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Abstract

Genetic arteriopathies leading to stroke in adults constitute a diverse group of cerebrovascular
disorders with distinct etiologies, pathophysiologic mechanisms, and clinical presentations. As
imaging modalities better delineate subtle changes in cerebral vasculature and access to genetic
testing increases, the detection rate for these conditions is expected to rise, particularly among
young adults with idiopathic cerebral arteriopathy and stroke. Adults with stroke in the setting
of a genetic cerebral arteriopathy often present with few traditional stroke risk factors and, in
certain cases, have characteristic clinical features, cerebrovascular imaging findings, and often
concurrent systemic vasculopathy, such as aortopathy, which are important to recognize. Given
that there are over 50 recognized genetic cerebral arteriopathies that can cause ischemic and
hemorrhagic stroke in young adults, it can be a significant diagnostic challenge for the practicing
neurologist when faced with a genetic cerebral arteriopathy, because clinical algorithms for a
systematic approach to genetic cerebral arteriopathies are lacking. In this review, we present a
phenotype-driven, clinically oriented algorithm to guide the diagnostic workup when sus-
pecting a genetic cerebral arteriopathy in an adult patient while highlighting the genetic basis of
each disease, molecular mechanisms, clinical manifestations, diagnostic approaches, and
emerging therapeutic strategies. Moreover, given the lack of widely available gene panels for
diagnostic germline testing for genetic cerebral arteriopathies, we propose key genes to be
tested and focused on in each clinical scenario, to better decipher the underlying diagnosis in
these rare conditions.

Introduction

Genetic arteriopathies account for at least 5% of strokes in adults aged 18 to 50'. Diagnosing
these conditions is challenging due to over 50 monogenic diseases with diverse clinical and
phenotypic presentations.' These arteriopathies are often underrecognized, poorly understood,
and not routinely tested for. A family history and young age at stroke onset are often key
indicators of a genetic cause, with the workup primarily driven by clinical suspicion. Strokes
with unusual vasculopathy patterns and specific clinical features should prompt expanded
genetic evaluations, especially when common stroke mechanisms are ruled out.

In this article, we present the clinical and diagnostic features of common genetic cerebral
arteriopathies associated with stroke in adults, supported by a narrative literature review. Using
a phenotype-driven approach, we categorize these conditions and propose a clinical and di-
agnostic algorithm to guide workup and genetic testing for this underrecognized patient
population.
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Glossary

ADPKD = autosomal dominant polycystic kidney disease; AGS = Aicardi-Goutiéres syndrome; AVM = arteriovenous
malformation; CAA = cerebral amyloid angiopathy; CADASIL = cerebral autosomal dominant arteriopathy with subcortical
infarcts and leukoencephalopathy; CARASAL = cathepsin A-related arteriopathy with strokes and leukoencephalopathy;
CARASIL = cerebral autosomal recessive arteriopathy with subcortical infarcts and leukoencephalopathy; FCL = familial
chilblain lupus; HHT = hereditary hemorrhagic telangiectasia; LDS = Loeys-Dietz syndrome; NF1 = neurofibromatosis type 1;
PADMAL = pontine autosomal dominant microangiopathy and leukoencephalopathy; SLE = systemic lupus erythematosus;
SVD = small vessel disease; SWS = Sturge-Weber syndrome; vVEDS = vascular Ehlers-Danlos syndrome.

Methods

Search Strategy

We searched PubMed for reports published between January
1980 and February 2024. A complete listing of search terms
used can be found in eAppendix 1. Articles were screened by
title and abstract, with priority given to recent meta-analyses/
systematic reviews or rigorously conducted studies relevant to
the scope of this narrative review. The reference list of rele-
vant articles was also screened to identify additional articles
that may have been missed with the search terms. The search
was not restricted by language. We excluded articles without
suitable English translation, conference proceedings, and
non-peer-reviewed reports.

Phenotypic Grouping of Disorders

Our review identified over 50 genetic cerebral arteriopathies
causing strokes in young adults, focusing on 23 key conditions
based on clinical relevance, expert opinion, and frequency of
observation. Using hierarchical clustering of clinical and di-
agnostic features, we developed a diagnostic approach for
these arteriopathies. This phenotype-driven algorithm aids in
the diagnostic workup for suspected genetic cerebral arte-
riopathy. In addition, we summarized each disease’s genetic
basis, molecular mechanisms, clinical manifestations, di-
agnostic methods, and emerging treatments.

Results

A Clinical, Phenotype-Driven, Approach to the
Diagnosis of Genetic Cerebral Arteriopathy in

the Adult Patient

Our approach to the clinical evaluation for the patient with
genetic cerebral arteriopathy (Table 1) is based on the pres-
ence or absence of 4 key features: (1) an inflammatory CSF,
(2) associated aortopathy, (3) cerebral aneurysms, and (4)
cerebral small vessel disease (SVD). This approach empha-
sizes the importance of a standardized workup, which includes
a thorough examination, CSF analysis, MRI brain and cere-
brovascular neuroimaging (e.g, MRA, CTA, or digital sub-
traction angiography), aortic evaluation (e.g., CT aortogram
or MR aortogram), and targeted genetic testing.

