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ABSTRACT: Lacunar infarcts and vascular dementia are important phenotypic characteristics of cerebral autosomal dominant 
arteriopathy with subcortical infarcts and leukoencephalopathy, the most common inherited cerebral small vessel disease. 
Individuals with the disease show variability in the nature and onset of symptoms and rates of progression, which are only 
partially explained by differences in pathogenic mutations in the NOTCH3 gene. Recognizing the disease early in its course 
and securing a molecular diagnosis are important clinical goals, despite the lack of proven disease-modifying treatments. The 
purposes of this scientific statement are to review the clinical, genetic, and imaging aspects of cerebral autosomal dominant 
arteriopathy with subcortical infarcts and leukoencephalopathy, contrasting it with other inherited small vessel diseases, and 
to provide key prevention, management, and therapeutic considerations with the intent of reducing practice variability and 
encouraging production of high-quality evidence to support future treatment recommendations.
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Lacunar infarctions are a core feature of CADASIL 
(cerebral autosomal dominant arteriopathy with sub-
cortical infarcts and leukoencephalopathy), the most 

common inherited cerebral small vessel disease (CSVD). 
CADASIL is caused by mutations in the NOTCH3 gene 
expressed in endothelial smooth muscle cells. The 
NOTCH3 protein is a single-pass transmembrane recep-
tor with extracellular epidermal growth factor (EGF) 
repeat domains. Low disease prevalence challenges 
recognition of CADASIL. About 12% of all strokes are 
attributable to small artery occlusion, but even among 
those with younger-onset lacunar strokes, <2% have 
genetically confirmed CADASIL.1 Although CADASIL 
lacks a cure, expression of disease may be modifiable, 
thereby justifying a molecular diagnosis. Interpreting the 
results of a molecular diagnosis and providing consis-
tent recommendations to patients and their at-risk family 
members are vital. Testing for NOTCH3 mutations, the 
cause of CADASIL, is widely available, but interpreting 

the results can be challenging because of genetic het-
erogeneity, ranging from typical cysteine-changing muta-
tions to cysteine-sparing mutations.2

The purposes of this scientific statement are to help 
clinicians recognize, diagnose, prognose, and manage 
CADASIL; to distinguish it from other heritable CSVDs; 
to provide insights into the genetics and pathophysiol-
ogy of disease; and to suggest pathways for discovery of 
disease-modifying therapies.

OVERLAP AND DISTINCTION IN 
PHENOTYPES
The classic CADASIL phenotype consists of migraines, 
subcortical strokes, and ultimately vascular dementia.3 
Migraine with aura is associated with CADASIL.4 For the 
≈30% who will have migraines, mean age at onset is 30 
years. Ischemic strokes occur at a mean age of 49 years 
(range, 20–70 years), often without vascular risk factors. 
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By stroke presentation, patients have at least moder-
ate concomitant small vessel disease. Strikingly, the  
CADASIL phenotype is confined to the central nervous 
system despite immunohistochemical evidence of charac-
teristic osmiophilic, PAS-positive granular material within 
blood vessel walls in most of visceral organs.5 This helps 
to differentiate CADASIL from hypercoagulable states or 
systemic vasculitides. Family history of early-onset stroke 
or migraine with characteristic magnetic resonance find-
ings should raise suspicion for the diagnosis.

Clinicians need to recognize the similarities and dif-
ferences among CADASIL and other inherited CSVDs 
(Table  1). Fabry disease is an X-linked disorder caused 
by deficiency in α-galactosidase A that can manifest with 
albuminuria, angiokeratomas, renal disease, cardiomy-
opathy, and autonomic and painful peripheral neuropa-
thies.6 Fabry disease is particularly important to diagnose 
because of the availability of enzyme replacement thera-
pies. HTRA1 gene mutations can cause CARASIL (cere-
bral autosomal recessive arteriopathy with subcortical 
infarcts and leukoencephalopathy), which has character-
istic neurological and nonneurological features (“back-
ache, baldness, and brain attack”),7 and more recently 
have been recognized as causing an autosomal dominant 
CSVD (referred to as HTRA1 [high-temperature require-
ment factor a serine peptidase 1]-related disease) that 
typically appears to have a milder clinical presentation 
than CARASIL (older age at onset, less consistent sys-
temic features, milder magnetic resonance imaging [MRI] 
changes).8,9 CARASAL (cathepsin-A–related arteriopathy 
with strokes and leukoencephalopathy) has prominent 
brainstem symptoms (tinnitus, hearing loss, and dyspha-
gia).10 TREX1 gene mutations can cause RVCL-S (retinal 
vasculopathy with cerebral leukoencephalopathy and sys-
temic manifestations), including liver and kidney disease.11 
Some COL4A1/2 gene mutations cause HANAC (heredi-
tary angiopathy with nephropathy, aneurysms, and muscle 
cramps) syndrome.12 Others cause PADMAL (pontine 
autosomal dominant microangiopathy with leukoencepha-
lopathy).13 Hereditary cerebral amyloid angiopathies tend 
to have recurrent spontaneous cerebral hemorrhages as 
the predominant feature but can mimic CADASIL.14

