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Abstract

The recent discovery that the prevalence of cysteine mutations in the NOTCH3 gene responsible for CADASIL was
more than 100 times higher in the general population than that estimated in patients highlighted that the mutation
location in EGFr-like-domains of the NOTCH3 receptor could have a major effect on the phenotype of the disease. The
exact impact of such mutations locations on the multiple facets of the disease has not been fully evaluated. We aimed to
describe the phenotypic spectrum of a large population of CADASIL patients and to investigate how this mutation
location influenced various clinical and imaging features of the disease. Both a supervised and a non-supervised approach
were used for analysis. The results confirmed that the mutation location is strongly related to clinical severity and
showed that this effect is mainly driven by a different development of the most damaging ischemic tissue lesions at
cerebral level. These effects were detected in addition to those of aging, male sex, hypertension and hypercholester-
olemia. The exact mechanisms relating the location of mutations along the NOTCH3 receptor, the amount or
properties of the resulting NOTCH3 products accumulating in the vessel wall, and their final consequences at cerebral
level remain to be determined.
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accumulation of NOTCH3 extracellular domains
aggregating with multiple matrix proteins in the wall
of arterioles and capillaries.*> More than 200 patho-
genic NOTCH3 mutations have been identified so far.®

The hallmark symptoms of CADASIL include
attacks of migraine with aura, ischemic stroke events,
cognitive decline from subtle dysexecutive symptoms
up to severe dementia, seizures and various neuropsy-
chiatric symptoms such as mood or behavior altera-
tions.”” In addition to the strong aging effect on
disease progression, another major characteristic of
the disease is the high variability of clinical presenta-
tion and severity among diagnosed patients. This was
noticed from the first description of the disease '®!!
and confirmed later repeatedly both between and
inside families, up to the sibling level.”"'? The first anal-
yses of large samples of symptomatic CADASIL
patients did not reveal any clear impact of the muta-
tional spectrum on this phenotypic variability."
Conversely, male sex and cardiovascular risk factors,
such as smoking or hypertension were found signifi-
cantly related to clinical severity.'*'® Recent data sug-
gest that the clinical phenotype may also differ
according to the population origin.'”'® At MRI level,
the APO E &4 allele was previously associated with the
volume of white matter lesions on MRI."

The minimal prevalence of the disease was initially
estimated around 2-5 per 100,000 in Europe®™?' with
most mutations detected in symptomatic subjects clus-
tering within a hotspot encompassing the EGFr
domains from 1 to 6 of the NOTCH3 receptor.’
Recently, the discovery of an unexpectedly large
number of cysteine mutations outside the EGFr 1-6
hotspot in the general population raised the hypothesis
that the exact position of the mutation along the gene
influences the clinical expression of the disease.>>*
A later stroke onset was reported in patients having
NOTCH3 mutations located in EGFr domains from
7 to 34 in comparison with patients having a mutation
inside the EGFr 1-6 domains.>> Recent data even
showed that the disease can remain totally silent at a
very advanced age in some individuals.?® In previous
large cohorts of patients with a confirmed diagnosis of
the disease, the exact phenotypic impact of mutation
location in different EGFr domains has not been eval-
uated precisely on the multiple aspects of the disease.

In the present study, we aimed to describe the phe-
notypic spectrum of a large clinical population of
patients diagnosed with CADASIL, to clarify to what
extent the clinical manifestations observed in this
sample are representative of those observed in other
large cohorts of patients in the literature and to inves-
tigate how the location of mutation in different EGFr
domains may influence different features of this

phenotype in addition to age, gender and vascular
risk factors.

Patients and methods

Patients

All patients were recruited between 2003 up to the end
of 2020 at the French National Referral Center for rare
cerebrovascular diseases in France (www.cervco.fr).
The diagnosis of CADASIL was confirmed in all indi-
viduals by genetic testing showing a typical NOTCH3
mutation altering the number of cysteine residues.” The
diagnosis was always obtained after an informed and
written consent. Genomic DNA was isolated from
peripheral blood leukocytes and analyzed using two
different sequencing techniques according to the date
of entry in the cohort. Before 2016, Sanger sequencing
methods were used for searching the most frequent
pathogenic mutations of the NOTCH3 gene identified
so far. After 2016, the Next Generation Sequencing
(NGS) technique allowing the sequencing of all exons
of the NOTCH3 gene was systematically used.”’ In
each subject, the EGF domain where the cysteine
mutation was located was systematically recorded for
the present study. This study was approved by an inde-
pendent ethics (updated agreement of the Comité
d’Evaluation Ethique de I'Inserm or CEEI-IRB-17/
388) and conducted in accordance with the
Declaration of Helsinki and guidelines for Good
Clinical Practice and General Data Protection
Regulation (GDPR) in Europa.