In the sections that follow, we describe the key features relevant
to each arteriopathy for the practicing stroke neurologist.
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Autosomal Dominant Polycystic

Kidney Disease

Autosomal dominant polycystic kidney disease (ADPKD)
should be considered a key differential diagnosis for stroke in
individuals aged 20-50, particularly those with a personal or
family history of intracranial aneurysms and kidney disease.
With a prevalence of 1 per 1,000, ADPKD increases the risk of
ischemic and hemorrhagic strokes, notably, subarachnoid
hemorrhage from ruptured aneurysms (S times higher than
the general population).” Characterized by pathogenic vari-
ants in PKD1 or PKD2, ADPKD manifestations include bi-
lateral renal and extrarenal cysts, along with connective tissue
abnormalities such as mitral valve prolapse, thoracic aortic
dissections, cerebral dolichoectasia, and intracranial aneu-
rysms (Figure 1A).3’5 Diagnosis is through genetic testing or
renal ultrasonography, with required cyst numbers rising with
alge.4 Serum microRNAs (miR-17, miR-200, miR-21) could
serve as biomarkers for intracranial aneurysms.>®"'° No gen-
der predilection exists for ADPKD."" PKD1 gene heterozy-
gous missense mutations have been linked to epilepsy."
Mortality rates are high, with 18.4 deaths per 1,000 patient-
years for non-ESRD patients and 37.4 per 1,000 patient-years
for those with ESRD. "

Vascular Ehlers-Danlos Disease

Vascular Ehlers-Danlos syndrome (vEDS) should be con-
sidered in patients with recurrent spontaneous aortic, ex-
tracranial carotid, or vertebral artery dissections. With an
incidence of 1 in 50,000 to 1 in 200,000, vEDS is caused by
pathogenic variants in COL3A1 and differs from classical
EDS by less frequent joint hypermobility and thin skin."*"®
vEDS typically presents early, with median age of first vas-
cular complication at 23 years.'® The median lifespan is 51
years, with no gender predilection but potentially higher
male mortality.'>'® Imaging of the head and neck vascula-
ture is essential to detect aneurysms or dissections. In
pregnant patients, uterine rupture at delivery is a risk, em-
phasizing the need for early diagnosis and high-risk obstetric
care.'®'” Recent trials suggest that celiprolol, a p1 antago-
nist and B2 agonist, may reduce mortality and major vas-
cular events.'®'” Arterial dissections are managed with
antiplatelet or anticoagulant therapy per dissection man-
agement guidelines and patient education on precautions to
prevent recurrent dissections. We advise considering life-
long antiplatelet therapy in patients at risk of recurrent
dissections.
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Table 1 General Organization and Clinical Characteristics for Genetic Cerebral Arteriopathies

Clinical characteristics

Diagnostic
consideration

Noninflammatory Aortopathy Cerebral aneurysms more

CSF

prominent

Renal cysts or renal failure ADPKD
Cerebral AVMs, characteristic 'velvet' skin VEDS
Bifid uvula Loeys-Dietz

Cerebral aneurysms less
prominent

Moyamoya phenomenon

MYH11-related or
ACTA2-related
disorders

Marfanoid appearance, ectopia lentis

Marfan syndrome

No
aortopathy

Cerebral small vessel disease

Prominent arterial tortuosity SLC2A10 arterial
tortuosity
syndrome

Claudication, Nephropathy Fabry disease

peripheral

neuropathy, painful Sagging skin, hyperpigmentation Pseudoxanthoma

crises elasticum

No claudication, Cognitive changes, headaches, mood disorder CADASIL

peripheral

neuropathy, painful Cognitive changes, resistant hypertension, CARASAL

crises cerebral hemorrhage, migraines

Spastic diplegia, alopecia CARASIL
Pontine predominance PADMAL

Livedo reticularis

Deficiency of
ADA2

Minimal cerebral small
vessel disease or prominent
intracerebral hemorrhage

Cerebral AVMs

Prominent telangiectasias

HHT

Hemorrhage, migraines

COL4A1-related

disorders
Moyamoya Skin findings, optic glioma NF1
phenomenon
Systemic findings (splenic infarcts, sickle cell, ~ Secondary
Down syndrome), radiation vasculopathy, moyamoya

progressive intracranial atherosclerosis)

Primary Moyamoya

RNF213-related
disorder

Neither cerebral
AVMs nor
moyamoya
phenomenon

Prominent pial angiomas

Sturge-Weber

Aneurysms, muscular weakness

Pompe disease

Hemorrhage, dementia

Hereditary
cerebral amyloid
angiopathy

Inflammatory CSF  Leukoencephalopathy, retinal vasculitis, nephropathy

TREX1-related
RVCL

Encephalopathy, seizures, young age

Aicardi-Goutieres

Abbreviations: ADPKD = autosomal dominant polycystic kidney disease; AVM = arteriovenous malformation; CADASIL = cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukoencephalopathy; CARASAL = cathepsin A-related arteriopathy with strokes and leukoencephalopathy;
CARASIL = cerebral autosomal recessive arteriopathy with subcortical infarcts and leukoencephalopathy; HHT = hereditary hemorrhagic telangiectasia; NF1 =
neurofibromatosis type 1; PADMAL = pontine autosomal dominant microangiopathy and leukoencephalopathy; VEDS = vascular Ehlers-Danlos disease.

