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Abstract Cerebral autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy (CADASIL) is
caused by mutations in the NOTCH3 gene located on chro-
mosome 19p13. CADASIL causes a clinical syndrome of mi-
graines (frequently with aura), progressive strokes, and cogni-
tive decline in adults leading to severe functional impairment
by the seventh decade of life. Genetic testing is the gold stan-
dard for diagnosing this condition, but the syndrome can be
suspected clinically based on history and a characteristic pat-
tern of confluent subcortical white matter disease in the ante-
rior temporal poles and external capsule. Additional abnor-
malities include cerebral microbleeds and large vessel steno-
sis, particularly in Asian populations. Familiarity with radio-
logic findings in CADASIL is essential to the correct diagno-
sis and subsequent management of this disease.
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Introduction
Cerebral autosomal dominant arteriopathy with subcortical

infarcts and leukoencephalopathy (CADASIL) is the most
common monogenetic cause of adult onset progressive
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cerebrovascular disease. The underlying gene has been
mapped to NOTCH3 which encodes for a transmembrane
receptor found in systemic and intracranial arterial smooth
muscle cells. More than 200 mutations in the NOTCH3 gene
have been associated with CADASIL with the majority being
missense mutations at cysteine residues leading to disruption
of tertiary protein structure and function [1¢].

Although CADASIL can present acutely with stroke,
other features of this disease such as migraine (without
and without aura), cognitive decline, mood changes, and
epilepsy, along with characteristic imaging findings, typ-
ically precede clinical strokes by years to decades [2].
For neurologists, particularly headache specialists, recog-
nition of CADASIL through early clinical features and
imaging is key to appropriate diagnosis and counseling.
In addition to diagnosis, early recognition of CADASIL
carries essential treatment implications as triptans and
ergot-based medications are not generally recommended
for use due to the theoretical risk of vasoconstrictors
contributing to an even higher risk of stoke [3, 4].

We review the characteristic imaging findings associated
with CADASIL in the context of its various clinical and diag-
nostic role.

Radiologic and Clinical Correlation

Diagnosis of CADASIL requires radiologic-clinical correla-
tion. Although the severity and timing of symptom onset
varies in CADASIL, it is a highly penetrant disease with clin-
ical and radiologic manifestations present in the vast majority
of patients by late middle age [2].

Migraine with aura is an early prominent feature of
CADASIL with a prevalence of 20-50 % and with aver-
age age of onset of approximately 30 years [2, 5, 6].
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Associated auras are typically visual or sensory although
more drastic presentations with hemiplegia, encephalop-
athy, confusion, or decreased level of consciousness have
been reported [2, 7-9]. In a cohort of patients in Europe,
54.5 % had migraines overall with 84 % of those
reporting migraine with aura in contrast to an estimated
prevalence of 30 % for aura among those with migraine
in the general population [10]. With increasing age, there
was a decrease in the frequency of migraine (both with
and without aura) such that in those >60 years of age,
one third had no migraines over a two year period and
one quarter experienced migraine at most once every
3 months. The presence of migraine did not appear to
be a risk factor for disease progression in this population
[5e].

The prevalence of transient ischemic attack (TIA) and
stroke is 60-85 % with onset in most patients by the fifth to
sixth decade of life [2, 6, 11]. Stroke and TIA presentations are
mainly lacunar syndromes, reflecting the predominance of
subcortical ischemic disease in CADASIL [2].

Onset of radiologic manifestations closely mirrors the
onset of migraine with mean age of imaging abnormali-
ties starting at 30 years. By age 35, essentially all pa-
tients with CADASIL have abnormal MRI findings,
which occasionally may occur in the absence of clear
clinical correlates [9, 12]. Early in the disease course, a
nonspecific pattern of subcortical white matter disease
may be present with characteristic progression over the
course of several years to confluent white matter disease
that preferentially affects the anterior temporal poles and
the external capsules [2, 13, 14]. Subcortical strokes are
a defining feature though large vessel disease with intra-
cranial stenosis may also be present, particularly in pa-
tients of East Asian descent [1e, 15-17].

Cognitive impairment is a common and relatively early
presentation of CADASIL which tends to emerge with the
onset of stroke/TIA [2, 11]. In later stages, typical manifesta-
tions include mood disturbance, apathy, and gait impairment.
Epilepsy is also more common in those with CADASIL at 5—
10 % [2, 6, 11].

