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Effect of NOTCHS EGFr Group, Sex, and
Cardiovascular Risk Factors on CADASIL Clinical
and Neuroimaging Outcomes

Remco J. Hack®, MD; Minne N. Cerfontaine®, MD; Gido Gravesteijn‘®, MD, PhD; Stephan Tap‘2, MSc;
Anne Hafkemeijer, PhD; Jeroen van der Grond(, PhD; Marie-Noélle Witjes-Ané(®, MD, PhD; Frank Baas‘2, MD, PhD;
Julie W, Rutten®, MD, PhD*; Saskia A.J. Lesnik Oberstein, MD, PhD*

BACKGROUND: A retrospective study has shown that EGFr (epidermal growth factor—like repeat) group in the NOTCH3 gene is an
important cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) disease modifier
of age at first stroke and white matter hyperintensity (WMH) volume. No study has yet assessed the effect of other known CADASIL
modifiers, that is, cardiovascular risk factors and sex, in the context of NOTCH3 EGFr group. In this study, we determined the relative
disease-modifying effects of NOTCH3EGFr group, sex and cardiovascular risk factor on disease severity in the first genotype-driven,
large prospective CADASIL cohort study, using a comprehensive battery of CADASIL clinical outcomes and neurcimaging markers.

METHODS: Patients with CADASIL participated in a single-center, prospective cohort study (DiVINAS [Disease Variability in
NOTCH3 Associated Small Vessel Disease]) between 2017 and 2020. The study protocol included a clinical assessment,
neuropsychological test battery and brain magnetic resonance imaging on a single research day. Multivariable linear, logistic
and Cox regression models were used to cross-sectionally assess the effect of CADASIL modifiers on clinical severity
(stroke, disability, processing speed) and neuroimaging markers (WMH volume, peak width of skeletonized mean diffusivity,
lacune volume, brain volume, cerebral microbleed count).

RESULTS: Two hundred patients with CADASIL participated, of which 103 harbored a NOTCH3 EGFr 1-6 variant and 97 an
EGFr 7-34 variant. NOTCH3 EGFr 1-6 group was the most important modifier of age at first stroke (hazard ratio, 2.45 [95%
Cl, 1.39-4.31]; A~=0.002), lacune volume (odds ratio, 4.31 [95% Cl, 2.31-8.04]; P=4.0x10%), WMH volume (B=0.81 [95%
Cl, 0.60-1.02]; P=1.1x107), and peak width of skeletonized mean diffusivity (B=0.65 [95% ClI, 0.44-0.87]; P=1.6x10%).
EGFr 1-6 patients had a significantly higher WMH volume in the anterior temporal lobes and superior frontal gyri and a
higher burden of enlarged perivascular spaces. After NOTCHS3 EGFr group, male sex and hypertension were the next most
important modifiers of clinical outcomes and neuroimaging markers.

CONCLUSIONS: NOTCH3 EGFr group is the most important CADASIL disease modifier not only for age at first stroke and WMH
volume but also strikingly so for a whole battery of clinically relevant disease measures such as lacune volume and peak width
of skeletonized mean diffusivity. NOTCH3 EGFr group is followed in importance by sex, hypertension, diabetes, and smoking.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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tical infarcts and leukoencephalopathy (CADASIL) ~ NOTCH3 gene (NOTCH3>)."? SVD severity in CADASIL is

Cerebral autosomal dominant arteriopathy with subcor- by pathogenic cysteine altering variants located in the
is a hereditary small vessel disease (SVD) caused highly variable, ranging from first stroke in the third decade
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Nonstandard Abbreviations and Acronyms

ATL anterior temporal lobes

BPF brain parenchymal fraction

CADASIL Cerebral Autosomal Domi-
nant Arteriopathy with
Subcortical Infarcts and
Leukoencephalopathy