Loeys-Dietz Syndrome

Loeys-Dietz syndrome (LDS) is characterized by skeletal,
vascular, craniofacial, and cutaneous findings, including aortic
root and peripheral arterial aneurysms, arterial tortuosity, cleft
palate, bifid uvula, and hypertelorism. LDS is rare, and epi-
demiologic studies have not been conducted, so incidence,
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prevalence, and average lifespan remain unknown.
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tients with LDS may present in childhood with dysmorphisms
and neurodevelopmental delay, but the pathophysiology of
this phenotype remains uncertain.”* LDS is marked by arterial
tortuosity, most pronounced in the carotid and verte-
brobasilar arterial systems, although arterial dissections and
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Figure 1 Intracranial Aneurysms in ADPKD and ACTA2 Mutation-Related Disorder

A

(A) Digital subtraction angiography (DSA) image of a left ca-
rotid injection showing multifocal intracranial anterior cir-
culation aneurysms (arrows) in a patient with ADPKD. (B)
DSA image of a left carotid injection showing a large distal
left carotid aneurysm in a young adult with ACTA2 mutation.
ADPKD = autosomal dominant polycystic kidney disease.

aneurysms are also seen. Stroke at a young age, especially with
arterial dilations, should increase suspicion for LDS.>® Imag-
ing of the aorta is recommended for pregnant patients and in
the postpartum setting. Surveillance vessel imaging is rec-
ommended to monitor for intracranial aneurysms and degree
of arterial tortuosity. The diagnosis is established with iden-
tification of pathogenic variants in SMAD2, SMAD, TGFB2,
TGFB3, TGFBRI, or TGFBR2.***?

MYH11-Related and ACTA2-Related Disorders

Myosin heavy chain 11 (MYH11)-related and actin alpha 2
(ACTA2)-related disorders have similar angiographic find-
ings, sometimes described in the literature as “heritable
thoracic aortic disease” along with syndromes related to
variants in TGFBRI, TGEBR2, SMAD3, and TGFB2.>* Both
are autosomal dominant, and to our knowledge, 3 cases have
been reported with MYH11 pathogenic variants and cere-
brovascular manifestations. These cases demonstrate a
combination of vessel straightening (‘broomstick arterio-
pathy’), absence of basal collaterals, and arterial stenoses—a
continuum also seen with ACTA2 pathogenic variants. Be-
cause MYH11 specifically encodes a smooth muscle myosin,
loss of its function results in vascular smooth muscle re-
duction, disorganization, and hyperplasia, with visceral my-
opathy, hypoperistalsis, and thoracic aortic aneurysms.*®
ACTA2 pathogenic variants have been linked to infantile
stroke, aortic aneurysms, aortic dissections, patent ductus
arteriosus, livedo reticularis, demyelinating leukodystrophy,
bicuspid aortic valves, and occasionally intracranial aneu-
rysms (Figure 1B).>%*” There is no known gender pre-
dilection for this disorder.”® No epidemiologic studies exist
describing either incidence, prevalence, or average lifespan
for these disorders. Such patients should be monitored
closely with serial thoracic aortograms (CTA or MRA) for
the presence of aneurysms and referred to cardiothoracic
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surgery for management. We also advise monitoring occa-
sionally for intracranial aneurysms.

Marfan Syndrome

Marfan syndrome is a multisystem disorder, with findings
ranging from dilatation or dissection of the ascending aorta,
pectus deformities, scoliosis, and ectopia lentis to lumbosacral
dural ectasia.”’ The condition affects between 1 in 3,000 and
1 in 5,000 individuals globally.*® Echocardiography to assess
aortic, valvular, and cardiac integrity is recommended
throughout life, with increased frequency to every 2-3 months
in pregnancy.””>' Cerebrovascular complications of Marfan
syndrome occur at a mean age of 40 years, without gender
predilection, and include neck vessel dissection and less com-
monly aneurysms, based on retrospective evidence.*>>* Marfan
syndrome is diagnosed with the revised Ghent nosology, in
which one criterion is a pathogenic variant in FBNI.>® Mor-
bidity is most associated with aortopathies rather than cerebral
arteriopathies, but the latter are increasingly recognized as a
contributor to disease burden in this condition.>” Recent esti-
mates suggest a lifespan of 72 years, likely related to im-
provements in cardiovascular surgery outcomes, and an
increased detection of milder cases.>® Genetic testing should be
considered in patients with marfanoid features and cerebro-
vascular disease. Recurrent dissections in these patients should
be treated with antiplatelet or anticoagulant therapy per dis-
section management guidelines.

SLC2A10 Arterial Tortuosity Syndrome

SLC2A10 encodes a glucose transporter, and mutations cause
arterial tortuosity syndrome, predisposing patients to aneu-
rysms and dissections. Typically diagnosed perinatally or early
in childhood, it can present in young adulthood with cere-
brovascular issues. Dysmorphic features include an elongated
face, blepharophimosis, down-slanting palpebral fissures, a

Neurology.org/NG

€200182(4)


http://neurology.org/ng

beaked nose, a high-arched palate, and micrognathia. Other
symptoms include hyperextensible skin and skeletal abnor-
malities such as arachnodactyly, pectus deformity, joint laxity,
and contractures.®® Surveillance for secondary complications
involves frequent echocardiography and annual MR or CT
angiography. Cerebral ischemia results from systemic vas-
cular tortuosity and hypoperfusion.* Initial studies showed
40% mortality by age 4, but recent studies suggest that milder
phenotypes were previously unreported.*” No gender pre-
dilection exists. Patients with SLC2A10 mutations and type 2
diabetes may have impaired glycemic control, increasing the
risk of cerebral small vessel disease.*"** Incidence, preva-
lence, and median lifespan are unknown, with only 106 cases
reported.*’