Computed Tomography

In early stages of CADASIL, nonspecific, periventricular,
and other subcortical white matter hypodensities may be
seen. The characteristic white matter disease affecting the
anterior temporal poles would not be evident on comput-
er tomography (CT) until more advanced stages of the
disease. In the appropriate clinical context (eg, mi-
graines, strokes, or TIA), these findings should prompt
further imaging with MRI for clarification. Figure 1
demonstrates these findings on CT scan.
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Magnetic Resonance Brain and Vascular Imaging

Brain magnetic resonance imaging (MRI) is the most clinical-
ly relevant imaging modality in CADASIL. In early stages,
nonspecific periventricular and other subcortical
hyperintensities seen on fluid attenuated inversion recovery
(FLAIR) sequences may be indistinguishable from changes
related to small vessel disease in association with uncontrolled
hypertension and other risk factors. However, the typical
course of CADASIL is marked by clinical deterioration and
radiologic progression with confluent white matter FLAIR
changes within several years, particularly in the anterior tem-
poral poles and external capsules [2, 13]. Figure 2 shows
characteristic findings of white matter changes in CADASIL.
Although patients with CADASIL may experience cortical
strokes associated with the disease itself or other comorbid
risk factors, the presence of multiple or predominantly cortical
pattern of strokes should raise the clinician’s suspicion for
alternative underlying diagnoses. Mitochondrial encephalo-
myopathy lactic acidosis (MELAS) is a maternally inherited
disease with features that overlap with CADASIL, such as
migraines, strokes, and encephalopathy. Distinguishing fea-
tures for MELAS include earlier age of onset (childhood or
potentially infancy) with additional features of myopathy, vi-
sion loss, hearing loss, and more prominent, early onset en-
cephalopathy. On imaging, MELAS may be associated with
subcortical white matter disease, but key differentiating fea-
tures are large areas of cortical involvement with vasogenic
edema and mass effect in acute and subacute phases [18].

Cerebral Bleeds in CADASIL

In case series, cerebral microbleeds (CMBs) were present in
approximately one quarter to one half of symptomatic patients
with CADASIL [17, 19, 20], most commonly affecting the
thalami, basal ganglia, and brain stem. In a series of Asian
patients with CADASIL, 55 % (11 of 20) had CMBs and
25 % (5 of 20) had larger intracerebral hemorrhages (ICH)
[17]. The patients with ICH all had multiple CMBs, and the
location of ICH was predominantly deep subcortical white
matter, mirroring the locations of CMBs. In another series,
the presence and number of cerebral microbleeds was comor-
bid with hypertension and diabetes and was associated with
greater disability on modified Rankin scale [19]. Figure 2,
panel F shows a subcortical microbleed on MRI on fast field
echo sequence.

Intracranial Arterial Stenosis in CADASIL

CADASIL may be associated with the presence of intracranial
arterial stenosis, particularly in Asian patients. In a series of
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Fig. 1 Periventricular and sub-
insular white matter
hypodensities (a) and bilateral
anterior temporal pole subcortical
hypodensities (b) that are better
seen in the coronal view (c¢)

patients in Korea with genetically confirmed CADASIL, 14 %
(7/49) had territorial infarcts associated with large artery dis-
ease, and an additional 10 % (5/49) had evidence of large vessel
stenosis without associated territorial strokes [16]. In this series,
there were no significant differences in cerebral vascular dis-
ease risk factors such as hypertension or diabetes, suggesting
that at least in Asian populations, large vessel disease may be
associated with CADASIL. Another study of patients in

mainland China also showed significant intracranial arterial
disease in 26 % (5/19) of those with NOTCH3 mutations [21].

As almost all studies of large vessel intracranial arterial
disease were described in Asian populations, generalizability
is limited for other patients. Additionally, intracranial stenosis
is more prevalent in Asian populations as a whole, and the
findings in the CADASIL series may be a reflection of this
separate, unrelated phenomenon.