CMB cerebral microbleed

CVRF cardiovascular risk factors

DTI diffusion tensor imaging

EGFr epidermal growth factor-like
repeat

ePVS enlarged perivascular spaces

mRS modified Rankin Scale

nLVv normalized lacune volume

NOTCH3 NOTCH3 gene

NOTCH3®s variant cysteine altering missense
NOTCHS variant

SFG superior frontal gyri

SVD small vessel disease

WMH white matter hyperintensity

volume

to symptom-free survival up to the eighth decade.®* The
variability in CADASIL disease severity is poorly understood,
but NOTCH3s variant location in one of the 34 EGFr (epi-
dermal growth factor-like repeat) domains of the NOTCH3
ectodomain has been shown to be the most important modi-
fierin CADASIL in retrospective studies: NOTCHS? variants
located in one of the first 6 EGFr domains (EGFr 1-6) have
been found to be associated with a higher risk of stroke®”
and higher white matter hyperintensity (WMH) volume®
than NOTCHS> variants located in one of EGFr domains
7 to 34 (EGFr 7-34). However, much is still to be learned
about the differences in SVD phenotype between EGFr
1-6 and EGFr 7-34 patients with CADASIL, as no study
has yet compared the burden of all relevant SVD imaging
markers, clinical symptoms and cognitive function between
the NOTCH3»* EGFr groups. Moreover, all previous studies
investigating NOTCH3»* EGFr group were retrospective in
nature, which could have led to substantial bias.

Next to NOTCH3»* EGFr group, cardiovascular risk
factors (CVRF)&'7 and sex'®121315 have been shown to
modulate CADASIL disease severity. However, the rela-
tive impact of the various modifiers is unknown, as EGFr
group has never been included in studies addressing
CADASIL disease modifiers.

Here, we performed a prospective, genotype-driven,
single-center cohort study of 200 uniformly characterized
patients with CADASIL called DiVINAS (Disease Variabil-
ity in NOTCH3 Associated Small Vessel Disease), with an
equal representation of patients with EGFr 1-6 and EGFr
7—34 variants. We investigated for the first time differences
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in disease severity between these EGFr groups using
extensive clinical and neuroimaging phenotyping, including
clinical data of the affected parent of each participant. We
also included less well studied CADASIL imaging markers,
such as enlarged perivascular spaces and diffusion tensor
imaging (DTI) metrics, and determined the relative disease-
modifying effects of EGFr group, CVRF, and sex on clinical
and neuroimaging SVD outcomes.

METHODS

Data Availability

The data that support the findings of this study are available
from the corresponding authors upon reasonable request.

DiViNAS Cohort

All patients and presymptomatic family members in the Dutch
CADASIL registry with a genetically confirmed NOTCHS>* vari-
ant were contacted and asked to participate in the DiVINAS
prospective, genotype-driven cohort study. All individuals in
the DiVINAS cohort were 20 years or older and were included
between November 2017 and December 2020. Each par-
ticipant completed the full study protocol at the research site
(Leiden University Medical Center), with clinical assessment,
neuropsychological test battery and brain magnetic resonance
imaging performed on a single day at the same study site by
the same researchers for all participants.

The study was approved by the medical ethics commit-
tee of the Leiden University Medical Center (P18.164 and
P17.170). All participants gave written informed consent. This
manuscript follows the STROBE (Strengthening the Reporting
of Observational studies in Epidemiology) reporting guideline.'®

Assessment of Clinical Symptoms and

Cardiovascular Risk factors
The following clinical outcomes were compared between EGFr
1-6 and EGFr 7-34 patients: age at onset and presence of
stroke, transient ischemic attack, dementia, depression, apa-
thy, migraine with/without aura, encephalopathy, walking dis-
abilities, seizures, cognitive test scores, and disability assessed
with modified Rankin Scale (mRS). Details about the defini-
tion of the clinical symptoms and CVRF can be found in the
Supplemental Methods.'®

Also, the risk of stroke and death was assessed in the
affected parent of each participant by determining the age at
first stroke and age at death on clinical record, family history,
and the Personal Records Database of the Dutch government,
respectively. The affected parent of each participant was deter-
mined based on genetic testing (n=81) or on clinical and family
history (n=46). The affected parent could not be determined in
13 participants.

Laboratory evaluation included hemoglobin A1C and a non-
fasting lipid panel (LDL-C [low-density lipoprotein cholesterol],
HDL-C [high-density lipoprotein cholesterol], and triglycerides).