Fabry Disease

Fabry disease is characterized by an accumulation of glyco-
sphingolipids in tissues resulting in neuropathic pain, renal
damage, cerebral SVD, cardiac arrhythmias, hearing loss, and
peripheral vascular disease.*” Pathogenic variants of the
alpha-galactosidase A gene (GLA) on the X chromosome
result in deficiency of the alpha-galactosidase A lysosomal
hydrolase, causing the intracellular accumulation of glyco-
sphingolipids and globotriaosylceramide.** The incidence of
the classical phenotype has been estimated at 1 in 50,000 to
117,000 men, although newborn screening studies estimate
that 1 in 1,250 patients carries a germline GLA variant.*>*
Most patients present with distal neuropathic pain in child-
hood, with white matter disease and SVD reported later at a
mean of 52 years in roughly 43% of patients (Figure 2).4346
Secondary stroke prevention in Fabry disease involves opti-
mization of SVD risk factors, mostly notably, hypertension,
which is comorbid due to concomitant renal disease. While
Fabry disease was once believed to only manifest in men,
“carrier” women, due to X-inactivation, may also have varying
disease manifestations.”> Early detection of cardiac in-
volvement is crucial for minimizing the most life-threatening
sequelae, such as left ventricular hypertrophy, myocardial fi-
brosis, heart failure, and arrhy‘chmias.47 Pegunigalsidase alfa, a
PEGylated covalently crosslinked form of a-galactosidase A, is

an enzyme replacement therapy (ERT) recently approved by
the US FDA to treat Fabry disease.*® Before ERT, patients
had an average lifespan of 50 years, but since its approval in
2001, Fabry disease is considered highly treatable.*” While
lifespan data in treated patients are not yet described, in a
2015 study, 52 ERT-treated patients had 94% overall survival
at 10 years.50

Pseudoxanthoma Elasticum

SVD has been recognized as a cerebrovascular manifesta-
tion of pseudoxanthoma elasticum (PXE), an entity char-
acterized by progressive ectopic mineralization, primarily
in the dermis, retina, and internal elastic lamina of small-
sized and medium-sized arteries, resulting in peripheral
arterial disease.”! Yellow papules appear on the skin and
coalesce to form leathery plaques.*>** Imaging studies re-
veal findings related to elastic fiber calcification, including
microcalcifications in the liver, kidney, spleen, testis, and
vessels.”**> PXE is caused by pathogenic variants in
ABCC6 and has also been reported to occur due to path-
ogenic variants in ENPP1.5%% PXE is primarily sporadic,
but autosomal recessive and dominant inheritance patterns
have been reported.56 Patients are diagnosed between 8
and 12 years of age, and vascular manifestations develop
several years after dermatologic signs in early adulthood.>”
A 2:1 ratio of female-to-male cases has been reported.*’
PXE is estimated to occur in 1 in 50,000 to 70,000 individuals,
and patients have a normal lifespan.’”*' Small-molecule in-
hibitors of tissue-nonspecific alkaline phosphatase are being
explored as a potential disease-modifying treatment in mouse
models of PXE.*

Cerebral Autosomal Dominant Arteriopathy
With Subcortical Infarcts and
Leukoencephalopathy (CADASIL)

Among the most well-recognized genetic causes of cerebral
SVD in the adult patient is CADASIL, presenting with mi-
graines in the third decade of life, and less commonly with
subacute encephalopathy.e3 Multifocal SVD occurs in strategic
brain regions, resulting in early-onset dementia, depression,

Figure 2 MRI Brain Findings of Fabry Disease

MRI brain without contrast of a 46-year-old man
with Fabry disease (receiving enzyme re-
placement therapy) showing diffuse (Fazekas
grade 3) symmetric deep and periventricular
white matter disease, in addition to bilateral re-
mote small vesselinfarcts in bilateral basal ganglia
regions and diffuse cerebral atrophy.
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and apathy.®> Imaging findings include bilateral asymmetric
T2/FLAIR hyperintensities in the anterior temporal lobes and
external capsule, as well as lacunar infarcts, microbleeds, and
subcortical infarcts (Figure 3, A-D).**

CADASIL is diagnosed with the identification of a pathogenic
NOTCHS3 variant.®* Historically, the prevalence of CADASIL
was estimated at 1.3-4.1 per 100,000, although recent geno-
mic studies have identified a much higher prevalence of
pathogenic NOTCH3 variants, up to 3.4 per 1,000.°*” The
mean age at onset for ischemic strokes in patients with
CADASIL is 45-50 years.*® Women have a greater prevalence
of migraines with aura and men have a greater prevalence of
strokes, although these differences do not persist after the fifth
decade.”” Neurofilament light chain is supported as a bio-
marker for disease progression and may represent a novel
clinical trial end point for therapeutics.”'® Testing for
NOTCH3 mutation should be considered in a patient in the
third decade of life presenting with migraines, followed by
subacute cognitive decline, depression, apathy, and charac-
teristic white matter changes (Figure 3). Our review did not

identify any epidemiologic studies estimating the lifespan of
patients with CADASIL.

CARASAL

Cathepsin A-related arteriopathy with strokes and leu-
koencephalopathy (CARASAL) is an autosomal dominant
arteriopathy caused by pathogenic variants in CTSA, encod-
ing cathepsin A, a protease that degrades endothelin-1. Ca-
thepsin A loss results in increased immunoreactivity of
endothelin-1, leading to microangiopathy. CARASAL pre-
sents with therapy-resistant hypertension, ischemic and
hemorrhagic strokes in the fourth decade of life, cognitive
impairment, and depression.'"*'> MRI is nonspecific, with
findings of multifocal SVD throughout the white matter and
Only 19 patients with CARASAL have been
reported, and although the disease was initially described in §
patients from France, reported cases now include Dutch,
British, Chinese, and Italian patients.®'>*'* The rarity of cases
precludes any conclusions on the clinical spectrum or esti-
mates of incidence, prevalence, or lifespan, although mi-
graines were reported in all 19 patients.*** Further research to

ell
cortex.