Clinical parameters

Clinical data were collected at entry in the cohort study
by board-certified neurologists using a standardized
questionnaire during individual consultations.

The following information were systematically
recorded in each individual: past medical history and
hospitalizations, cardiovascular risk factors, history of
headache and aura symptoms, all types of ischemic
events, seizures, mood disorders, psychiatric disturban-
ces and cognitive complaints.'> Headache symptoms
were classified using the International Classification
of Headache Disorders — ICHD3.?® Migraine with
aura (MA) was defined by the occurrence of attacks
of migraine with aura or isolated aura. Migraine with-
out aura (MO) was defined by the absence of history of
aura. In this study, patients having both attacks of MA
and of MO were classified as having MA. Age of
migraine onset, migraine frequency during the last
two years, headache duration, characteristics of head-
ache and associated symptoms (photo phonophobia,
nausea, vomiting) were also recorded. Stroke was
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defined by a focal neurological deficit of sudden onset
associated with an ischemic or hemorrhagic lesion
documented on brain imaging. In this study, transient
ischemic attacks (TIA) were defined by a focal neuro-
logical deficit of sudden onset lasting less than 24 hours
and, when available, without any lesion on brain mag-
netic resonance imaging (MRI). The date of stroke
onset, detailed symptoms, duration and the type of
stroke (ischemic or hemorrhagic) manifestation and
location of lesion on imaging data were systematically
recorded. The occurrence of episodes of psychiatric
manifestations or mood disorders was also evaluated
and their date of onset, type of symptoms, use of treat-
ments and/or hospitalization (if any) were systematical-
ly recorded.

In each patient, disability was evaluated using the
modified Rankin Scale (mRS),” Barthel Index,* and
Instrumental activities of Daily Living (IADL).*!
Cognitive complaints were systematically recorded
and all patients were evaluated by an experimented
neuropsychologist using a large battery of tests includ-
ing the Mini-Mental-State Examination (MMSE).*?
Dementia was diagnosed at time of examination
based on the DSM-IV criteria.*”

Imaging parameters

MRI data were obtained in each subject at entry in the
cohort study and during follow-up using a 1.5 Tesla or
3 Tesla imaging system (General Electric and Siemens).
Imaging parameters and sequences used for the study
have been repeatedly reported elsewhere.'>* All
lesions were evaluated based on the STRIVE definition
criteria.>> Briefly, white matter hyperintensities
(WMH) were assessed on FLAIR images and lacunes
on 3D-T1-weighted images. The volume of WMH was
measured using the BIANCA method at baseline and
expressed as a percentage of the intracranial cavity
volume at individual level.*® The number of lacunes
was assessed by an experimented rater as well as the
number of microbleeds using validated methods.?’
Lacunes were defined as small cavities with a rounded
pattern and a diameter of less than 15mm, hyperin-
tense on T2-weighted and hypointense on TI-
weighted images and distinct from dilated perivascular
spaces. Microbleeds were defined as rounded hypoin-
tensities of diameter less than 10 mm on susceptibility-
weighted images. Finally, the brain volume was
calculated based on 3 D-T1-weighted images using val-
idated methods as previously detailed.**:*

Data analysis

Aggregate data from similar cohorts in the literature
were also collected. All references containing the term

“CADASIL” in titles and abstracts from the
PUBMED database and published between 1993 and
2021 were selected. Then, all manuscripts correspond-
ing to original reports written in English were reviewed
in details. From 1535 articles, 57 studies corresponded
to clinical investigations. Of them, only 14 with at least
50 individuals and reporting at least 3 of the main clin-
ical manifestations of the disease were considered.
These cohorts included 51 to 229 patients from
Europe (Germany, United Kingdom, Italy),
Colombia and Asia (Korea, Japan and China).

Baseline and demographic characteristics of the pre-
sent cohort were summarized by standard descriptive
parameters, e.g., median and interquartile range (IQR)
for continuous variables including neurological scores
and percentages for categorical variables, unless speci-
fied otherwise.

We then assessed the association between the of the
NOTCH3 EGFr mutation location (segregating loca-
tion in domains from 1 to 6 to those in domains from 7
to 34) and various features of the phenotype. Clinical
outcomes included a positive history of attacks of
migraine with aura, history of stroke, dementia or dis-
ability based on the modified Rankin score (<3 or
higher), or dependency based on IADL score (6< or
higher). Imaging outcomes included the presence of
microbleeds, the presence and number of lacunes as
well as the degree of atrophy based on BPF
measurement.