Cognitive Examination
The cognitive examination battery included Montreal Cognitive
Assessment, Trail Making Test A and B, Stroop Test, Rey
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Auditory Verbal Learning Test, Verbal Fluency animal and pro-
fessions, Wechsler Adult Intelligence Test IV Block design,
Coding, and Digit Span. An established composite score of
processing speed was calculated by averaging t scores of Trail
Making Test A and B.2° Details about the calculation of cogni-
tive test scores can be found in the Supplemental Methods.2'?2

Neuroimaging Acquisition Parameters

Brain magnetic resonance imagings were all performed on the
same 3 Tesla MR system (Philips Achieva TX, Philips Medical
Systems, Best, the Netherlands) and evaluated according to
consensus criteria® The brain magnetic resonance imag-
ing protocol included the following sequences: 3-dimensional
T1-weighted images, T2-weighted images, fluid-attenuated
inversion recovery, susceptibility-weighted images, and diffu-
sion-weighted imaging sequences. Acquisition parameters are
presented in the Supplemental Methods.

Quantification of Conventional SVD Imaging
Markers and DTI Metrics

The following conventional SVD markers were evaluated accord-
ing to consensus criteria?®: normalized WMH volume (n\WMHVv),
normalized lacune volume (nLV), cerebral microbleed (CMB)
count, brain parenchymal fraction (BPF), and burden of enlarged
perivascular spaces (ePVS). BPF was defined as the ratio of
brain parenchymal volume to the intracranial volume expressed
as percentage. WMH and lacune volume were normalized to the
intracranial volume (normalized volume=[unnormalized volume/
intracranial volume]x100). ePVS were evaluated in 4 specific
regions: the global white matter, basal ganglia, subinsular region
and anterior temporal lobes (ATL), according to a 4-grade semi-
quantitative scale2* As WMH in the ATL and superior frontal gyri
(SFG) have been shown to be frequently present in CADASIL
and lead to a higher brain volume due to increased water con-
tent, 2 nWMHv was also assessed in these regions separately
and used as a covariate in the analyses with BPF as outcome.

The following DTl metrics were quantified on preprocessed
diffusion-weighted images: peak width of the skeletonized mean
diffusivity (PSMD), fractional anisotropy, mean, axial, and radial
diffusivity. PSMD, which is a proven robust imaging marker for
SVD,?" is the difference between the 95th and 5th percentiles
of the voxel-based mean diffusivity values within the skeleton.

Details about the quantification of the conventional
SVD imaging markers and DTI metrics can be found in the
Supplemental Methods.2426-28

Statistics

Normally distributed continuous variables were summarized
using meantSD and compared between 2 groups using
unpaired t tests. Non-normally distributed continuous variables
were summarized using median with interquartile range. Binary
categorical variables were compared between 2 groups using
Fisher exact Tests.

In all analyses, continuous variables were standardized by
dividing their value by their SD. The following variables were
transformed to obtain a normal distribution or a linear relation-
ship between dependent and independent variables in mul-
tiple linear regression: total nWMHv (square root), nWMHYv in
ATL and SFG (In transformed), nLV (cube root), CMB count
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(log,,Ix+1]), fractional anisotropy (squared), other diffusion
metrics (mean diffusivity, axial diffusivity, radial diffusivity; natu-
ral log), Trail Making Test t scores (squared), Montreal Cognitive
Assessment score (reflect and cube root). CMB count (total
and per location), and nLV were divided in quartiles.

Multiple linear and logistic regression models were used to
compare clinical symptoms, cognitive scores and SVD neuro-
imaging markers between EGFr 1-6 and EGFr 7-34 patients,
corrected for age (Page). In time-to-event analysis, log-rank
test was used to compare age at onset of clinical symptoms
between the 2 groups (P_).

Multiple linear, logistic, and Cox regression models were
used to assess the effect of EGFr group, sex, and CVRF on 8
different SVD outcomes: age at first stroke, processing speed,
mRS score, NWMHy, nLV, BPF, CMB count, and PSMD. To
assess the association of hemoglobin A1C or nonfasting lipid
levels (LDL-C, HDL-C and triglycerides) with disease severity,
diabetes and hypercholesterolemia were excluded as covari-
ates, respectively. Bonferroni correction was used to correct for
multiple testing of 8 different SVD outcomes (P value/8).

All statistical analyses were performed in R (version 4.1.0).
Two-sided <0.05 was considered statistically significant.