Figure 3 MRI Brain Findings of CADASIL

MRI brain axial T2/FLAIR images of a middle-aged man with
CADASIL who presented with cognitive decline, headaches,
and mood disturbance showing diffuse patchy areas of
white matter hyperintensity in subcortical white matter (A),
central white matter (A and B), periventricular, and basal
ganglia (C) distribution, also involving bilateral anterior
temporal tips (D).
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characterize this disorder, its prevalence, and the potential
utility of endothelin-1 as a biomarker is needed.

CARASIL

Cerebral autosomal recessive arteriopathy with subcortical
infarcts and leukoencephalopathy (CARASIL) is due to
pathogenic variants in HTRAI, with fewer than 100 cases
reported in the literature.*'> Owing to its rarity, epidemiology
and lifespan remain unknown.*'®*'” Mild manifestations may
be referred to as HTRAI cerebral SVD (HTRAI-CSVD), and
more severe manifestations may be referred to as CAR-
ASIL.°"> CARASIL presents with premature baldness, pro-
gressive dementia in the fourth decade of life, mood changes,
and spastic gait.els Recurrent ischemic strokes affect up to half
of patients.els’518 Imaging findings are similar to those of
CADASIL.*'%*"® While the pathophysiology of CARASIL
remains uncertain, the angiotensin II receptor antagonist
candesartan has been shown to normalize vessel distensibility
and cerebral blood flow in mouse models.*'***°

PADMAL

Pontine autosomal dominant microangiopathy and leu-
koencephalopathy (PADMAL), due to pathogenic variants in
COLA4AL, has a variable age at onset, ranging from 20 to 60
years.*>® Only 11 families have been described, so incidence,
prevalence, and median lifespan remain unknown.*** Clinical
findings include lacunar pontine stroke resulting in ataxia,
hemiplegia, and hemihypesthesia.ezo’e22 Many similarities
exist between PADMAL and other cerebral SVDs; however,
PADMAL can be distinguished by the consistent involvement
of the pons, particularly in young patients without other
prominent cerebral SVD risk factors.

COL4A1-Related Disorders

COL4A1I-related disorders encompass a spectrum of autoso-
mal dominant inherited cerebral SVDs, with associated ocular
defects (e.g., cataracts) and hemolytic anemia, arrhythmias,
and kidney disease.””> These disorders include autosomal
dominant familial porencephaly, autosomal dominant brain
SVD with hemorrhage, and HANAC (hereditary angiopathy
with nephropathy, aneurysms, and muscle cramps) syndro-
me.*>* Patients with germline pathogenic variants in COL4A1
experience childhood-onset focal seizures related to por-
encephalic cysts.*** Owing to long-standing SVD from birth,
microbleeds, lacunar infarcts, and calcifications can be seen.*
As mentioned, PADMAL is a subtype of COL4AI-related
disorder, due to variants in the COL4A1 3’ UTR.*** COL4AI-
related disorders may have a higher rate of hemorrhage than
other hereditary SVDs.*>® No sex-based differences have been
reported. Approximately 350 cases have been reported, lim-
iting estimates of incidence, prevalence, or Iifespan.en’en

Deficiency of ADA2

Adenosine deaminase 2 deficiency (DADA2) is a monogenic
recessive autoinflammatory disorder, marked by small and
medium vessel vasculitis and symptoms in the first decade of
life.****** DADA2 occurs due to biallelic pathogenic loss-of-
function variants in the ADA2 gene, encoding adenosine
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deaminase 2, normally expressed on myeloid cells.*° Patients
experience lacunar infarcts (located in deep brain nuclei and
brainstem, sparing the subcortical white matter), nephritis,
hepatic disease, aplastic anemia, hypogammaglobulinemia,
and inflammatory bowel disease. The greatest carrier fre-
quency for pathogenic variants in ADA2 has been reported in
Georgian-Jewish populations at 1 in 10, but the disorder is
otherwise rare, with an estimated prevalence of 4 in
100,000.°*® While specific lifespan estimates are not available
in the literature, mortality is high, with 17% (5/29) of patients
in a Dutch retrospective cohort study passing away from
complications of DADA2 in the 10-year duration of the
study.®>' Because DADA? is an autoinflammatory disease,
long-term immunosuppression is the preferred treatment,
with anti-TNF biologics demonstrating success in reducing
progression of the inflammatory vasculopathy.**

Hereditary Hemorrhagic Telangiectasia
Hereditary hemorrhagic telangiectasia (HHT) is an autoso-
mal dominant disorder associated with cerebral arteriovenous
malformations (AVMs) and subarachnoid hemorrhage in
young adults. The prevalence of HHT is estimated at 1 per
5,000 to 10,000 individuals.®***** Recurrent epistaxis due to
nasal mucosal telangiectasias, around 12 years of age, is the
most common manifestation reported, nearly universal in
patients with HHT by age 40.>* Genetic testing for HHT
entails a multigene panel for several genes: 52% related to
ACVRLI variants, 44% related to ENG variants, and others
with SMAD4 variants.**> There is a lack of evidence sup-
porting the prophylactic treatment of unruptured AVMs, and
AVM screening remains controversial.”>**” MR angiography
is the primary imaging modality for AVM screening, with
digital subtraction angiography (DSA) reserved for more
detailed characterization (Figure 4, A and B).*® Brain MRI is
recommended for patients with neurologic symptoms, a
known history of cerebral aneurysms, or a family history of
ruptured cerebral aneurysms.***

Women with HHT are more likely to present with hepatic
AVMs, but no sex-based differences in cerebrovascular events
are reported.e39 Transthoracic echocardiography and chest
angiography may visualize lung abnormalities and pulmonary
AVMs. ¥ Pulmonary AVMs, when present, may cause para-
doxical emboli to the brain and subsequent stroke. Endoscopy
is reccommended to investigate for nose, colon, and gastric
telangiectasias and AVMs.*>¥*** Antiplatelet therapy should
be used with caution in HHT, given the elevated systemic and
cerebral hemorrhage risks. Although overall mortality data are
sparse in the literature with no lifespan estimates available, a
study in Dutch patients showed no difference in overall sur-
vival for treated HHT patients over 20 years compared with
unaffected controls.**!

