiography showed
right vertebral artery dysplasia and basilar artery prolongation and tortuosity; T2-weighted (C) and fluid-attenuated inversion recovery (D) imaging showed
hyperintensity in bilateral periventricular white matter, corresponding to Fazekas Grade 3. (E, F, G) Susceptibility weighted imaging showed microbleeds in the
pons, cerebellum, and thalamus. Red arrows showed microbleeds.

ditionally, associations with imaging markers of CSVD differed
according to whether the subject had dolichoectasia. In 2018,
researchers investigated the risk factors of IADE and intracranial
atherosclerotic stenosis (ICAS) and their relationship with neuro-
imaging markers of CSVD in a population-based study. They
found that ICAS was associated with lacunas, increased WMH
volume and brain atrophy, whereas IADE was mainly associated
with dilated perivascular spaces in basal ganglia and, to a lesser
extent, associated with lacunas and microbleeds.?* IADE and
ICAS had different associations with various imaging phenotypes
of CSVD, suggesting different physiopathological mechanisms. In
the same year, another research team analyzed the imaging data
from the Clopidogrel in High-risk patients with Acute Nondis-
abling Cerebrovascular Events (CHANCE) trial.”® They presented
that small artery occlusion was more prevalent in patients with
dolichoectasia compared with those without dolichoectasia.
These two studies had differences in types of CSVD and VBD,
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which may vyield potential biases. Similarly, we also speculated
that the association between VBD and CSVD might have hetero-
geneity among different races.

In 2019, Fierini et al.' investigated the clinical and demo-
graphic characteristics of patients with IADE and described the
coexistence of CSVD and systemic arteriopathy. The authors
found a variable grade of global cortical atrophy and systemic
arterial ectasia in most |IADE patients. The involvement of
brain-supplying arteries is presumably a part of systemic arte-
riopathy in patients with IADE, including not only large arteries
but also small vessels. This, highlights the necessity of assess-
ing the whole arterial system in clinical practice. Moreover, the
neuropsychological examinations revealed a multidomain cog-
nitive impairment in most IADE patients. Their findings indicat-
ed that CSVD is frequent in patients with IADE, but most of the
IADE patients may have different degrees of cognitive decline.
The definitive correlation between IADE and cognitive dysfunc-
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tion is unknown and requires further study.

In the past 20 years, a series of independent cohort to popu-
lation-based studies have strongly promoted the association
between VBD and CSVD from the clinical and pathological per-
spectives and included different ages and races. Over time, in-
creasing evidence has revealed that VBD is associated with im-
aging markers of different CSVD subtypes, which may be vari-
able in different age groups (Table 1). In addition, the preva-
lence of BA or intracranial dolichoectasia is varied in different
studies and different populations, suggesting the incidence of
dolichoectasia may differ across races. However, to date, no
strong evidence supporting a difference in prevalence has been
found along racial or ethnic lines. From our review of the cor-
related literature and three major studies in Asia, we found no
significant differences in the incidence of IADE or VBD and the
association between CSVD when the Asian studies were com-
pared to studies from western countries. Furthermore, the in-
trinsic pathophysiological mechanisms underlying the associa-
tion between IADE and CSVD remain unclear.

Mechanisms underlying the association
between IADE and CSVD

There are some presumed interrelationships between the two
entities, such as hemodynamic alteration, MMP, and genetic
factors.

IADE and lacunar infarct

The primary relationship between IADE and CSVD is lacunar in-
farct, in particular at pons, which strongly supports the theory
that IADE results in CSVD. IADE can cause brain infarction, but
this may also be a coincidental finding. Potential mechanisms
of brain infarction in patients with IADE include major distor-
tion and obstruction of perforating arteries arising from the
dolichoectatic BA, in situ thrombosis, and emboli from the doli-
choectatic artery."” Intraluminal thrombus can be a complica-
tion of an atherosclerotic plaque or be present without any
underlying atherosclerotic lesion. Slow blood flow and mor-
phological changes to the ectatic artery can lead to intralumi-
nal thrombus formation.?® The relative frequency of these risk
factors is unknown, but an atherosclerotic plaque was reported
in ten (43%) of 23 patients with basilar dolichoectasia in an
autopsy study.” In a case-control study, the arterial territory of
the cerebral infarction was supplied by a dolichoectatic artery
in 70% of cases.” Of 35 Korean patients, BA dolichoectasia
was noted in 11 (31%) patients with paramedian pontine in-
farction without vertebrobasilar stenosis.”®