RESULTS

DiViNAS Cohort

A total of 200 patients with CADASIL from the Dutch
CADASIL registry were recruited in the DiVINAS cohort,
of which 97 patients harbored a NOTCH3>* variant
located in one of EGFr domains 1-6 and 103 patients in
one of EGFr domains 7-34 (Table S1).

EGFr 1-6 patients were significantly younger than
EGFr 7-34 patients: mean age 48.9+£12.3 years (range,
26-75) versus mean age 55.6+11.3 years (range,
29-81; P=8.6x107%; Table 1). EGFr 1-6 patients had
a significantly higher educational level than EGFr 7-34
patients (F=0.012). Although there were no significant
differences in CVRF, EGFr 7—-34 patients more often had
diabetes type 1 or 2 (P=0.08), hypertension (P=0.15),
and hypercholesterolemia (P=0.14).

Differences in Clinical, Neuropsychological and
Neuroimaging Outcomes Between EGFr 1-6
Patients and EGFr 7-34 Patients

Clinical and Neuropsychological Outcomes

EGFr 1-6 patients had a significantly earlier onset of
stroke than EGFr 7—34 patients (median 58 versus >73;
PLR=8.1 x10) and transient ischemic attack (median 57
versus 72 years; P, .=0.019; Figure 1A and 1B). Affected
parents of EGFr 1-6 patients also had a significantly ear-
lier onset of stroke than those of EGFr 7-34 patients
(median 58 versus 68 years; P, ,=0.010) and a lower life
expectancy (median 69 years versus 74 years; P, =0.021;
Figure 1C and 1D). After adjustment for age, there was
no significant difference in mRS score (odds ratio [OR],
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Table. Demographics, Cardiovascular Risk Factor Profiles and Clinical Symptoms of the DiVINAS Cohort

NOTCH3%* EGFr 1-6 | NOTCH3** EGFr7-34 | P P Pt
n 97 103
Demographics
Age at visit, mean (SD) 48.9 (12.3) 55.6 (11.3) 8.6x10%%
Men, n (%) 47 (48.5) 47 (45.6) 0.78
Educational level,§ n (%)
Low (1-4) 21 (21.6) 33 (32.0) 0.012%
Medium (5) 33 (34.0) 42 (40.8)
High (6-7) 43 (44.3) 28 (27.2)
Cardiovascular risk factors
Hypertension, n (%) 20 (20.6) 31 (30.1) 0.15
Hypercholesterolemia, n (%) 31 (32.0) 44 (42.7) 0.14
Diabetes | or II, n (%) 3(3.1) 10 (9.7) 0.08
Past or current smokers, n (%) 46 (47.4) 55 (53.4) 0.48
Packyears, median (IQR) 0.0 (9.0) 1.2 (13.0) 0.22
Current alcohol drinker, n (%) 55 (56.7) 67 (65.0) 0.25
Drinks per week, median (IQR) | 4.0 (5.3) 5.0 (5.8) 0.78
BMI, median (IQR) 26.7 (7.3) 275 (6.9) 0.41
Clinical symptoms
Stroke, n (%) 33 (34.0) 23 (22.3) 0.083 0.002% 8.1x10%
TIA, n (%) 33 (34.0) 30 (29.1) 0.54 0.066 0.019%
Dementia, n (%) 11 (11.3) 17 (16.5) 0.32 0.85
Depression, n (%) 20 (20.6) 28 (27.2) 0.70 0.66 0.87
Apathy, || n (%) 14 (15.1) 17 (18.1) 0.38 0.89
Migraine with aura, n (%) 47 (48.5) 42 (40.8) 0.32 0.30 0.15
Migraine without aura, n (%) 15 (15.5) 26 (25.2) 0.54 0.050 0.12
Encephalopathy, n (%) 3(3.1) 2 (2.0) 0.68 0.68 0.38
Seizures, n (%) 4 (4.1) 3(2.9) 0.71 0.33 0.25
Walking disability, n (%) 19 (19.6) 21 (20.4) 0.95 0.18 0.11
mRS
0-1 61 (62.9) 56 (54.4) 0.62 0.22
2 26 (26.8) 31 (30.1)
3-4 10 (10.3) 16 (15.5)

BMI indicates body mass index; DiVINAS, Disease Variability in NOTCH3 Associated Small Vessel Disease; EGFr, epidermal growth
factor-like repeat; IQR, interquartile range; mRS, modified Rankin Scale; NOTCH3%, cysteine altering missense NOTCH3 variant; and

TIA, transient ischemic attack.
“Pvalue corrected for age.
tPvalue of log-rank test.
$#P<0.05.
§Educational level is classified according to Verhage.

||Diagnosis of apathy could not be determined in 13 participants, because the Neuropsychiatric Inventory apathy score or the Stark-

stein Apathy Scale score were not available.