We first performed supervised analyses, based
on each outcome, separately. The nonparametric
Wilcoxon test was used continuous outcomes including
neurological scores, and the exact Fisher test for cate-
gorical outcomes. Multivariable binomial logistic
models or linear models were then used to adjust the
effect of mutation inside or outside EGF domains from
1 to 6 adjusted on age, sex and cardiovascular risk
factors. Multivariable models were fit and factors
were selected by the Akaike criterion for defining the
final models, forcing the inclusion of EGF domain. We
used a multiple imputation method for replacing miss-
ing data in the multivariable analyses with predictive
mean matching for continuous variables and logistic
regression for categorical variables. We did five repli-
cate imputations and used the chained equation
method for multiple imputation.*’

We also considered unsupervised analyses, in an
attempt to define profiles of severity based on all the
outcome measures. Principal component analysis
(PCA) was used as a visual tool to assess correlations
between the different outcome measures and to display
patient profiles. Multiple imputation (MI) was per-
formed to handle missing values on covariates, and
the PCA was carried out on the first imputed dataset.
Clustering was obtained using the k-means approach.
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The gap statistic (which compares the total intra-
cluster variation for different values of k with their
expected values for a distribution with no clustering)
was used to determine the optimal number of clusters.
Linear relationship between all variables was checked
using a matrix scatterplot. No significant outliers were
found. Last, given the PCA was mostly performed for
data reduction and exploratory purposes, normality of
data was not a strict requirement.

All analyses were carried out with the R software,
version 4.0.3 (https://www.R-project.org/).

Results

General characteristics of the cohort population

A total of 446 patients from 298 distinct families were
included in the cohort study, 197 males and 249 females
aged from 24 to 83 years. The mean age at diagnosis
was 51 12 years (mean &+ SD).

Their main clinical features are summarized in
Table 1 with those observed in similar cohorts of the
literature. Briefly, 412 patients (93%) experienced typ-
ical manifestations of the disease i.e., stroke, TIA, MA,
psychiatric symptoms, cognitive impairment, walking
difficulties or epilepsy. Hypertension was noticed
in 95 (28%) patients, hypercholesterolemia in 168
(49%), active or past smoking in 208 (61%) and dia-
betes in 23 (6.7%). Nineteen patients of age 61+ 10
years (4.3%) required assistance in daily living, 16
patients of mean age of 5549 years (3.7%) patients
were institutionalized at time of the study.

Spectrum of clinical and imaging manifestations

Migraine attacks. Two hundred and ninety-nine patients
(67.6%) had a history of headache: 179 (40% of the
whole cohort) reported attacks of MA or isolated aura,
and 42 (9.5% of the whole cohort) had only attacks of
MO. Among patients reporting MA, 121 patients
(71.6%) had a progressive installation of aura symp-
toms (‘marche migraineuse’). The most frequent aura
symptoms were visual (86.5%) and 114 patients
(64.8%) already had more than one symptom of
aura. Twenty patients (12%) already experienced
aura symptoms lasting more than one hour, and
28 (16.7%) patients had motor symptoms during pre-
vious auras. Confusion, drop in vigilance or coma were
reported in 15 patients (8.4%) having MA, which was
preceded by classical visual and sensitive aura symp-
toms in 13 of them, and by aphasic aura in 11 of them.

Ischemic events. At entry in the cohort, 235 patients
(53.2% of the whole cohort) had a history of stroke,
with a mean age at first event of 52+ 10 years, and

a mean number of two previous stroke events per indi-
vidual. Among this subset of patients, only 174 (74%)
had a typical history of lacunar ischemic stroke. Six
patients (2.6%) had a history of brain hemorrhage
that involved the brainstem in all cases. One hundred
and twenty-seven patients having a history of stroke
(54%) presented with some residual deficit from previ-
ous episodes.

Mood disturbances and psychiatric manifestations. One hun-
dred and sixty-seven patients (37.8% of the whole
cohort) already had mood alterations or psychiatric
disturbances. The mean age at onset of these manifes-
tations was 49 £+ 13 years. In this group, 162 already
experienced significant depressive symptoms, 4 already
had manic episodes and one had delusional episodes.
One hundred and forty-seven patients required medi-
cation and 38 required a hospitalization.

Seizures. Thirty-eight patients (8.6% of the whole
cohort) reported epileptic seizures; 10 of them (27%
of epileptic patients) had partial seizures, 24 patients
(65% of epileptic patients) had generalized seizures,
2 patients (5% of epileptic patients) had both and
data were not available in one patient.

Cognitive decline. One hundred and ninety one patients
of mean age of 57411 years (43.4% of the whole
cohort) had some cognitive complaints at inclusion in
the study. Forty-two patients (9.5% of the whole
cohort) had dementia according to DSM 1V criteria.
Beyond 65 years of age, 42.4% of the CADASIL
patients had a MMSE score equal or below 24.

Gait and walking difficulties. One hundred and twenty-one
individuals (27.4% of the whole cohort) reported some
gait or walking difficulties at entry in the study, 89
patients (20.1%) urinary problems, 36 patients (8.1%)
swallowing alterations, and 19 patients (4.3%) spas-
modic laughing and crying.