178  http://j-stroke.org
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Hemodynamic alteration

Hemodynamics may play an important role in dolichoectasia.?®
Formation of a cerebral aneurysm initiates in response to ex-
cessive hemodynamic stress from vascular bifurcation to the
intracranial arterial wall. The hemodynamic stress may lead to
endothelial dysfunction, infiltration of inflammatory cells, phe-
notypic modulation and degeneration of smooth muscles, re-
modeling of ECM, and subsequent cell death and vessel wall
degeneration. During the process, hemodynamic alterations, an
inflammatory reaction by activated macrophages, and vascular
smooth muscle cell death are presumably essential for the de-
velopment of a brain aneurysm.*®* Among patients with unilat-
eral vertebral artery hypoplasia, a trend of both arterial dilata-
tion over the other dominant vertebral artery and elongation
to the BA has been observed,* suggesting that the dominant
vertebral artery by hemodynamic alteration may be a risk fac-
tor for VBD. Tanaka et al.** reported a significant association
between BA diameter and the pulsatility index of the carotid
artery, which represents the vascular resistance. Also, increased
vascular resistance, atherosclerosis, and increased flow volume
may play a role in BA dilation.

Hemodynamic factors can also play a crucial role in the pro-
cess of CSVD. Large artery stiffening, carotid and intracranial
arterial pulsatility, and hemodynamic markers of arteries have
all recently been shown to be associated with CSVD.* The
measures of cerebral and extracerebral vasodilator responses
correlated with the radiologic burden of symptomatic patients
with CSVD.** Vessel wall changes owing to hemodynamic fac-
tors may in fact be responsible for the rupture of the vessel.
This may present as hemorrhagic CSVD or structural restriction
of the vessel lumen (or its functional dysregulation), which can
lead to a state of chronic hypoperfusion that is responsible for
incomplete infarct or acute focal necrosis (lacunar infarct).®®

IADE and CSVD may have a common pathogenesis via he-
modynamic changes that contribute to endothelial injuries. In-
creased arterial stiffness and vascular resistance may underlie
both BA dilation and CSVD.* Pulsatile hemodynamics relate to
brain small perivascular spaces, and the association is the
strongest among individuals with dilated brain arteries.*® The
small arteries and large arteries may affect each other with ex-
aggerated arterial damage. As a possible hemodynamic
result,the presence of microvascular structural alterations are
near upon interrelationships with structural or mechanical
changes of large conductance arteries.*” Endothelial function
impaired in systemic vessels has also been associated with la-
cunar stroke, and it is a good hemodynamic marker linked large
arteries to small arteries that investigated by means of flow-
mediated dilatation in the brachial artery.® A study showed

https://doi.org/10.5853/j0s.2019.02985
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that aortic arch pulse wave velocity was significantly associat-
ed with lacunar brain infarcts. Brachial artery flow mediated
dilation was associated with Fazekas grade 2 or 3 periventricu-
lar WMHs.* These outcomes purported the possible association
of aortic compliance and brachial endothelial function with
CSVD. The vascular endothelium, located at the interface of
blood and tissue, is essential for vascular homeostasis. It is ca-
pable of sensing changes in the hemodynamic forces and blood
borne factors and responds by releasing various types of sub-
stances involved in the different pathways controlling endo-
thelial function. Endothelial dysfunction may have an impor-
tant role in the association between IADE and CSVD, although
much molecular details still need to be clarified.*

It is unclear whether IADE are primary changes preceding
CSVD or secondary changes caused by impairment of upstream
small vessels.”’ An easily accepted point of view is that IADE
are primary changes preceding CSVD. However, another per-
spective is that CSVD occurs initially at reduced peripheral vas-
cular beds that increase the pressure on larger cerebral vessels,
leading to their enlargement.* Regardless of the mechanism,
dilative arteriopathy may be a surrogate marker for CSVD.