1.42 [95% CI, 0.81-2.48]; £=0.22) or cognitive test
scores (all £>0.16) between EGFr 1— 6 and EGFr 7-34
patients (Table S2). There was also no significant differ-
ence in presence and age at onset of any of the following:
migraine with aura, dementia, depression, seizures, walk-
ing disability, and CADASIL encephalopathy.

Neuroimaging Outcome Measures
After adjustment for age, EGFr 1-6 patients had a
significantly higher nWMHv (P=7.6x10"%), PSMD
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(P=2.2x10%) and nLV (P=1.8x107%; Figure 2 and Table
S3). Additionally, EGFr 1-6 patients had a significantly
higher \WMHUv in the ATL and SFG (P=2.1x10'%), which
was still significant after adjustment for total nWMHv
(P=4.7x10% Figure 3A through 3D and Figure 4). EGFr
1-6 patients also had a significantly higher burden of
ePVS than EGFr 7-34 patients in the ATL (F=8.3x107)
and subinsular regions (P=0.006), but not in the basal
ganglia or the white matter (Figure 3E). There were no
significant differences in CMB count. EGFr 1-6 patients

Stroke. 2022;53:3133-3144. DOI: 10.1161/STROKEAHA.122.039325
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Figure 1. Cysteine altering NOTCH3 variants ( NOTCH3“*) located in epidermal growth factor-like repeat (EGFr) domains 1-6
are associated with an increased risk of stroke and lower survival compared to EGFr 7-34 NOTCH3%* variants.

Kaplan-Meier plots showing that EGFr 1-6 patients have a significantly earlier onset of stroke (median 568 vs >73 y; A ,=8.1x10*; A) and
transient ischemic attack (TIA; median 57 vs 72 y; P, . =0.019; B), than EGFr 7-34 patients. Affected parents of EGFr 1-6 patients have an
earlier onset of stroke (median 58 vs 68 y; P =0.010; C) and a lower life expectancy (median 69 y vs 74 y; P=0.021; D), than affected parents
of EGFr 7-34 patients. The affected parent of 13 patients with a NOTCH3»* EGFr 7—34 variant could not be discerned as neither parent had
obvious cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL)—associated signs or symptoms.
DiVINAS indicates Disease Variability in NOTCH3 Associated Small Vessel Disease.

had a higher BPF than EGFr 7-34 patients (FP=0.045),
but this was no longer significant after adjustment for
nWMHyv in the ATL and SFG (Table S4).

In multivariable analysis, the following SVD imaging
markers were significantly associated with mRS score:
BPF (FP=5.3x10°), nLV (P=0.004) and unspecific
nWMHYv (F=0.009; Table Sb). There was no independent
association between mRS score and nWMHyv in the ATL
and SFG (P=0.46) or ePVS score in any region.

Relative Contribution of EGFr Group, Sex, and
Cardiovascular Risk Factor Burden on CADASIL
Disease Severity

In multivariate analysis including EGFr group, sex, and

CVREF, only EGFr 1-6 group was significantly associated
with an earlier onset of stroke (hazard ratio, 2.45 [95%

Stroke. 2022;53:3133-3144. DOI: 10.1161/STROKEAHA.122.039325

Cl, 1.39-4.31]; A~=0.002; Figure bA). There was a trend
towards an earlier onset of stroke in males (hazard ratio,
1.62 [95% CI, 0.94-2.78]; P=0.084). For disability, the
most important modifier was hypertension (OR, 3.32 [95%
Cl, 1.70-6.47]; P=4.3x10%), followed by male sex (OR,
2.48 [95% Cl, 1.41-4.38]; P=0.002), diabetes (OR, 2.563
[95% ClI, 0.85-759]; P=0.097) and EGFr 1-6 group (OR,
1.72 [95% Cl, 0.96-3.09]; P=0.069; Figure 5B). The only
disease modifier which was significantly associated with
processing speed was packyears of smoking (B=—0.18
[95% CI, —0.32 to —0.03]; P=0.017; Figure S1A).