Disability and dependency. Considering the whole
CADASIL cohort, 267 (60%) patients beyond age of
50 years remained independent for daily life activities
and had a Rankin score less than 2. The mean Barthel
score at inclusion was 93 + 19 indicating only a mild
dependence (91-100) globally. However, after age of
55 years, a majority of patients presented with some
gait difficulties. Moreover, among the 235 patients
having had a previous stroke, 86 patients (36.8%) had
at least one residual symptom such as walking, urinary
or swallowing difficulties and/or pseudobulbar palsy.
Patients with a moderate to severe disability at inclusion
who required assistance for daily living and walking
(Rankin scores 4-5) corresponded to 7% of patients in
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the age range of 45-65 years, and to 20% of patients over
65 years old (Supplementary data: Figure A).

Main imaging findings. From the whole cohort, 434
CADASIL patients had MRI data at entry in the
study. All of them presented with white matter hyper-
intensities on FLAIR or T2-weighted images, 75% had
at least one lacune and 52% presented at least with one
microbleed on T2* images or SWI images.

Effects of NOTCH3 mutation location in egf domains
on various phenotypic features in addition to the
effects of age and vascular risk factors

The exact position of mutation was available from the
genetic test in 436 individuals. The spectrum of all
mutation locations according to EGF domains of
the NOTCH3 gene is summarized in Figure B
(Supplementary data). In 283 patients (65%), the path-
ogenic mutation was located in EGFr domains from
1 to 6, in 153 patients (35%) the mutation was within
EGFr domains from 7 to 34. The mutations located in
NOTCH3 EGFr domains from 2 to 4 corresponded to
the majority of individuals of the cohort (233 patients,
53%). EGFr like domain 25 was the second mutational
hotspot (38 patients (8.7%)).

Patients harboring a mutation in NOTCH3 EGFr
domains from 7 to 34 were older than individuals
with a mutation in EGFr domains from 1 to 6 (mean

age: 57+ 11 and 50+ 12 respectively (p <0.0001)). In
addition, they were more frequently hypertensive
(respectively 32% versus 16%, p < 0.0001) and active
or past smokers (60% versus 49.5%, p=0.038). Other
main differences between the two groups are detailed in
Table 2.

The effects of the location of NOTCH3 mutation in
EGFr domains 1-6 versus 7-34 in addition to that of
age, sex, hypertension, smoking and diabetes on the
phenotype analyzed using multivariable analyses are
presented in Table 3. In univariable analyses, mutation
in EGFr domains 1-6 was associated with an increased
prevalence of migraine with aura, and dementia. After
adjustment on potential predictors, mutation in EGFr
domains 1-6 was no longer associated with migraine
with aura, whose prevalence was found lower in men or
in older individuals. In contrast, mutation location in
EGFr 1-6 was found associated with a higher risk of
stroke in addition to the deleterious effect of age, male
sex, hypertension and hypercholesterolemia. While
only age and male sex were found associated with dis-
ability measured using the modified Rankin scale
dichotomized as no or mild versus moderate or
severe, the association of the mutation location with
dementia persisted in addition to the effect of age and
male sex. Moreover, mutation in EGFr domain 1-6

was found associated with dependency assessed
by IADL that was also related to age and
hypercholesterolemia.

Table 2. Main clinical and imaging features in the population according to the location of mutation (univariate analysis, a: yes versus no).

Location mutation in EGFr like domains -6 7-34 P value
General characteristics®
Age, mean in years (SD) 50 (12) 57 (1) <0.0001
Sex male, n (%) 132 (46.6) 60 (39.2) 0.14
Hypertension, n (%) 6 (16.3) 9 (32.2) 0.0001
Smoking, n (%) 143 (50.5) 61 (40.1) 0.038
Hypercholesterolemia, n (%) 103 (36.4) 64 (42.1) 0.24
Clinical outcomes
Migraine with aura or isolated auras®, n (%) 130 (45.9) 47 (30.9) 0.002
History of stroke?, n (%) 160 (56.5) 73 (48.0) 0.090
mRS score >3% n (%) 48 (17.1) 23 (15.2) 0.62
MMSE Score <24, n (%) 57 (21.5) 24 (17.4) 0.33
Dementia®, n (%) 35 (12.4) 7 (4.6) 0.009
Gait disturbances, n (%) 73 (25.8) 48 (31.6) 0.20
Balance disturbances, n (%) 83 (29.3) 48 (31.6) 0.63
Swallowing difficulties, n (%) 24 (8.5) 12 (7.9) 0.83
Barthel Index <100, n (%) 57 (20.5) 25 (16.6) 0.32
IADL <6: n (%)* 47 (17.5) 13 (9.1) 0.021
Imaging outcomes®
WMH — median % of ICC (Q1-Q3) 4 (2-7) 4 (2;6) 0.88
>1 lacune, n (%) 219 (79.1) 118 (78.7) 0.92
Number of lacunes >5, n (%) 155 (56.0) 77 (51.3) 0.36
>1 microbleed, n (%) 86 (31.2) 69 (45.7) 0.003
BPF — mean % of ICC (SD) 81 (5) 80 (4) 0.016
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Table 3. Effect of the NOTCH3 mutation location in EGFr domains on different clinical outcomes (multivariable analysis).