MOLECULAR GENETICS OF CADASIL AND 
OTHER CSVDS
Classically, disease-associated NOTCH3 gene muta-
tions result in gain or loss of a cysteine residue within 
the 34 EGF repeat motifs of the protein.15 However, tra-
ditional cysteine-affecting mutations are not all equally 
detrimental, with evidence suggesting that the location 
of the mutation within the gene can affect clinical pre-
sentation.16,17 Indeed, it appears that variants in the first 
6 repeats, and perhaps in repeats 18 through 34, are 
associated with earlier age at stroke onset and increased 

likelihood of encephalopathy and dementia.16,17 The phe-
nomenon of reduced penetrance has also been pos-
tulated,18 with exon skipping returning the number of 
cysteine residues to an even number as a proposed con-
tributor.19 The naturally occurring phenomenon of exon 
skipping could prove a potential strategy for therapeutic 
intervention for CADASIL,20 other NOTCH3-associated 
CSVDs,21 and potentially other inherited CSVDs that may 
result in aberrant disulfide bonding (eg, cathepsin-A gene 
product in CARASAL),22 as has been successfully imple-
mented in other neurological diseases.23 Both CARASIL 
and HTRA1-related CSVD result from nonsense/frame-
shift or missense mutations in the HTRA1 gene.9 Some 
evidence supports haploinsufficiency as the mechanism 
of disease in HTRA1-related CSVD whereby the produc-
tion of protein by the normal wild-type allele is insuffi-
cient to meet the cellular needs. However, according to 
distinct mutation patterns, the molecular mechanisms 
that influence the development of CSVD in patients with 
CARASIL and HTRA1-related CSVD may differ.9

For CADASIL, the reduced penetrance or spectrum 
of effect sizes for the same variant is likely due to other 
genetic determinants,24 as well as comorbidities and envi-
ronmental factors25 that either increase the pathogenic 
effect or protect against it. This has led to questions of 
determining the pathogenicity of rare variants, those 
affecting not only cysteine residues but also noncysteine 
substitutions.26 Conferring a designation of pathogenic-
ity to rare variants in genes like NOTCH3 is a challenge 
faced by clinical genomics and will likely require func-
tional evaluation and biological readouts. The creation of 
NOTCH3 model systems that recapitulate the CADASIL 
phenotype will be critical.27 The relationship between the 
genes implicated in these monogenic CSVD and spo-
radic small vessel disease remains unclear. For example, 
genome-wide association studies of sporadic small ves-
sel stroke have detected risk variants in or near both 
HTRA128 and COL4A1/229 but not NOTCH3.

BRAIN IMAGING FOR DETECTING AND 
CHARACTERIZING DISEASE
Brain imaging is often key to a diagnosis of inherited 
CSVD, including CADASIL. The radiographic spectrum of 
CSVD involvement includes (1) diffuse, symmetrical, and 
often progressive white matter hyperintensities (WMHs) 
that are detected on T2-weighted/fluid-attenuated 
inversion recovery MRI or noncontrast head computed 
tomography as leukoaraiosis; (2) multiple subcortical 
(lacunar) infarcts that are either acute/recent (as seen on 
diffusion-weighted imaging MRI) or chronic (as seen on 
T2-weight/fluid-attenuated inversion recovery MRI and 
computed tomography); (3) dilated perivascular spaces 
(T2-weighted MRI); (4) cerebral microbleeds on T2* gra-
dient recall echo or susceptibility-weighted imaging; and 
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Table 1.  Clinical and Radiographic Features of Inherited CSVDs

Name 
Full condition 

name Gene 
Inheri-

tance Prevalence Clinical features 
Other organ system 

involvement Brain imaging 

CADASIL Cerebral autosomal 

dominant arteriopathy 

with subcortical 

strokes and 

leukoencephalopathy

(OMIM 125310)

NOTCH3 AD 2–5/100 000 

have classic 

presentation; 

2–3/1000  

have cysteine-

changing 

mutations

Migraine with aura, 

small vessel infarctions, 

depression, vascular 

dementia

Little to none Confluent white matter 

changes in anterior temporal 

lobes, external capsule, 

high-convexity white matter, 

enlarged perivascular spaces, 

lacunar infarctions, cerebral 

microbleeds, cerebral atrophy

CARASIL Cerebral autosomal 

recessive arteriopathy 

with subcortical 

strokes and 

leukoencephalopathy

(OMIM 600142)

HTRA1 AR or 

compound 

heterozy-

gous

≈5000 cases 

of CARASIL 

reported

Migraine with aura, 

small vessel infarctions, 

depression, vascular 

dementia

Alopecia, skeletal 

deformities

Confluent white matter 

changes in pons/middle cere-

bral peduncle, frontal white 

matter, anterior temporal lobe, 

external capsules, and thalami; 

lacunar infarctions; cerebral 

microbleeds; cerebral atrophy

HTRA1-

related CSVD

HTRA1-related CSVD 

(previously referred to 

as CADASIL2;  

OMIM 616779)