In multivariate analysis of SVD imaging markers,
EGFr 1-6 group was the only disease modifier sig-
nificantly associated with a higher nWMHv (B=0.81
[95% CI, 0.60-1.02]; P=1.1x10"%) and PSMD
(B=0.65 [95% ClI, 0.44-0.87]; P=1.6x10%; Fig-
ure 5C and 5D). The most important modifier for nLV
was EGFr 1-6 group (OR, 4.31 [95% CI, 2.31-8.04];
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Figure 2. Cysteine altering NOTCH3 variants (NOTCH3%*) located in EGFr (epidermal growth factor-like repeat) domains 1-6
are associated with a higher white matter hyperintensity volume, peak width of skeletonized mean diffusivity, lacune volume,
and brain parenchymal fraction compared to EGFr 7-34 NOTCH3%* variants.

Scatterplots showing that EGFr 1-6 patients have a significantly higher normalized white matter hyperintensity volume (nWMHyv; B=0.80 [95%
Cl, 0.60-1.01]; P=7.6x107'3; A), peak width of skeletonized mean diffusivity (PSMD; B=0.65 [95% Cl, 0.43-0.86]; ”~=2.2x10°%; B), normalized
lacune volume (nLV; odds ratio [OR], 3.74 [95% Cl, 2.07-6.92]; P=1.8x107; C), and brain parenchymal fraction (BPF; B=0.24 [95% ClI,
0.01-0.48]; P=0.045; D) than EGFr 7-34 patients. (E) There were no significant difference in cerebral microbleed count (total and per region).

The odds ratio is shown for EGFr 1-6 patients compared to EGFr 7—34 patients (reference group: OR=1).

P=4.0x109), followed by male sex (OR, 3.64 [95%
Cl, 2.03-6.54]; P=1.56x107%) and hypertension (OR,
2.43 [95% CI, 1.23-4.81]; P=0.011; Figure BE);
for BPF, the most important modifier was male sex
(B=—0.71 [95% CI, —0.92 to —0.50]; P=1.4x1079),
followed by diabetes (B=—0.57 [95% CI, —1.00 to
—0.14]; P=0.010), EGFr 1-6 group (B=0.21 [95%
Cl, 0.00-0.43]; P=0.050) and packyears (B=—0.10
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[95% CI, —0.21 to 0.01]; P=0.073; Figure 5F); for
CMB, this was hypertension (OR, 2.73 [95% ClI,
1.36-5.46]; P=0.005), followed by male sex (OR,
2.05 [95% ClI, 1.13-3.75]; P=0.019; Figure S1B).
Nonfasting levels of LDL-C, HDL-C, triglycerides,
hemoglobin A1C were not significantly associated
with any of the clinical outcomes or neuroimaging
markers in multivariable models.
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Figure 3. Cysteine altering NOTCH3
variants (NOTCH3%) located in
epidermal growth factor-like repeat
(EGFr) domains 1-6 are associated
with a higher burden of white matter
hyperintensity volume and enlarged
perivascular spaces in cerebral
autosomal dominant arteriopathy
with subcortical infarcts and
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leukoencephalopathy (CADASIL)-
specific regions, that is, anterior
temporal lobes and superior frontal
gyri, than EGFr 7-34 NOTCH3%
variants.

A and B, EGFr 1-6 patients have a
significantly higher normalized white
matter hyperintensity volume ("\WMHv) in
the anterior temporal lobes (ATL; B=1.00
[95% CI, 0.77-1.23]; ~=5.8x107%) and
superior frontal gyri (SFG; B=0.83 [95%
Cl, 0.69-1.07]; P=1.6x107°) than EGFr
7—-34 patients. C and D, After adjustment
for total NWMHy, this remained significant
for \WMHyv in the ATL (B=0.26 [95%
Cl,0.11-0.42]; P=9.7x10* C) and was
borderline significant for SFG (B=0.18
[95% CI, —0.02 to 0.37]; ~=0.072). E,
EGFr 1-6 patients have a significantly

T
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EGFr 1-6

higher burden of enlarged perivascular
spaces than EGFr 7-34 patients in the
ATL (P=8.3x107) and subinsular regions
(P=0.006), but not in the basal ganglia
(P=0.10) or the white matter (F=0.49).
The odds ratio is shown for EGFr 1-6
patients compared to EGFr 7-34 patients
(reference group: odds ratio, 1).