Univariable analyses Multivariable analyses

Outcomes Number events OR (95%Cl) OR (95%Cl)
Migraine with aura 177
Mutation in EGFr 1-6 vs 7-34 1.90 (1.25 to 2.88) 1.54 (0.98 to 2.40)
Age 0.96 (0.95 to 0.98)

Sex male (y/n)
Hypertension (y/n)
Diabetes (y/n)
Stroke 233
Mutation in EGFrl—6 vs 7-34
Age
Sex male (y/n)
Hypertension (y/n)
Hypercholesterolemia (y/n)

mRS score 3-5 (vs 0-2) 71
Mutation in EGFr 1-6 vs 7-34
Age (y/n)
Sex male (y/n)

Dementia 42
Mutation in EGFr 1-6 vs 7-34
Age

Sex male (y/n)
Diabetes (y/n)
Smoking (y/n)
IADL < 6 6l
Mutation in EGFr -6 vs 7-34
Age (y/n)
Hypercholeterolemia (y/n)

0.64 (0.43 to 0.97)
0.65 (0.38 to I.11)
0.42 (0.14 to 1.33)
141 (0.95 to 2.09) 2.11 (1.33 to 3.33)
1.04 (1.02 to 1.06)
2.43 (1.60 to 3.68)
2.56 (1.48 to 4.42)
1.63 (1.05 to 2.54)
115 (0.67 to 1.97) .78 (0.98 to 3.23)
1.09 (1.06 to 1.12)
2.01 (1.16 to 3.49)
2.9 (1.26 to 6.70) 4.56 (1.85 to 11.26)
1.10 (1.06 to 1.14)
2.57 (1.24 to 5.32)
0.24 (0.03 to 2.02)
0.60 (0.29 to 1.26)
.85 (0.98 to 3.47) 3.55 (1.74 to 7.22)
1.10 (1.07 to 1.14)
2.11 (1.15 to 3.88)

The results of the identical analysis of imaging
markers are presented in Table 4. In univariate analy-
sis, the location of NOTCH3 mutation in EGFr like
domains was not found associated with any of the MRI
markers. After adjustment, no further association was
detected with WMH related to age and hypertension.
While the presence of lacunes on MRI was only related
to age and male sex, the mutation location was
independently associated with a number of lacunes
higher than 5 in addition to the effect of age, male
sex and hypertension. The presence of microbleeds
was related to age, male sex and hypertension. The
degree of atrophy was found larger in men and with
increasing age.

Figure 1 summarizes the main findings obtained
with the principal component analysis. It displays the
correlations between the different outcome measures,
exhibiting three main clusters namely a first cluster (1)
where dementia is highly correlated with TADL,
MMSE scores to a lesser extent with the BPF value,
a second cluster (2) where a past history of stroke was
correlated with the modified Rankin Scale (mild versus
moderate/severe disability) and to a less extent with
the presence of lacunes and microbleeds and a third

cluster (3) where the occurrence of migraine with
aura is isolated. This allowed defining 3 subsets of
patients, of prevalence 60, 214 and 189, respectively.
Interestingly, the location of the NOTCH3 mutation
in EGF domain 7-34 was observed in 21.4%, 41.1%;
and 32.8% respectively (p=0.016) (Supplementary
Table A).

Given the first cluster was distinguished from the
others on multiple aspects, we further looked at this
subset. Supplementary Table B summarizes the charac-
teristics of those patients. Interestingly, patients from
cluster 1 were more likely to be old, men and with EGF
domain 1-6 (p =0.021) than in other clusters, but with-
out any increase in cardiovascular risk factors. Based
on a multivariable logistic regression model, such a
patient profile was characterized mostly by low cogni-
tive performances at MMSE, a high prevalence of
dementia, dependency as measured by IADL and
cerebral atrophy measured by BPF (Figure 2).
Multivariable analysis limited to the baseline risk fac-
tors showed that 3 factors only differed significantly
between this cluster and the two others, the location
mutation in EGFr domains 1 to 6, male sex and hyper-
tension (Figure 3).
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Table 4. Effect of the NOTCH3 mutation location in EGFr domains on different MRI parameters (multivariable analysis).