HTRA1 Most AD 5% of 

hereditary 

CSVD

Similar to CARASIL but 

later onset

Similar to CARASIL 

but milder and with 

later onset

Similar to CARASIL, typically 

milder, but may include corpus 

callosum

CARASAL Cathepsin-A–related 

arteriopathy 

with strokes and 

leukoencephalopathy

(OMIM none; 

ORPHA 575553)

Cathepsin-A AD <20 cases 

reported

Migraine and gait distur-

bance with prominent 

brainstem symptoms, 

including tinnitus, hearing 

loss, and dysphagia; also 

cognitive dysfunction, 

behavioral disinhibition, 

REM sleep behavioral 

disorder, depression

None Confluent white matter 

changes in basal ganglia, 

thalamus, internal and external 

capsules, pons, and frontopa-

rietal deep and periventricular 

white matter

RVCL-S Retinal vasculopathy 

with cerebral 

leukoencephalopathy 

and systemic 

manifestations

(OMIM 192315)

TREX1 AD ≈100 families 

described

Visual symptoms 

presenting at ≈40 

y of age, cognitive 

decline, and psychiatric 

disturbances

Eye, thyroid, liver, and 

kidney manifestations 

typical

Transient pseudo-glioblastoma 

with heterogeneous signal, 

prominent edema, contrast 

enhancement

PADMAL Pontine autosomal 

dominant 

microangiopathy with 

leukoencephalopathy

(OMIM 618564)

COL4A1/2 AD Rare Lacunar infarcts and gait 

disturbance

None Pontine lacunes and subcorti-

cal and periventricular lesions; 

temporal lobar lesions rare

HANAC Hereditary angiopathy 

with nephropathy, 

aneurysm, and muscle 

cramps syndrome

(OMIM 611773)

COL4A1/2 AD Rate Can cause lacunar 

stroke and is associated 

by migraine, but retinal 

tortuosity and muscle 

cramps usually more 

prominent

Retinal arteriolar 

tortuosity, muscle 

cramps with 

elevation of creatine 

phosphokinase, 

kidney involvement 

(renal cysts, 

hematuria, and 

renal insufficiency), 

Raynaud 

phenomenon, and 

supraventricular 

arrhythmia

White matter changes in 

prominently in centrum 

semiovale and to a lesser 

extent the external capsule 

and the posterior limb of the 

internal capsule; subtentorial 

involvement of the pons

Fabry disease Fabry disease

(OMIM 301500)
α-Galactosidase X-linked 1/3100–

1/11 700

Small vessel, large 

vessel, and cardioembolic 

infarctions

Albuminuria, 

angiokeratomas, 

and autonomic and 

painful peripheral 

neuropathies

WMHs and dilated 

vertebrobasilar arteriopathy

hCAA, 

HCHWA

Hereditary cerebral 

amyloid angiopathy, 

hereditary cerebral 

hemorrhage with 

amyloidosis

(OMIM 105150, 

604312, and 

605714)

APP, CST3, ITM2B, 

TTR, GSN

AD Variable but 

all rare

Recurrent lobar 

hemorrhages, amyloid 

spells

Varies by subtype Lobar predominant 

microhemorrhages, high-

convexity white matter 

changes, enlarged perivascular 

spaces

AD indicates autosomal dominant; AR, autosomal recessive; CSVD, cerebral small vessel disease; HTRA1, high-temperature requirement factor A serine peptidase 1; 
OMIM, Online Mendelian Inheritance in Man (www.omim.org); ORPHA, Orphan disease code (www.orpha.net); and WMH, white matter hyperintensity.

D
ow

nloaded from
 http://ahajournals.org by on A

ugust 23, 2023



AH
A 

Scientific






 S

tatement






Meschia et al Management of Inherited CNS Small Vessel Diseases

e4    TBD 2023� Stroke. 2023;54:e00–e00. DOI: 10.1161/STR.0000000000000444

(5) brain atrophy on T1-weighted MRI.30 In CSVD dis-
orders with predominantly hemorrhagic manifestations 
such as familial cerebral amyloid angiopathy, superficial 
siderosis is frequently seen in addition to the intrapa-
renchymal microhemorrhages and macrohemorrhages. 
Neuroimaging standards for detection of CSVD are con-
tinually evolving. Neuropathological correlates of CSVD 
seen on imaging include microangiopathies that affect 
intrinsic parenchymal and leptomeningeal perforating 
arteries, arterioles, and capillaries (eg, arteriolosclerosis 
or cerebral amyloid angiopathy), as well as small veins 
and venules (eg, venous collagenosis).31 Radiographic 
manifestations of CSVD such as chronic lacunes and 
tissue cavitation have consistent neuropathological cor-
relates with evidence of cell loss and gliosis, whereas 
WMH has heterogeneous neuropathological correlates, 
which include white matter rarefaction, ischemia, inflam-
mation, blood-brain barrier leakage, myelin breakdown, 
axonal injury, loss of oligodendrocytes, and dilation of 
perivascular spaces.32 The presence of MRI WMHs 
involving the anterior temporal poles, the frontal lobes 
(subinsular areas and superior frontal gyri), and the peri-
ventricular white matter has high discriminatory accu-
racy for CADASIL compared with sporadic subcortical 
arteriosclerotic encephalopathy33 whereas subcortical, 
punctate fluid-attenuated inversion recovery lesions 
in the temporal lobes are highly specific for CADASIL 
but only moderately sensitive34 (Figure  1). However, 
other inherited microangiopathies, including CARASIL,  
PADMAL, and COL4A1/A2 syndromes, and even spo-
radic CSVD can have similar patterns.35 There is evi-
dence of polygenic risk for WMHs even among patients 
with CADASIL and other monogenic CSVDs.36 Active 
investigation holds promise to optimize the use of MRI 
methods in diagnosis, prognosis, and management.35