Neurofibromatosis Type 1

Neurofibromatosis type 1 (NF1) is an autosomal dominant
neurocutaneous disorder with a prevalence of 1 in 3,164 and
birth incidence of 1 in 2,662, involving a highly variable
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Figure 4 AVM in HHT and Cerebrovascular Findings in Moyamoya Disease

Digital subtraction angiography (DSA) images of right carotid
injection in a middle-aged patient with HHT showing a large
left frontal arteriovenous malformation in the arterial (A)
and venous (B) phase. (C) MRI brain axial T2 FLAIRimage of a
middle-aged woman showing left frontal infarct (ACA-MCA
borderzone) suggestive of hypoperfusion-related ischemia
(upper arrow), cerebral cortical atrophy (middle arrow) be-
cause of chronic hypoperfusion, and hyperdense cortical
vessels (bottom arrow) suggestive of slow flow through the
left MCA branches. (D) Digital subtraction angiography im-
age of a left carotid injection showing progressive narrowing
and near-occlusion of the supraclinoid intracranial left ICA
(arrow) suggestive of moyamoya disease. HHT = hereditary
hemorrhagic telangiectasia; MCA =middle cerebral artery.

clinical presentation that includes pigmentary lesions, skeletal
changes, benign and malignant brain tumors, and cutaneous
neurofibromas.****** Moyamoya syndrome is found in 1-6%
of patients with NF1, presenting in early childhood and af-
fecting anterior brain vasculature unilaterally (mean age of
stroke 41 years).****® T2/FLAIR hyperintensities in the
thalami and medial temporal lobes are seen on routine
MRI®* Pathogenic variants in NFI exhibit variable expres-
sion but have 100% penetrance.”>' The loss of function of the
NF1 gene product, neurofibromin, may lead to excess smooth
muscle cell proliferation and alteration of the integrity of the
endothelial cell layer.*>* Overall, the median survival for pa-
tients with NF1 is 71.5 years.*>® There is no reported gender
predilection of cerebrovascular manifestations. In 2020,
selumetinib, a MEK pathway inhibitor, was shown to reduce
plexiform neurofibroma growth and improve quality of life in
children with NF1 and became the first FDA-approved drug
for NF1 treatment, but its effect on cerebrovascular disease
remains unknown.*>*

RNF213-Related Disorder (Primary

Moyamoya Disease)

RNF213 (ring finger protein 213) is the major site of variants
associated with primary moyamoya disease, characterized by a
noninflammatory, nonatherosclerotic vasculopathy with ste-
nosis at the cerebral origin of the distal internal carotid
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arteries, and moyamoya vessels, a hazy basal collateral net-
work of angiogenesis seen on DSA (Figure 4, C and D).*5%*%°
Moyamoya disease manifests as ischemia because of vascul-
opathy, but seizures, hemorrhagic strokes, and cognitive im-
pairment may also occur.*” Ischemic strokes are reported
with a mean age of 46 years.*>® MRA in RNF213-related
disorders reveals vessels with shrunken outer diameters and
concentric thickening of distal internal carotid artery vessel
walls.*® DSA is best for observing hemodynamics and flow
through occluded vessels."*° Patients with poor cerebrovas-
cular reserve are at risk of ischemic stroke and should be
evaluated for superficial temporal artery (STA) to middle
cerebral artery (MCA) bypass, where indicated. Perfusion
imaging with contrasted MRI brain, pre- and post-
acetazolamide challenge is helpful in assessing cerebrovascu-
lar reserve.*® Surgical revascularization is also reasonable to
consider for patients with hemorrhagic moyamoya disease,
especially those with posterior hemorrhage.e61

The most frequent variant is seen in East Asian populations
and is RNF213 p.R4810K. The allelic frequency is greater in
Korean and Japanese populations compared with Chinese
populations (1.36% vs 0.5%), and allelic frequency in Euro-
peans is 0.06%.°°°* The female-to-male ratio of patients
exhibiting a moyamoya phenotype is 2.8:1.°° Incidence of
moyamoya disease ranges from 0.09 to 2.3 per 100,000 yearly

Neurology.org/NG

€200182(8)


http://neurology.org/ng

depending on the country, with peak incidence in the first and
fourth decades of life. Prevalence ranges from 1.6 to 16.1 per
100,000. Five-year survival is reported as 92.9% for adults and
99.3% for children.*®® Recent work in human brain epithelial
cells showed that knockout of RNF213 resulted in increased
blood-brain barrier permeability due to downregulation of
interendothelial junction proteins, suggesting that disease
pathogenesis may relate to blood-brain barrier permeabili’cy.e67

Secondary Moyamoya Disease

(Moyamoya Syndrome)

Secondary moyamoya, also described as moyamoya syn-
drome, is a phenomenon where a secondary condition causes
moyamoya-like angiographic features to develop (i.e., chronic
hypoperfusion from progressive distal ICA, proximal anterior
cerebral artery (ACA), or middle cerebral artery (MCA)
stenosis). These include sickle cell disease, accelerated ath-
erosclerosis, radiation vasculopathy, hypothyroidism, sys-
temic lupus erythematosus, and Down syndrome.®***%” The
exact incidence, prevalence, and lifespan of patients with
moyamoya syndrome are unknown due to its grouping with
moyamoya disease in epidemiologic studies.*>”*’*”" ¢7! The
management of patients with moyamoya syndrome is de-
pendent on the status of a patient’s cerebrovascular reserve. If
there is impaired reserve in the setting of progressive vascul-
opathy, then patients should be considered for STA-MCA
bypass, if feasible. However, data on the efficacy of bypass in
this population are limited, and without identifying the un-
derlying cause of the vasculopathy, bypass may only provide a
temporary benefit.