N subjects or

Outcomes Mean value (SD)

Univariable analyses®
Regression coefficient
or OR (95%Cl)

Multivariable analyses®
Regression coefficient
or OR (95%Cl)

WMH (% of ICC)
Mutation in EGFr 1-6 vs 7-34
Age
Hypertension (y/n)
Lacunes (y/n)
Mutation in EGFr 1-6 vs 7-34
Age
Sex male (y/n)
N Lacunes >5
Mutation in EGFr 1-6 vs 7-34
Age
Sex male (y/n)
Hypertension (y/n)
Microbleeds (y/n)
Mutation in EGFr 1-6 vs 7-34
Age (y/n)
Sex male (y/n)
Hypertension (y/n)
BPF (% of ICC)
Mutation in EGFr 1-6 vs 7-34
Age
Sex male (y/n)
Hypertension (y/n)

5.2 (4.2)

N =337

N =209

N=155

80.4 (4.5)

~0.29 (~1.13 to 0.55) ~0.35 (-1.11 to 0.42)
-0.21 (-0.24 to 0.18)
-0.93 (—1.81 to —0.04)
1.02 (0.63 to 1.67) 1.58 (0.89 to 2.82)
1.09 (1.06 to 1.12)
5.82 (3.10 to 10.93)
1.06 (0.71 to 1.58) 1.78 (1.10 to 2.89)
1.08 (1.06 to 1.10)
4.10 (2.60 to 6.46)
2.39 (1.37 to 4.17)
0.54 (0.36 to 0.81) 0.83 (0.52 to 1.31)
1.07 (1.05 to 1.09)
1.43 (0.92 to 2.22)
2.23 (1.34 to 3.73)
1.08 (0.19 to 1.97) -0.27 (~1.03 to 0.49)
-0.21 (-0.24 to -0.18)
~1.67 (-2.37 to -0.97)
~0.85 (~1.72 to 0.02)

?Regression coefficient of a linear model in case of a continuous outcome (WMH and BPF), Odds ratio (OR) for binary outcomes (lacunes, Number of

lacunes at 5 or above, and microbleeds.

Spectrum of clinical manifestations in cohorts of
more than 50 individuals selected from the literature

Among these cohorts, the male to female ratio was
largely variable from 38.7 to 62.5%. Mean age of
patients varied from 36 to 57 years. Vascular risk fac-
tors were not always detailed but were frequently
detected in most studies, 13 to 39% of patients were
hypertensive, 12 to 68% had hypercholesterolemia, and
1 to 15% had diabetes, 10 to 50% were smokers. In the
vast majority of patients, symptoms were reported in
more than 80% of individuals except in a Colombian
cohort comprising only 40% of symptomatic patients.
Mean age at symptom onset varied from 33 up to
54 years among the different populations. Migraine
with aura was reported by 5 to 68% of individuals
included in the different cohorts, stroke or TIA from
27 to 82%, mood disturbances by 7 to 48% and cog-
nitive changes by 20 up to 60% of cohort individuals.
Depressive episodes were reported with a frequency
varying from 4 up to 36% in the different samples.

Discussion

In this large population of 446 consecutive CADASIL
cases referred to an expert clinical center, 35% of

patients were diagnosed with a typical cysteine muta-
tion outside the EGFr domains like 1 to 6 of the
NOTCH3 gene. The main findings of this study is
that the mutation location inside or outside this muta-
tional hotspot has a strong impact on the clinical sever-
ity of CADASIL patients. A raw analysis of these
groups showed first that although patients with muta-
tions in EGFr domains from 7 to 34 were older and
twice more frequently hypertensive than the rest of the
sample, they were less frequently demented or depen-
dent. Further analysis considering other potential pre-
dictors of clinical worsening showed that when a
cysteine mutation is detected in EGFr domains from
1 to 6, the prevalence of stroke more than doubles
independently of age, male sex and the presence of vas-
cular risk factors. Moreover, an independent associa-
tion was also found with such a mutation location and
dementia or dependency assessed using the level of
activities in daily living. Analysis of imaging data sug-
gest that these differences might be mainly driven by a
different amount of small infarctions at cerebral
level.*'*> The prevalence of cases with a large
number of lacunes was higher in patients with muta-
tions located in EGFr 1 to 6 than outside, regardless of
any other potential aggravating factor. These results
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Figure 1. Principal Component Analysis showing 3 main clusters capturing the largest amount of variance of data from the cohort.
A graphic representation of the analysis shows the variability of the main clinical or imaging manifestations of the disease: (a) is a

variable correlation plot showing the variables grouped together when they are positively correlated and positioned on opposite sides
when they are negatively related, (b) is a 3D-plot showing the 3 clusters obtained with all data and (c) shows the contribution of the

different variables to the PCA in the different dimensions.
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Figure 2. Differences between Cluster | compared to Cluster 2 + 3 of main clinical manifestations (p < 0.000 I*** after multivariable

logistic regression analysis).

are in line with the earlier stroke onset associated with
identical mutation locations already reported in a dis-
tinct cohort study.**