Matrix metalloproteinase

MMPs may be potential biomarkers linking IADE and CSVD, al-
though existing evidence is still limited to cross-sectional stud-
ies.”® This hypothesis may be based on the fact that both IADE
and small-vessel arteriopathy affect the media of the artery."
MMPs are a family of proteases that act on the ECM as the rate-
limiting step for connective tissue remodeling.”® During the for-
mation and structural maintenance of vessels, MMPs (i.e., MMP-
2, MMP-3, and MMP-9) with elastase and collagenase activity
are molecular contributors to aneurysm formation as well as in-
stability of atherosclerotic plaques.** The MMP-3/5A allele,
which is associated with increased proteolytic activity, is found
in a higher frequency in patients with abdominal aortic aneu-
rysms and coronary aneurysms.* Pico et al.*® reported similarly
that the MMP-3/5A genotype is associated with IADE, indicating
a role for MMPs in the development of cerebral dilative arteriop-
athy. Conversely, abnormal upregulation of MMPs at the cellular
level promotes cytotoxicity and central nervous system inflam-
mation by degrading basal lamina proteins, which leads to dis-
ruption of the blood-brain barrier and breakdown of myelin.*
Increased MMP activities are involved in the pathogenesis of
several central nervous system diseases such as multiple sclero-
sis, Alzheimer's disease, and acute stroke.”® Among patients with
CSVD, pathological studies have shown that diffuse inflammato-
ry responses are associated with high levels of MMP-3-positive
macrophages in damaged white matter as well as clustering of

https://doi.org/10.5853/j0s.2019.02985

JoS

cells expressing MMP-2 and MMP-3 around the small penetrat-
ing vessels. Therefore, we speculate that IADE and CSVD may
have common triggers that activate a cascade of events that
lead to an abnormal proteolytic balance. Furthermore, MMPs
may represent potential therapeutic targets for the treatment of
these cerebrovascular diseases.

|.* evaluated correlations between MMP-2 and

Zhang et a
MMP-9 single nucleotide polymorphisms and the risk of CSVD.
Comparison analyses between CSVD patients and controls re-
vealed a significant correlation between CSVD and hyperten-
sion, as well as a prevalence of hypertension in ischemic leuko-
araiosis. Further genotype analysis showed that the frequency
of the MMP-2-1306 CC genotype was higher in patients with
ischemic leukoaraiosis than in the controls. Additionally, logis-
tic regression analysis with adjustment for age, sex, and vascu-
lar risk factors showed that the MMP-2-1306 T/C polymor-
phism was an independent predictor for ischemic leukoaraiosis.
Recently, our research team preliminarily tested the hypothesis
that the imbalance between MMPs and tissue inhibitor of me-
talloproteinases (TIMPs) may play a potential role in bridging
VBD with LI and WMH. We studied 212 patients with vertigo
who underwent multimodal MRI tests for VBD, LI, and WMH
identification. Our results showed that the serum level of
MMP-9 and the ratio of MMP-9/TIMP-1 levels were both sig-
nificantly higher in vertigo patients with VBD and BA elonga-
tion compared to those with normal arterial size.* Our findings
suggest MMP-9 and TIMP-1 may be involved in the pathogen-
esis of VBD and WMH, which may help with the diagnosis and
treatment of these cerebrovascular diseases in the future.

Vascular aging
Imbalance of MMP/TIMP
Genetically predetermined (MMP-3/5A, MMP-2-1306 T/C)
Hemodynamic alteration
v
Tunica media injury
Extracellular matrix impairment

Smooth muscle cell impairment
Endothelial cell injuries

v

Cerebral small vessel disease

?
| Intracranial arterial dolichoectasia |<—>|

Overview of pathological mechanisms underlying the association be-
tween intracranial arterial dolichoectasia (IADE) and cerebral small vessel dis-
ease (CSVD). IADE and CSVD can be viewed as a common final pathway of ar-
terial wall response or damage from various mechanisms. Hypothetical interac-
tion between vascular aging, hemodynamic factors, predisposing genotype and
imbalance between matrix metalloproteinases (MMPs) and tissue inhibitor of
metalloproteinases (TIMPs) that might impair the tunica media, extracellular
matrix, smooth muscle cells and endothelial cells. CSVD and IADE could be
found at the same time or IADE and CSVD are mutually affected by hemody-
namic changes that result in initiation and progression of the two entities.

http://j-stroke.org 179



The ECM is important for maintaining the structure and
function of the tunica media component, and arteriopathy may
be caused by injuries in the arterial wall. Therefore, we hypoth-
esize that IADE and CSVD may be attributed to abnormal vas-
cular remodeling that is driven by an abnormal MMP/TIMP
pathway in response to common vascular risk factors and un-
derlying genetic alterations, and that IADE-related hemody-
namic changes may result in initiation or progression of CSVD.
However, the definitive causal link between |IADE and CSVD is
still unknown (Figure 3).
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Genetic factors