DIAGNOSTIC APPROACH TO CADASIL 
AND OTHER GENETIC CSVDS
Clinicians should tailor their approach to diagnosing 
patients with CADASIL and other monogenic CSVDs to 
the clinical scenario, symptom status, age, and family his-
tory. Currently, Fabry disease is the only monogenic CSVD 
with disease-specific therapy.37 However, addressing 
vascular risk factors for sporadic vascular disease may 
delay onset, modify severity, or prolong the course for 
individuals with CADASIL and other inherited CSVDs.25 
Thus, securing a diagnosis may prove important for clini-
cal practice and research.

Several approaches have been developed to help clini-
cians prioritize gene testing. For at least 2 decades, it has 
been recognized that anterior temporal polar WMH on brain 
MRI is a marker of CADASIL with good sensitivity and spec-
ificity.38 The Pescini scale ranges from 0 to 25 points (>14 
points suspicious of CADASIL) and uses clinical features 

like stroke or transient ischemic attack onset before 50 
years of age.39 A version of this scale for use in Japanese 
populations required substantial modification,40 suggesting 
a need for consideration of population characteristics for 
such tools to be valid. In the future, clinical decision support 
tools derived from electronic medical record data may help 
clinicians identify those warranting genetic testing.41

Strong consideration should be given to genetic coun-
seling to allow discussion of the ramifications of obtain-
ing genetic test results on the individual patient and their 
family. Even in the era of legal protections, counseling 
must address issues surrounding health, life, disability, 
and long-term care insurance, as well as employment 
discriminations, before testing. Genetic testing of one 
individual may reveal the status of others who may not 
have consented to or be prepared for genetic testing. 
One should distinguish diagnostic testing in individuals 
who have clinical manifestations of disease from predic-
tive or presymptomatic testing. In general, children, unless 
emancipated minors, should not undergo predictive test-
ing because this robs them of the choice of knowing or 
not knowing their status. The penetrance of NOTCH3 
variants is incomplete and highly variable. Testing and 
finding mutations in NOTCH3 can lead to pessimistic 

Figure 1. A schematic composite of common pathologies 
encountered in the central nervous system of patients with 
CADASIL.
CMB indicates cerebral microbleed; CSF, cerebrospinal fluid; EPVS, 
enlarged perivascular space; and WMH, white matter hyperintensity.
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prognostication and bias of detecting asymptomatic brain 
lesions with MRI. This can have life-changing, negative 
psychological consequences. Posttest counseling can 
help with interpretation, especially of variants of unclear 
significance, and navigating grief or guilt from positive, 
negative, and equivocal results.42

A known pathogenic NOTCH3 mutation within a 
family simplifies testing because only a single mutation 
needs to be investigated. When the mutation is unknown 
or unavailable, the laboratory must undertake a more 
complex analysis; the general approach involves staged 
testing for the more common variants within the more 
commonly affected EGF domains, followed by a second 
stage of targeted testing, followed by sequencing of the 
whole exome/gene. When multiple CSVDs are under 
consideration, the use of increasingly available genetic 
panels can be considered. These bundled tests can be 
more cost-effective than ordering each test separately. 
Although used less frequently, there is still a role for skin 
biopsy to look for pathognomonic granular osmophilic 
material on electron microscopy that may clarify the clini-
cal significance of a mutation of uncertain or unknown 
significance. The accuracy of skin biopsy is enhanced by 
the use of immunochemistry.43

Epidemiological data on the prevalence of CADASIL, 
or indeed other genetic CSVDs, in different racial and 
ethnic groups are incomplete or frankly lacking. Data 
on individuals of European and Asian ancestry abound, 
whereas identification of CADASIL or other CSVDs in 
people of African ancestry remains rare.44,45 The differ-
ences in the literature may reflect true differences in 
prevalence or penetrance of NOTCH3 mutations, but 
underreporting of disease as a result of resource limi-
tations, underrecognition, and undertesting may account 
for these differences. To suggest that CADASIL or other 
CSVDs should be considered only in certain populations 
might compound health inequities.

ROLE OF ANTITHROMBOTIC AND 
THROMBOLYTIC THERAPIES
In CADASIL, the role of antiplatelet therapy in preventing 
recurrent ischemic stroke is unknown. Extrapolating from 
general guidelines, physicians have treated many patients 
with CADASIL with antiplatelet agents. In Japan, nearly 
74% of patients received antiplatelet therapy.46 Intrace-
rebral hemorrhage can occur with or without exposure 
to antithrombotic therapy.47 A 2020 European guideline 
notes that there is no evidence to support the use of anti-
platelet agents in patients with CADASIL without prior 
ischemic stroke.48 Although there are no high-quality 
data on the safety or efficacy of antiplatelet therapies 
in patients with CADASIL, low-dose aspirin likely carries 
low risk and is frequently given in patients with prior isch-
emic stroke. Recurrent lacunar strokes have been seen 

in PADMAL49 and in CARASAL10 despite antithrombotic 
therapy.