In the present study, we further confirmed these
results using a non-supervised statistical approach.
PCA analysis showed first that our data were very con-
sistent with our knowledge of the disease. Three clus-
ters were identified. One associated stroke with lacunes
that can develop after such clinical events and with the
modified Rankin score which mainly reflects motor

disability increasing with accumulation of these lesions
along disease progression.*> A much smaller associa-
tion was found in the same cluster with the amount
of white matter hyperintensities. In line, we previously
showed that clinical disability and lacunes are actually
related only to the development of periventricular
white-matter hyperintensities but not to that of juxta-
cortical white-matter lesions.*'***5 Another cluster
includes only the occurrence of migraine with aura
whose prevalence is not linked to the other clinical
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Basline risk factors

R OR (IC 95%) p value
Hypercholesterolemiar l—-—c Smoking 0.63(0.36 to 1.12), p=0.11
Hypertension] Hypercholesterolemia 1.67 (0.96 to 2.89) p=0.08
: Hypertension 1.01(0.52 t0 1.97) p=1.00
Diabetes
lavetes Diabetes 0.28 (0.037 to 2.10) p=0.34
EGFR-1-61 EGFR 1-6 212 (1.12to 4.16) p=0.021
Male sexd Male sex 2.12 (1.21 to 3.69) p=0.008
: Age at inclusion 1.08 (1.05 to 1.11) p <0.0001
Ageq H
o 2
OR (95% IC)

Figure 3. Multivariable analysis limited to the baseline risk factors showing the differences between Cluster | and Cluster 2 4 3.
Odds ratios were calculated and their exact values and significance are presented.

features. These findings are also in accordance with the
total absence of association between migraine with
aura and stroke events, disability or cognitive decline
in multiple previous studies.*® Finally, another cluster
includes the most severe cases, three out of four of
whom already had a stroke or were demented and all
had moderate or severe motor disability. The cluster
also had the lowest brain volume. After considering
all potential confounders, multivariable analysis con-
firmed the highest clinical severity of this group. The
location of mutation inside EGFR domains 1 to 6 was
also found independently related to these clinical fea-
tures. Finally, altogether, our data emphasize that
patients with mutation outside these domains would
be actually spared such a clinically deleterious course.
Further investigations are needed to clarify whether
this is simply a matter of a later onset of motor or
cognitive deficits due to less severe ischemic insults
accumulating at cerebral level contrasting with white-
matter lesions of a different origin. Accumulating evi-
dence suggests that NOTCH3 accumulation in the
vessel wall might be lower in presence of a mutation
in EGFr domains 7 to 34. If these findings obtained
using skin biopsies in peripheral vessels are also true at
the level of the cerebral microvasculature, our data
would support that the development of white-matter
lesions and of lacunes would not depend, in the same
way, on the amount of extracellular NOTCH3 protein
aggregating in the vascular wall. An alternative
hypothesis is that the location of mutations in EGFr
domains 7-34 is responsible for a slower progression of
the underlying cSVD itself along aging, or even for a
time lag of several decades in the onset of the disease in
some individuals as suggested by recent observations.*’

Our results not only confirm that the mutation loca-
tion has a strong impact on clinical severity but also

that some vascular risk factors can actually modulate
the clinical progression in CADASIL. In this study, we
observed that the male sex in addition to the age effect
was definitely associated with an increased prevalence
of stroke events, moderate or severe disability, demen-
tia and functional dependency. This is in line with data
already obtained in a limited sample of this cohort'* as
well as, more generally in sporadic small vessel dis-
cases.”® We also found that any previous history of
hypertension was independently associated with the
occurrence of stroke manifestations, dementia and
dependency as already reported.**** We confirmed in
parallel that hypertensive patients had more lacunes
and microbleeds as already detected.'>** In the present
study, hypercholesterolemia but not smoking was inde-
pendently associated with the occurrence of stroke and
functional dependency in multivariable analysis.
Opposite results had been reported in previous cross-
sectional'® and longitudinal analysis data®® based on
other definitions of vascular risk factors and which
did not take into account the mutation location as a
potential confounding factor. In a single but old study,
the severity of atherosclerosis was found possibly relat-
ed to clinical severity.”' Thus, aditionnal investigations
are needed to confirm whether the cholesterol level may
participate to the aggravation of the vascular disease.
This association between the mutation location in
addition to the effects of age, male sex, hypercholester-
olemia and hypertension was detected in a Caucasian
population recruited just after their diagnosis. This
sample has many features comparable to those of
other European cohorts of the literature. Both the
mean age at diagnosis, the proportion of patients
having had an ischemic stroke, the frequency of cogni-
tive impairment and that of mood disturbances or
depression were relatively close to those reported in
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other Caucasian cohorts. Only the prevalence of
dementia was found lower in our sample, which
might be related to different diagnostic criteria. Only
in one Italian cohort, an unusual large proportion of
psychiatric cases was found remarkable. Conversely,
the clinical presentation in our population differs
from that observed in Asian cohorts. Particularly, the
prevalence of stroke manifestations was lower than the
prevalence that can even reach 82% of patients in a
cohort from China.’> Moreover, while the frequency
of hemorrhagic stroke was only 2.6% in our patients,
a higher prevalence of intracerebral hemorrhages was
detected in Asian CADASIL patients that can increase
up to 25%.%* In addition, the proportion of patients
with attacks of with aura was much higher in our
cohort than in Asian CADASIL patients who were
only 5 to 17% to have such typical manifestation of
the disease.'”>* The prevalence of WMH in the anteri-
or temporal poles found in most of our patients was
also much less frequent in the Asian selected
cohorts.”>®> Whether these numerous discrepancies
are also related to different mutation positions remains
undetermined. A higher proportion of mutations in
exon 10 corresponding to EGFr domain 13 of the
NOTCH3 gene was previously reported in the Italian
cohort with frequent psychiatric symptoms, and a high
frequency of mutations located in exon 11 correspond-
ing to EGFr domains 13, 14 and 15 in Asian patients
have been previously noticed.'”%3%