Sturge-Weber Syndrome

Sturge-Weber syndrome (SWS) is a neurocutaneous disorder
that presents at birth with a characteristic port-wine stain
(nevus flammeus) on the upper face, in addition to capillary
angiomas of the skin and cerebrovascular system.’> Patients
may not present with cerebrovascular hypoperfusion because
of leptomeningeal angiomatosis until adulthood. Neurologic
involvement due to pial capillary malformations is needed for
the diagnosis.””* Depending on the affected tissues, patients
may develop cutaneous disfiguration, a predisposition to
glaucoma, epilepsy, stroke-like events, and neurocognitive
impairments, beginning in childhood.*”#¢7® Neuroimaging
with contrast-enhanced MRI may reveal leptomeningeal
angiomatosis.e73 SWS is due to a mosaic, activating, somatic,
and sporadic variant in the GNAQ gene.”>*”* SWS affects
men and women of all ethnicities. Birth prevalence is esti-
mated at up to 1 in 20,000 individuals, and most cases are not
life threatening although exact lifespan data are unavailable.*”
Despite no gender differences in incidence, men are more
likely to experience ischemic episodes at a younger age.576

Pompe Disease

Pompe disease, also known as acid maltase deficiency or
glycogen storage disease type I (GSD 1), is characterized by
an autosomal recessive deficiency in lysosomal acid alpha-
glucosidase (encoded by the GAA gene).*””*”® Patients with
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Pompe disease have buildup of glycogen in skeletal and car-
diac muscles and in the CNS, leading to endothelial dys-
function that results in ischemic strokes.””® Pompe disease is
classified based on age at onset, as either infantile (IPD) or
late-onset (LOPD), and patients present with skeletal or
cardiac myopathy before stroke-like symptoms.**>**! In-
cidence is estimated at 1 in 40,000 individuals, with 75% of
cases being LOPD. The median survival for patients with
LOPD is 27 years after diagnosis compared with 18 months
for patients with IPD.®*>*** CNS involvement may include
sensorimotor challenges and cognitive deficits, particularly in
patients with the IPD subtype.®*"*** Enzyme replacement
therapy can be effective in treating the myopathy of Pompe
disease.”” CT or MRI of the brain reveal ventricular en-
largement or extra-axial CSF and white matter hyper-
intensities, more so in patients with IPD.***+*8 Current work
with a focus on gene therapy is ongoing.*®” Other experi-
mental approaches include nutritional co-therapies involving
ketone diets, ketone precursors, and antioxidant cocktails that
aim to facilitate autophagic flux of administered GAA to the
lysosome while inducing ketosis to reduce pathologic glyco-

. e88
gen accumulation.

Hereditary Cerebral Amyloid Angiopathy
Patients with hereditary forms of cerebral amyloid angiopathy
(CAA) have a more severe clinical course and earlier age at
onset compared with those with sporadic amyloid angiopa-
thy.®®” In addition to intracerebral hemorrhage, patients may
present with cognitive decline, related to microhemorrhage
and macrohemorrhage and cerebral SVD.**® Hemosiderin-
sensitive MRI sequences may reveal lobar hemorrhage and
cortical superficial siderosis, and T2 sequences may reveal
enlarged perivascular spaces, lacunar infarcts, and white
192 Hereditary amyloid angiopathies are due
to dominantly-inherited pathogenic variants in the amyloid
precursor protein (APP) gene, the precursor of beta-amy-
10id.*® Founder mutations in APP for inherited amyloid
angiopathy are present in the Dutch, Italian, Iowa, Flemish,
Piedmont, and Arctic populations.*®® Hereditary CAA can be
further classified in AP and non-Ap forms, with differing rates
of lobar ICH depending on subtype. The APOE allele seems
to have a less significant role in hemorrhage risk in hereditary
CAA compared with sporadic CAA.** Prevalence, incidence,
and lifespan data for hereditary CAA are not available due to
its rarity and genetic heterogeneity.**”***

matter disease.

TREX1-Related Disorder

TREX1 (3 prime repair exonuclease I)-related disorders
encompass a range of autoimmune and inflammatory diseases
including Aicardi-Goutiéres syndrome (AGS), systemic lupus
erythematosus  (SLE), and familial chilblain lupus
(ECL).*>>*"7 Heterozygous variants of TREXI are also as-
sociated with retinal vasculopathy with cerebral leukoence-
phalopathy and systemic manifestations (RVCL-S), a SVD
that affects the retina, brain, liver, and kidneys.e98 Although
RVCL-S shares many systemic features with other arterio-
pathies, it may be clinically distinguished by its autosomal
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Figure 5 Manifestations of TREX-1-Related Disorder

Axial (A) and sagittal (B) T2/FLAIR sequences of
MRI brain of a middle-aged man with RCVL
showing supratentorial progressive white matter
disease most notably, in the left cerebral hemi-
sphere with diffuse cerebral atrophy. (C) Axial T1
postgadolinium contrast study shows patchy
areas of enhancement in the left frontal lobe. (D)
Fluorescein angiography shows retinal vascular

dominant inheritance pattern, MRI abnormalities of leu-

koencephalopathy with contrast enhancement, multiorgan

involvement, and retinal vasculitis occurring as early as 30-40
: e98

years of age (Figure S).