Currently, it is thought that genetic factors are involved in
the pathogenesis of IADE and CSVD. In the literature, the co-
occurrence of VBD and single-gene inherited diseases has been
reported, such as elastofibroblastic dysplasia type IV,*' neurofi-
broma type 1,% Fabry's disease,” Marfan's syndrome,** Pompe's
disease,” autosomal dominant polycystic kidney disease,*® and
vascular tortuosity syndrome.”” CSVD represents a heteroge-
neous group of disorders leading to stroke and cognitive im-
pairment. While most CSVD appear sporadic and related to el-
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Female patients from the age of 44 to 61 years old with cerebral small vessel disease harbored abnormalities in the collagen IV alpha 1 or 2 gene
(COL4A1/COL4A2) locus. (Aa, Ab) These shows white matter lesions in a 44-year-old patient; (Ac-Ai) these shows acute subcortical infarction, cerebral mi-
crobleeds, white matter lesions and vertebrobasilar dolichoectasia in a 56-year-old patient; (Aj) it shows a small infarct under the right cortex in a 59-year-
old patient; (Ak, Al) these shows the progression of white matter lesions in a 61-year-old patient. (B, C, D, E) Gene detection revealed abnormalities at the CO-
L4A1/COL4A2 locus. Adapted from Renard et al.* with permission from Wolters Kluwer Health, Inc.
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derly age and hypertension, several early-onset monogenic
forms have also been reported.”® Genetic studies of sporadic
CSVD have demonstrated a high degree of heritability, particu-
larly among patients with young-onset stroke. Common genet-
ic variants in monogenic diseases may contribute to pathologi-
cal progress in several CSVD subtypes, revealing distinct genet-
ic mechanisms in different subtypes of CSVD.*® A genome-wide
association study found that epidermal growth factor contain-
ing fibulin extracellular matrix protein 1 (EFEMPT), tripartite
motif 65 (TRIM65), neuralized E3 ubiquitin protein ligase 1
(NEURLT), and programmed cell death 11 (PDCD17) gene poly-
morphisms were related to the severity of WMH in CSVD.*®
However, there have been few direct genetic studies on the as-
sociation between VBD and CSVD.®’

Patients with Fabry's disease are prone to developing con-
current VBD and CSVD.®? Fabry's disease is characterized by in-
tracellular lipid deposition (i.e., lysosomal glycosphingolipid de-
position). The deposited lipid is mainly seen as vacuoles in en-
dothelial and smooth muscle cells. In small vessels, this deposi-
tion can lead to luminal stenosis, whereas in medium-sized ar-
teries it weakens the arterial wall leading to tortuosity and dil-
atation. On MRI, Fabry's disease manifests as white matter le-
sions and the pulvinar sign (increased pulvinar signal intensity
on T1-weighted imaging).>® A previous study also reported a
higher prevalence of IADE in patients with late-onset Pompe's
disease.” It is worth noting that CMBs without leukoaraiosis
have been reported in a 68-year-old patient with Pompe's dis-
ease and |ADE.®

Mutations in the collagen IV alpha 1 or 2 gene (COL4A1/2)
may damage the ECM, which may be the common pathologi-
cal basis of VBD and CSVD. This genetic hypothesis strongly
supports the association between VBD and CSVD (Figure 4).%
In a previous case report, a patient with severe VBD had com-
plete gene duplication confirmed by quantitative multiplex
polymerase chain reaction of short fluorescent fragment analy-
sis and microsatellites spanning the COL4A1/COL4A2 locus.**
The authors suspected that the mutations might also be asso-
ciated with CSVD because of the presence of Lls, microbleeds,
and leukoencephalopathy.®**® To date, most reported COL4A1
and COL4A2 mutations are missense variants. A dominant-
negative mechanism or haploinsufficiency may explain the
mutation-related pathogenesis.*®