The results of this study do not pretend to summa-
rize all possible phenotypic variations related to the
multiple positions of the cysteine mutation in the
NOTCH3 gene. We are fully aware of multiple poten-
tial limitations of such a study, in particular the main
one related to major selection biases in a cohort of
patients recruited in a single center after their diagnosis
and on a voluntary basis. As our recruitment was
essentially linked to a medical consultation and most
often after the occurrence of neurological manifesta-
tions, the number of asymptomatic subjects with
silent lesions was largely underrepresented. The cen-
tralization of the recruitment in a single referral
center reduces the inclusion of the most severely dis-
abled or demented patients who cannot travel long dis-
tances. Another limitation is the inclusion of all
subjects without actual selection of index patients in
our statistical analysis. This selection was not possible
since we were not systematically informed about other
potential diagnosed cases in the family of each case at
entry in the study. Thus, despite the large number of
distinct families, we therefore cannot exclude some
over-representation of peculiar aspects of the disease
due to the lack of complete independence in all our
cases. MRI data were also collected with clinical infor-
mation over almost 20 years. They were first obtained

at 1.5 Teslas and later at 3 Teslas and some changes in
imaging sequences were unavoidable. Therefore, subtle
variations in contrast changes between the brain lesions
and the normal tissue were possible throughout the
study. On another plan, genetic testing also changed
over this long recruitment time. Before 2016, the
search for mutations was focused on a limited
number of exons of the NOTCH3 gene with only few
corresponding to EGFr domains outside the hotspot
from 1 to 6. After this date, a high-throughput gene
sequencing or NGS techniques allowing the analysis of
the entire NOTCH3 gene were possible. The diagnosis
might therefore not have been confirmed in a number
of patients who were not included in this cohort before
2016. Additional analyses (not shown) revealed howev-
er that the phenotypic profiles did not change in our
patients according to the mutation location before and
after these technical modifications. Another potential
limitation is that ApoE genotype was not considered in
our analysis although the corresponding allele £2 might
influence the amount of white matter lesions'® and &4
the risk of incident dementia.*” This study has also
many strengths. It is one of the world’s largest cohorts
of patients diagnosed according to standard clinical
practice recommendations.' The data were collected
by an experienced team using standardized clinical
parameters and scales from the study onset in 2003.
The analysis of the clinical spectrum of patients was
accurate and based on multiple detailed information.
Brain imaging data were obtained using quantified and
validated methods. A detailed analysis of comparative
cohorts in the literature shows that the clinical profile
of our patients is close to that observed in most samples
of similar origin. Finally, different potential predictors
of clinical manifestations of the disease have been
taken into account at all levels of the analysis.

In summary, our results confirmed that the location
of NOTCH3 mutation in different EGFr domains has
an indisputable influence on the CADASIL phenotype.
They showed that patients with a mutation outside the
EGFr domains 1 to 6 have an overall less severe clinical
profile and that, conversely, in addition to the muta-
tion location effect, male sex, arterial hypertension and
smoking increase the disease severity. Our results also
support that this discrepancy might be mainly related
to a different development of the most damaging ische-
mic cerebral tissue lesions according to the mutation
location without a clear influence on the extent of
white matter hyperintensities. The precise determinants
of these genotype-related differences remain to be dis-
covered. A plausible hypothesis is that the accumula-
tion rate of NOTCHS3 protein and/or its interaction
with other matrix proteins in the vascular wall differs
according to the length and/or composition of the
extracellular domain accumulating in the vessel wall.
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Our results also confirm that other risk factors may
independently modulate these vascular wall changes
and subsequently the clinical progression of the disease.
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