Patients with TREX1-related disorders present with white
matter disease, CSF lymphocytosis, intracranial calcifications,
retinal vasculopathies, cutaneous lesions (e.g,, chilblains), and
a.rthra.lgias.‘gs'e97 Patients with less cerebral involvement, such
as those with FCL, may display relatively mild features on
neuroimaging, such as impaired or delayed myelination.**>**
At the molecular level, pathogenic TREX] variants lead to
aberrant activation of the type I interferon response, resulting
in systemic inflammation, which contributes to recurrent
small vessel ischemic strokes.®'°® TREXI variants associated
with AGS are either de novo or rare polymorphisms, with
autosomal recessive transmission, with the exception of

fluorescein leakage suggestive of retinal
vasculitis.
. . . . 101 .
autosomal dominant inheritance in FCL.°" Owing to the

variable phenotypes associated with this disorder, incidence
and prevalence data for TREXI variants are not known.
Mortality depends on the phenotype, with RVCL and SLE
having up to 20% 10-year mortality and FCL being
nonlethal.*'?

Aicardi-Goutieres Syndrome

AGS is an autosomal recessive developmental encephalopa-
thy characterized by brain, skin, and immune manifestations,
diagnosed in the neonatal period.*'* 1 in § infants born with
AGS, often women, will exhibit hepatosplenomegaly,
thrombocytopenia, jittery movements, feeding difficulties,
and intracranial vascular stenosis, potentially related to a
dysregulation of the primary inflammatory stress respon-
$e.5193¢1%% CT brain reveals calcification of the thalamus,
periventricular white matter, and basal ganglia.*'®® MRI may

Table 2 Proposed Key Genes to be Included on Multigene Panels for the Evaluation of the Patient With Suspected Genetic

Cerebral Arteriopathy

Patient subgroup Genes

Inflammatory CSF

TREX1, ADAR, IFIH1, RNASEH2A, RNASEH2B, RNASEH2C, SAMHD1

Noninflammatory CSF without
aortopathy APP

GLA, ABCC6, ENPP1, NOTCH3, CTSA, HTRAT, COL4A1, COL4A2, ADA2, ACVRL1, ENG, SMAD4, NF1, RNF213, GAA, GNAQ,

Noninflammatory CSF with aortopathy  PKD7, PKD2, COL3A1, SMAD2, SMAD, TGFB2, TGFB3, TGFBR1, TGFBR2, MYH11, ACTA2, FBN1, SLC2A10
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reveal temporal pole edema, temporal horn dilatation, and
cerebral atrophy.®'® The immune overdrive in infants with
AGS may arise from the failure of nucleases to cleave en-
dogenously produced nucleic acids.*'>*'"” While the exact
prevalence is unknown, a recent study from Denmark found
that the incidence of AGS was less than 0.76 per 100,000 live
births annually from 2010 to 2020.°'*® With a yearly mortality
rate of 19.3%, many patients with AGS do not survive into
adulthood.*'>'%

Discussion

Evaluating patients with suspected genetic cerebral arterio-
pathy is complex. In this article, we reviewed these disorders
and proposed a stepwise approach to help the practicing
neurologist navigate genetic arteriopathy workup in adult
patients, especially when common vasculopathy causes and
stroke mechanisms are ruled out. This approach starts with
thorough patient and family history and physical examination
to identify potential genetic arteriopathies. If a genetic arte-
riopathy is suspected, the next steps include evaluating for
aortopathy and assessing CSF for inflammation (if clinical
suspicion for an inflammatory process is high), followed by
stratifying conditions based on the presence of intracranial
aneurysms or SVD while identifying syndrome-specific fea-
tures. This systematic approach should help target genetic
testing to the most likely disorders.

Although no commercial gene panels currently support high
throughput testing for these conditions, we provide lists of
genes to focus on for each major subset of disorder, by either a
targeted panel, whole-exome sequencing, or whole-genome
sequencing, based on our recommended approach (Table 2).
In the absence of a targeted gene panel, we recommend
whole-genome sequencing as the preferred approach. Genetic
counseling before testing is crucial to discuss potential out-
comes and implications. If a genetic mutation is found, tar-
geted testing should also be offered to family members.
Conditions such as HHT, Loeys-Dietz syndrome, Marfan
disease, and NF1 have screening regimens; therefore, patient
education on these is essential. Although disease-specific
therapies exist for Fabry disease, Pompe disease, and DADA2,
comprehensive vascular risk factor optimization is critical for
any genetic arteriopathy. Antiplatelet therapy is recom-
mended for stroke prevention, with cilostazol potentially
being safer and more vasoprotective than aspirin or CYP212
inhibitors, although prospective studies comparing the safety
and efficacy of antiplatelet agents in this population are
limited.

While we aim to present a comprehensive overview of genetic
cerebral arteriopathies, our review is limited to monogenic
disorders, as opposed to the more common polygenic risk
that modifies traditional stroke risk factors, such as familial
hyperlipidemia or intracranial atherosclerosis. However,
driven by the clinical phenotype, age at onset, and imaging

Neurology.org/NG

characteristics, the systematic approach we describe provides
arobust framework for the practicing neurologist to recognize
a genetic cerebral arteriopathy in the adult patient and prompt
appropriate genetic testing where indicated.
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