The indications for or against anticoagulation use are 
uncertain in CADASIL. Anticoagulant-associated intrace-
rebral hemorrhage is uncommon. In a series of patients 
with CADASIL in Taiwan, 5.9% (15/255) had symptom-
atic intracerebral hemorrhage, and of those, 6.7% (1/15) 
were associated with anticoagulant use.50 Investigators 
found that having cerebral microbleeds in the brainstem 
and >10 microbleeds was independently associated with 
intracerebral hemorrhage. European guidelines state that 
in patients with CHA2DS2-VASc scores >2 and atrial fibril-
lation or other indication for anticoagulation, oral antico-
agulation is not contraindicated.48 In patients with both 
CADASIL and atrial fibrillation, left atrial appendage device 
closure may be a reasonable alternative to long-term anti-
coagulation. This is particularly true for patients with high 
CHA2DS2-Vasc scores and high microbleed count.

Little is known about the safety or efficacy of thrombol-
ysis or thrombectomy in patients with CADASIL presenting 
with acute stroke. There are examples of use of thrombo-
lytics without bleeding complications.51 Pending systematic 
study, decisions on reperfusion or recanalization therapy 
should be made on a case-by-case basis. It is not known 
to what extent the experiences with thrombolytic therapy in 
CADASIL are relevant to other genetic CSVD.

MIGRAINE AND ITS MANAGEMENT
The diagnostic criteria for migraine associated with 
CADASIL are well defined in the third edition of the Interna-
tional Classification of Headache Disorders. The migrainous 
aura may be severe and can vary in semiologies, includ-
ing hemiplegia, hemi-anesthesia, and visual scotoma.52 
Although unclear if migrainous in pathogenesis, episodes 
of fever, confusion, and reduced arousal, called CADASIL 
coma, may occur in up to 8.5% (6/70) of patients with 
CADASIL.53 These episodes last weeks and self-resolve to 
the patient’s preexisting neurological baseline.

The physiological link between CADASIL and 
migraine is unclear; hypotheses include whether cortical-
spreading depression from migraine is an innate protec-
tive strategy to aid cerebral vasoactivity.54 Supporting a 
protective quality of migraine, those with migraine with 
aura tend to have a lower stroke risk, less disability, less 
cognitive insufficiency, and fewer radiographic cerebral 
microbleeds compared with those without migraine in 
CADASIL.55

In roughly a third of individuals, migraine may be severe 
and refractory and impair quality of life.52 No randomized 
trial has sought to elucidate the optimal treatment for 
migraine in CADASIL. A meta-analysis reviewing pro-
phylactic medications for migraine in CADASIL notes 
that most common prophylactic medication choices 
were equivocal, although propranolol seemed to have a 
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deleterious effect and both acetazolamide and sodium 
valproate may be physiologically beneficial.56 Migraine 
triggers in patients with CADASIL are similar to those 
in patients without CADASIL, and although there are no 
robust data, avoiding triggers and maintaining good sleep 
and exercise should be considered. Abortive treatment 
reports are limited; however, triptans may be safe.48 No 
robust data exist on the benefit of onabotulinum toxin-A, 
wearable devices, acupuncture or acupressure, or calci-
tonin gene-related peptide modulators.

CADASIL is not the only monogenic CSVD associ-
ated with migraine. RVCL-S and other conditions caused 
by TREX1 mutations can have migraine as a prominent 
feature preceding cerebral complications, although 
migraine is not typically the presenting symptom.57 The 
same ambiguity exists on the best migraine treatments 
for TREX1 spectrum conditions as with CADASIL.

NEUROPSYCHIATRIC PHENOMENA
Neuropsychiatric complications may occur in up to 30% 
of those with CADASIL, with most occurring after the 
fourth decade.58 Adjustment disorders, dysthymia, apathy, 
and pseudobulbar palsy are the most common and lead 
to worse quality of life.59–61 Impaired cognition, from mild 
cognitive impairment to vascular dementia, may be the 
sole symptom in 10% of individuals.59,62 Cognitive pro-
files early in the disease typically display executive dys-
function and inattention, progressing to a multidomain 
cognitive impairment and dementia after 60 years of age 
in ≈60% of individuals.62 It is notable that for CADASIL, 
memory is relatively spared.62

Optimal therapies for neuropsychiatric symptoms 
are not well defined, relying on conventional pharmaco-
therapy such as selective serotonin reuptake inhibitors. 
Sodium valproate might have physiological benefits due 
to effects on the NOTCH3 receptor.63 However, mood 
disturbances are often refractory.64 A randomized trial 
of donepezil showed no benefit in overall cognition, as 
measured by the Vascular Dementia Assessment Scale 
cognitive subscale score, but did show benefit for sev-
eral subscores of executive function.65 Trials have shown 
benefit for memantine in vascular dementia not related 
to CADASIL66; thus, a trial testing the use of memantine 
in CADASIL might be reasonable. Similarly, goal-oriented 
cognitive rehabilitation therapy has demonstrated ben-
efit in everyday functioning for individuals with vascular 
dementia67 but not specifically CADASIL or other genetic 
CSVD.