Recently, a new genetic alteration has been found to link
IADE with CSVD. Two sibling pediatric patients, who were born
with a 6p25.3 deletion, presented with carotid dolichoectasia
and VBD.®” MRI of both children showed asymptomatic elon-
gation and dilation of the vertebrobasilar system and “kissing"
carotid arteries; meanwhile, axial T2-weighted MRI demon-
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strated enlarged perivascular spaces in the two patients. Mi-
croarray analysis identified a 1.5-Mb deletion of 6p25.3 cover-
ing 15 genes including forkhead box C1 (FOXCT), which has
been implicated in defects in vascular morphogenesis.®’
Although the clinical manifestations of VBD are well known,
the role of genetic factors in its pathogenesis remains unclear.
Previous evidence reporting the occurrence of VBD in these
two siblings has highlighted the potential role of genetic fac-
tors in the development of VBD.® Dolichoectatic arteries have
a thin arterial wall, with prominent degeneration of the inter-
nal elastic lamina and thinning of the media. Genetic altera-
tions may lead to a predisposition to defects in arterial wall
ECM components such as collagen, elastin, proteoglycans, and
laminin, thus making these vessels susceptible to dilatation.
The co-occurrence of IADE with abdominal aortic aneurysm
and coronary artery ectasias has been reported, indicating that
there may be a generalized (genetic) rather than a local (ath-
erosclerosis) cause for the abnormal arterial dilatation.®® In
Caucasians, VBD is independently associated with LI, suggest-
ing that racial factors may be involved in the association be-

EFEMP1, TRIM65, NEURL1,
PDCD11 gene polymorphisms
related to the severity of WMH

VBD occurrence in two siblings
Co-occurrence of IADE with abdominal
aortic aneurysm and coronary artery

ectasias
C57BL/6J mice greater
susceptibility to VBD than SV129 mice

| Intracranial arterial dolichoectasia (IADE]| | Cerebral small vessel disease (CSVD)

.

Susceptibility to VBD
related lunnar infarction
in Caucasians?

Two siblings with 6p25.3 deletion
presented IADE with CSVD

Patient with COL4A1 and COL4A2
mutations showed VBD and CSVD

Fabry's disease and late-onset Pompe
disease showed IADE as well as CSVD

Overview of genetic mechanisms underlying vertebrobasilar doli-
choectasia (VBD) and cerebral small vessel disease (CSVD). Fabry's disease
and late-onset Pompe disease are prone to a combination of intracranial
arterial dolichoectasia (IADE) with CSVD. In addition, there was presenta-
tion of VBD with CSVD in cases of the collagen IV alpha 1 or 2 gene (CO-
L4A1/COL4A2) mutations and forkhead box C1 (FOXC1) deletion in carrier
siblings, indicating that there is a genetic association of IADE with CSVD.
Racial factors, such as being Caucasian, may be involved in the association
of VBD with IADE. Co-occurrence of diseases, mice strain and siblings with
genetic variants increased susceptibility to IADE, pointing to the genetic
nature of IADE. A genome-wide association study found that epidermal
growth factor containing fibulin extracellular matrix protein 1 (EFEMP1),
tripartite motif 65 (TRIM65), neuralized E3 ubiquitin protein ligase 1
(NEURL1), and programmed cell death 11 (PDCD17) gene polymorphisms
were related to the WMH level of CSVD image markers. The above evidence
supports the theory that genetic factors might contribute to the co-occur-
rence of VBD with CSVD. WMH, white matter hyperintensity.
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tween VBD and CSVD.” In an experimental study, elastase was
injected into the cisterna magna of C57BL/6J and 129/SvEv
(SV129) mice. Successful VBD induction was noted in 67% of
the C57BL/6J strain versus 0% of the SV129 strain. In the
C57BL/6J mice, the researchers demonstrated arterial wall di-
lation and elongation characterized by internal elastic lamina
disruption, muscular layer discontinuity, inflammatory cell in-
filtration, and high MMP expression in the media. C57BL/6)
mice had a greater susceptibility to VBD induction than SV129
mice.” These findings are important for identifying pivotal ele-
ments relevant to the development of VBD. In the future, link-
age analysis of different strains may provide new insight into
the genetic determinants of VBD susceptibility.

Based on the above evidence, we hypothesize that genetic
factors contribute to the association between VBD and CSVD
(Figure 5).

Conclusions

Over the past 20 years, researchers have given more attention
to the relationship between IADE and CSVD. Previous studies
have shown that there is a correlation between IADE and im-
aging markers of different CSVD subtypes, and existing evi-
dence supports that the correlation between IADE and CSVD
may display heterogeneity among different age groups and
different populations. However, the mechanisms underlying the
association between IADE and CSVD remain unclear, but they
may be related to hemodynamic factors, an abnormal MMP
pathway, and genetic alterations. In the future, more clinical
and basic research studies are needed to elucidate the causal
relationship between IADE and CSVD and the related molecular
mechanisms. It will be very interesting to compare genetic dif-
ferences with IADE and CSVD between Asian and western
countries because CSVD is more common in Asians, and there
is some indication through existing evidence that ethnic differ-
ences may play a role.
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