Fig. 2 Images a—e are MRI FLAIR sequences. There is abundant
subcortical white matter and periventricular white matter disease (a, b)
with notable involvement of the external capsule (¢) and confluent

anterior temporal pole white matter involvement (d, e). A subcortical
microbleed is seen as a punctate, rounded hypointensity on fast field
echo sequence (f)
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Population Differences

Genetic sequencing shows significant variations in NOTCH3
mutations in different ethnic populations. While NOTCH3
mutations in exons 4 and 3 were the most common sites of
mutation in Caucasian and mainland Chinese populations
[1¢], mutations in exon 11 were the most common in Korean
and Taiwanese populations [1e, 15], possibly due to founder
effects. Compared to CADASIL in Caucasian populations,
East Asians had significantly less radiologic involvement of
the anterior temporal lobe, more involvement of brain stem
white matter, lower prevalence of migraine, a later age of
clinical onset, and higher rate of ICH [1e, 22].

Additional Imaging Modalities

Other imaging modalities such as fludeoxyglucose positron
emission tomography (FDG-PET) and diffusion tensor imag-
ing (DTI) have been used to study cerebral functional changes
associated with CADASIL.

Arterial spin labeling in one case report showed uni-
lateral hyperperfusion to the occipital/temporal/parietal
lobes during an attack of migrainous encephalopathy;
the location of the affected lobe temporally and anatom-
ically correlated with right-sided aura symptoms [23].
The finding of hyperperfusion associated with migraine
is not specific to those with CADASIL as hyperperfusion
has been demonstrated in those with hemiplegic migraine
attacks as well as in otherwise healthy migraineurs dur-
ing attacks [24, 25, 26e¢]. DTI in CADASIL may be
abnormal due to subcortical white matter damage [27].
FDG-PET in CADASIL has shown subcortical and cor-
tical hypometabolism, but the pattern was not specific for
CADASIL; features were similar to those seen in other
causes of vascular dementia [28].

The diagnostic value of the above techniques is question-
able as data are limited to case reports, and findings may be
nonspecific for CADASIL.

Discussion

CADASIL is an uncommon cause of two common problems:
migraine and stroke. Recognition of CADASIL as an under-
lying diagnosis is essential to appropriate treatment and
counseling. The diagnosis should be considered based on
the clinical history and brain imaging, and confirmatory test-
ing can be done via genetic testing for NOTCH3 mutations.
Migraine, particularly migraine with aura, is often the ear-
liest manifestation of CADASIL symptoms and can begin as
early as adolescence although on average it often manifests at
the fourth decade of life. Visual aura is most common, but
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unusual aura with sensory/motor deficits and altered mental
status is also associated. Following onset of migraine, by mid-
dle age, most patients with CADASIL have already begun to
experience ischemic consequences (TIA/stroke). Brain MRI
may be normal early in the disease course, but by the fifth
decade, significant white matter changes are the rule rather
than the exception.

Early MRI abnormalities in CADASIL include nonspecific
periventricular subcortical white matter T2/FLAIR
hyperintensities and possibly lacunar strokes. However, by
the fifth decade, MRIs almost always show confluent white
matter changes in the anterior temporal poles and external
capsule, areas that tend to be less affected in other causes of
small vessel ischemic disease (e.g., uncontrolled diabetes or
hypertension). In the appropriate clinical context with symp-
toms suggestive of CADASIL, confluent anterior temporal
pole white matter changes have sensitivity and specificity of
89 and 86 %, respectively, based on case series [14].

There are significant population differences in the clinical
and radiologic manifestation of CADASIL, potentially due to
differences in underlying genetic mutations. In particular, East
Asian populations tend to have less migraine and anterior
temporal pole MRI abnormalities but more brain stem white
matter changes and intracerebral hemorrhage [1°, 22]. As
such, the patient’s ethnic background may be important when
considering a diagnosis of CADASIL.

Although many other imaging modalities such as FDG-
PET, DTI, and arterial spin labeling have been shown to be
abnormal in CADASIL, the findings appear to be nonspecific
and have limited value in diagnosis.

Conclusion

A thorough understanding of the natural history and imaging
findings of CADASIL is necessary for appropriate diagnosis
and management. Migraine and early onset stroke/TTA are the
most frequent early manifestations that bring patients to clin-
ical attention and subsequent imaging. Subcortical ischemic
changes occur earlier in CADASIL than in the general popu-
lation, and by middle age, typically this progresses to involve
the anterior temporal poles, helping differentiate it from other
causes of small vessel ischemic disease.
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