MANAGING MODIFIABLE VASCULAR RISK 
FACTORS
The prevalence of modifiable vascular risk factors in 
patients with CADASIL varies by study type, including 

duration of follow-up, patient age at time of study, coun-
try, and number of vascular risk factors ascertained. Early 
studies reported a low prevalence of vascular risk fac-
tors (eg, hypertension as low as 8%),58 but more recent 
work has found vascular risk factors to be more prevalent 
(Table 2). In one analysis, vascular risk factors did not dif-
fer by mutation location.75

Hypertension and glucose control are associated with 
cerebral microbleeds.69,74,75 However, the association 
between hypertension and lacunar volumes has been 
inconsistent,69,75 and an association between glucose 
control and volume of WMHs or lacunar infarcts has not 
been found, possibly because of a lack of power.69

In CADASIL, hypertension has been shown to be 
associated with incident dementia,76 disability due to 
dementia,72 and overall disability.75 However, diabetes has 
not been shown to be associated with cognitive decline.76 
One prospective study73 found tobacco smoking to be 
a predictor of dementia, but another prospective study76 
found no association between tobacco smoking and 
multiple measures of cognition.

In CADASIL, hypertension is associated with incident 
stroke71 and intracerebral hemorrhage.74 When adjusted 
for age and vascular risk factors, tobacco smoking is 
independently associated with incident ischemic stroke 
and earlier onset of stroke.71,73

We identified no randomized trials studying the 
effects of management of vascular risk factors on 
clinical outcomes in patients with CADASIL. From 
the aforementioned observational studies and the 
expected deleterious effects of vascular risk factors on 
arteriolosclerosis-related brain health, tight control of 
blood pressure seems prudent in CADASIL. At a mini-
mum, this will help prevent cognitive decline and stroke 
attributed to vascular risk factors, which would only add 
to those inherent to CADASIL. Given reported associa-
tions between tobacco smoking and earlier onset of 
stroke in patients with CADASIL, smoking cessation 
should be strongly encouraged. A clear association of 
hyperlipidemia with clinical outcomes in CADASIL has 
yet to be established. Despite the failure of short-term 
use of atorvastatin to improve hemodynamic param-
eters in a small group of patients with CADASIL,70 
the value of treating comorbid dyslipidemia remains 
unknown.

PREGNANCY IN CADASIL
Overall, there is a scarcity of studies on the effects of 
CADASIL in mothers on pregnancy course and in the 
postpartum period or risks to fetus. One case series from 
Italy included 93 pregnancies in 50 women with NOTCH3 
mutations.77 CADASIL was not associated with higher 
rates of complications during pregnancy, peripartum, or 
postpartum. Of note, although antithrombotic treatments 

D
ow

nloaded from
 http://ahajournals.org by on A

ugust 23, 2023



AHA Scientific Statement


Meschia et al Management of Inherited CNS Small Vessel Diseases

Stroke. 2023;54:e00–e00. DOI: 10.1161/STR.0000000000000444� TBD 2023    e7

are not common in CADASIL, nearly half of the pregnant 
patients with CADASIL were on antithrombotic therapy 
during pregnancy. A Finnish study retrospectively stud-
ied 25 female carriers of the R133C mutation for a total 
of 43 completed pregnancies.78 Using structured ques-
tionnaires and medical records, the authors found that 
almost half experienced transient neurological symp-
toms, mainly in the puerperium. For most of the patients, 
these spells were the first manifestations of disease and 
were more common in those >30 years of age. The 2020 
European guidelines assert a lack of need for antithrom-
botics during pregnancy.48 There are no data showing 
that vaginal birth is unsafe. Similarly, there are scant data 
on preterm complications of fetuses that carry a mutation 
in NOTCH3.

PERIOPERATIVE MANAGEMENT
There has been no systematic study of perioperative 
management in CADASIL. However, neuraxial79 and 
general anesthesia80 have been used without postop-
erative stroke or delirium. There are pathophysiologi-
cal reasons to think that patients could be at increased 
risk of perioperative stroke or delirium. Patients have 
reduced vasoreactivity to carbon dioxide.81 Positron 
emission tomography studies have shown a significant 
decrease in cerebral blood flow in white matter, corre-
sponding to WMHs on MRI.82 It has been proposed that 
intraoperative mean arterial pressure should be >60 
mm Hg (8 kPa), that end-tidal carbon dioxide should be 
≈40 mm Hg (5.3 kPa), and that head-down positioning 

should be restricted or avoided to avoid obstructing 
venous return.80

AVOIDING CATHETER ANGIOGRAPHY
Most reports of cerebral angiography in patients with 
CADASIL indicated normal appearance of blood ves-
sels, although subtle distal changes can occur.83 The first 
reports of complications of cerebral catheter angiogra-
phy emerged in the 1990s.84 In a review of individuals 
with CADASIL undergoing cerebral catheter angiogra-
phy, 69% (11/16) experienced neurological symptoms 
lasting hours to weeks.84 Because cerebral catheter 
angiography is unnecessary for diagnosing CADASIL, a 
clinical or genetic diagnosis of CADASIL should be con-
sidered a relative contraindication to cerebral catheter 
angiography, the exception being a known symptomatic 
acute large vessel occlusion for which a catheter proce-
dure would be done for therapeutic, not merely diagnos-
tic, reasons.

PATHWAYS TO DISEASE-MODIFYING 
THERAPIES
The NOTCH3 gene product is expressed in vascular 
smooth muscle cells and pericytes of the brain, and 
a single copy of mutant NOTCH3 (but not NOTCH3 
functional knockouts) is sufficient to generate granular 
osmiophilic material (a pathognomonic feature of the dis-
ease) in vessels of experimental animals. Furthermore, 
mutations in NOTCH3 frequently alter cysteine residues, 

Table 2.  Prevalence of Vascular Risk Factors in Patients With CADASIL as Reported in Prospective Studies

 
Singhal 
et al68 

Viswanathan 
et al69 

Peters 
et al70* 

Adib-Samii 
et al71 Ciolli et al72 

Chabriat 
et al73 Lee et al74 Hack et al75† 

Publication year 2004 2006 2007 2010 2014 2016 2017 2022

Patient age at assessment, 
mean±SD, y

46.9 51.8±11.2 49.2±9.8 47.7±11.4 50.3±13.8 50.6±11.4 62.6±12.5 EGFr 1–6: 48.9±12.3
EGFr 7–23: 55.6±11.3

Female, % 59.8 42.9 50.0 57.0 52.9 55.2 44.7 53.0

Country or region United 
Kingdom

France, 
Germany

Germany United 
Kingdom

Italy France, 
Germany

Korea The Netherlands

Patients/families, n 127/65 147/NR 25/20 200/NR 51/40 290/>100 94/76 200/NR

Hypertension, % 20.0 42.9 4.2 23.9 35.3 19.0 53.2 25.5

Hyperlipidemia, % 44.5 49.7 16.7 68.6 36.0 38.0 25.5 37.5

Diabetes, % 3.9 2.7 0.0 4.0 7.8 2.1 17.0 6.5

Ever-smoker, % 53.2 49.0 20.8 51.0 30.6  38.3 50.5

Current alcohol use, % NR 53.1 NR NR NR 7.8% (>2 
drinks/d)

NR 61.0

BMI, mean±SD NR NR NR NR 28.0±5.1 NR NR 27.1

Hyperhomocysteinemia, % 17.6 NR NR 16.8 NR NR NR NR

Atrial fibrillation, % NR NR NR NR NR NR 3.2 NR

BMI indicates body mass index; CADASIL, cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy; EGFr, epidermal growth 
factor-like repeat; and NR, not reported.

*Results for age and sex taken from table rather than text.
†Vascular risk factors did not vary by EGFr.
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which are invariantly conserved with the 34 EGF repeats 
of the protein and scaffold protein shape. Therefore, 
many mechanistic models posit that mutant NOTCH3 
protein triggers a pathological gain of function within the 
cerebral vasculature. In accordance, human biospecimen 
analysis and model systems have uncovered dysregu-
lated signaling pathways with an emphasis on abnor-
mal extracellular matrix proteins. Contributing proteins 
identified include mutated and modified NOTCH3 and 
other proteins such as collagens, small leucine-rich pro-
teoglycans, VTN (vitronectin), and TIMP3 (tissue inhibi-
tor of metalloproteinase 3).85–87 The last 2 proteins in a 
mouse model affect cerebral autoregulation and activity-
dependent neurovascular coupling through diminished 
EGF receptor signaling that lowers levels of phospho-
lipids such as PIP2 (plasma membrane intrinsic protein), 
a key regulator of the inward rectifier potassium channel 
(Kir2.1).88

From a cellular perspective, CADASIL is characterized 
by disruption of the vessel wall architecture (Figure 2). 
Impaired perivascular clearance may result from dys-
functional autophagy-lysosomal degradation of vascu-
lar smooth muscle cells.89 Impaired clearance may be 
a shared mechanism in CADASIL and cerebral amyloid 
angiopathy–Alzheimer disease, which feature a modest 
number of overlapping proteins.24,90 An overlap between 
CADASIL vessel proteins and targets of the CARASIL 
factor HTRA1, a protease, implicates convergent path-
ways of impaired protein clearance in CADASIL and 
CARASIL.91 In addition, decreased baseline relaxation 
of vascular smooth muscle cells due to abnormalities in 
sGC/cGMP signaling92 and inadequate H2O2 production 

compound defects in vessel reactivity in animal models. 
A Rho kinase inhibitor, fasudil, attenuates CADASIL-
related physiological abnormalities in vitro.

Although most investigations emphasize mechanisms 
relating to cell membrane, proteostasis, and extracellular 
molecular pathologies, other pathways need to be investi-
gated such as the role of physiological nuclear NOTCH3 
signaling, with potential effects on NFKB (nuclear factor of 
kappa light polypeptide b)–regulated inflammatory genes. 
The role of immune dysfunction is underappreciated in 
CADASIL despite symptomatic manifestations known to 
involve immune components such as stroke and migraine 
headaches. Collectively, the large number of divergent 
molecular pathways identified needs prioritization by appli-
cation of omics technologies in human biospecimen and 
preclinical models to distinguish which abnormalities initi-
ate disease versus result from disease progression.

Further exploration is required to elucidate how 
comorbidities and environmental risk factors modify out-
comes. The mechanisms of how hypertension and smok-
ing affect CADASIL progression may lead to insights 
relevant to disease modification.

Future development of biomarkers should be useful in 
clinical trials investigating whether treatment of comor-
bidities and modulation of environmental factors are 
effective. Blood biomarkers would help elucidate whether 
specific diets and exercise modify disease course.

Last, maturing technologies such as gene silencing, 
gene editing, and monoclonal antibody production could 
be applied to CADASIL. Harnessing the observed natu-
rally occurring exon skipping may be a useful approach 
to gene therapy.19–21 Disease mechanisms likely relate 

Figure 2. Cross-sectional schematics 
of a normal arteriole and of an 
arteriole with the pathological 
changes that occur in patients with 
CADASIL.
BBB indicates blood-brain barrier; and 
CADASIL, cerebral autosomal dominant 
arteriopathy with subcortical infarcts and 
leukoencephalopathy.
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Table 3.  Considerations for Managing Patients With 
CADASIL

Management issue Clinical considerations 

When to test for 
NOTCH3 mutations

Consider gene testing in patients with small 
vessel stroke before 55 y of age with a paucity 
of vascular risk factors (eg, normotensive, 
nondiabetic, nonsmoker) or positive family 
history of CADASIL.

Antithrombotic therapy Avoid antiplatelet therapy for primary stroke 
prevention. Aspirin monotherapy may be safe for 
preventing recurrent ischemic stroke, but evidence 
for efficacy is lacking. Oral anticoagulants can be 
given to patients with high-risk atrial fibrillation, 
but atrial appendage occlusion device placement 
may be preferred to long-term anticoagulation, 
particularly if there is a high microbleed burden.

Thrombolytic therapy Safety and efficacy are unknown for 
thrombolysis in patients with CADASIL 
presenting with small vessel stroke. For patients 
presenting with unrelated large vessel stroke, 
MT without thrombolysis may be preferred to 
MT with thrombolysis.

Migraine Abortive therapy with triptans appears 
sufficiently safe. Consider avoiding β-blockers 
for migraine prophylaxis. Acetazolamide 
and sodium valproate may be preferred for 
prophylaxis.

Neuropsychiatric 
symptoms

Donepezil at a dose of 10 mg/d may be 
considered to improve impaired executive 
function.

Vascular risk factors Intensive control of blood pressure and avoiding 
tobacco smoking are recommended.

Pregnancy Antithrombotic prophylaxis is not required.

Perioperative 
management

Maintain an intraoperative mean arterial 
pressure at >60 mm Hg (8 kPa) and end-tidal 
carbon dioxide at ≈40 mm Hg (5.3 kPa), and 
head-down positioning should be restricted or 
avoided.

Catheter angiography A clinical or genetic diagnosis of CADASIL 
should be considered a relative contraindication 
to cerebral angiography, the exception being 
a known symptomatic acute large vessel 
occlusion.

CADASIL indicates cerebral autosomal dominant arteriopathy with subcortical 
infarcts and leukoencephalopathy; and MT, mechanical thrombectomy.

to a toxic gain of function,93 particularly in light of the 
requirement for a single copy of mutant NOTCH3 for 
production of granular osmiophilic material. Thus, efforts 
to knock down or knock out mutant alleles offer poten-
tial avenues for treatment. The most severe disease-
associated mutations are found in the N-terminus of 
NOTCH3,94 suggesting that recombinant immunoglobu-
lins against disease-related NOTCH3 epitopes could be 
developed as therapeutic tools.

FUTURE DIRECTIONS
Although infrequent or rare, inherited CSVDs can have pro-
found effects on those harboring disease-causing muta-
tions. With the notable exception of Fabry disease, inherited 
CSVDs lack disease-specific, targeted therapies. In this 
scientific statement, we focused on CADASIL, the most 
common CSVD, suggesting that therapeutic uncertainty 
should not translate to therapeutic nihilism (Table 3). Early 
manifestations of CADASIL such as migraine and later 
manifestations such as lacunar infarcts, when occurring in 
patients without a pathogenic NOTCH3 mutation, have sev-
eral evidence-based therapies. Whether these therapies are 
effective in patients with CADASIL is unknown. Challenges 
to generating reliable evidence for rare disorders include 
limited statistical power and, in some instances, disease 
heterogeneity, although dedicated international trial consor-
tia and establishment and use of biomarkers may offer a 
pathway forward. While we await high-quality empirical evi-
dence for symptomatic and disease-modifying treatments, 
standardizing medical recommendations to avoid confusing 
or contradictory recommendations remains valuable.
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