EGFr7-34

DISCUSSION

In this prospective, genotype-driven, single-center
CADASIL cohort study, addressing for the first time the
relative disease-modifying effects of NOTCH3»* EGFr
group, CVRF, and sex on CADASIL disease severity, we
show that EGFr group is the strongest disease modifier
in CADASIL. EGFr 1-6 patients with CADASIL have an
earlier onset of ischemic events, a higher burden of SVD
neuroimaging markers, and a lower survival than EGFr
7—34 patients. The fact that EGFr 7-34 patients are
milder is in line with the fact that EGFr 7-34 variants
are frequent in the general population (1:300-1:1000),

Stroke. 2022;53:3133-3144. DOI: 10.1161/STROKEAHA.122.039325

and in these population cohorts are associated with a
very broad spectrum of cerebral SVD and even non-
penetrance.®® Therefore, EGFr 7—34 patients in CADA-
SIL cohorts, although milder than EGFr 1-6 patients,
still constitute the severe end of the EGFr 7-34 SVD
spectrum.

A novel finding of this study is that NOTCH3>*
EGFr 1-6 variants are not only associated with a
higher WMH volume and an earlier onset of stroke®”
but also with other important CADASIL neuroimag-
ing markers which are associated with disease sever-
ity, namely lacune volume and microstructural white
matter damage as measured by DTI,'58%7 as well as
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EGFr 1-6 patient - age 49 years

B EGFr 7-34 patient - age 62 years

Figure 4. Representative brain magnetic resonance imaging (MRI) of an EGFr (epidermal growth factor-like
repeat) 1-6 and an EGFr 7-34 patient with cerebral autosomal dominant arteriopathy with subcortical infarcts and

leukoencephalopathy (CADASIL).

A Brain MRI FLAIR images of an EGFr 1-6 patient aged in his late 40s showing large confluent white matter hyperintensity (WMH) and a high
burden of enlarged perivascular spaces (ePVS) in the anterior temporal lobes (yellow arrow), a high burden of ePVS in the subinsular regions (red
arrow), and confluent WMH in the superior frontal gyri (blue arrow). B, Brain MR fluid-attenuated inversion recovery images of an EGFr 7-34
patient aged in his early 60s with a similar total WMHy, but with no WMH in anterior temporal lobes, only small punctate foci of WMH in superior

frontal gyri, and very low burden of ePVS in anterior temporal lobes and subinsular regions.

enlarged perivascular spaces. These findings can
improve CADASIL patient stratification and inclusion
for clinical studies, as the most severe patients are
clearly those with EGFr 1-6 variants, and their disease
severity is reflected by the clinically most relevant neu-
roimaging markers.'51627

EGFr 1-6 patients had a higher burden of WMH and
ePVS in CADASIL-specific regions, that is, ATL, SFG and
subinsular region, previously shown to be associated with
increased water content and brain swelling.?®? Indeed,
we found that nWMHv in CADASIL-specific regions
was significantly associated with a higher BPF. Possibly,
NOTCH3%s-EGFr 1-6 variants lead to a more pronounced
blood-brain barrier dysfunction in these regions.?®%

Despite the substantially higher burden of SVD neuro-
imaging markers, EGFr 1-6 patients did not have higher
disability scores than EGFr 7-34 patients, and they per-
formed equally well on cognitive tests. Potential differ-
ences in cognitive function and disability may have been
masked by the fact that EGFr 1-6 patients had a higher
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educational level than the EGFr 7-34 participants,
which has been shown to protect against the detrimen-
tal effects of brain damage in patients with CADASIL.®!
In addition, older EGFr 1-6 patients were underrepre-
sented because they were more likely to be too disabled
to participate or to be deceased, or were diagnosed with
CADASIL at a younger age.

EGFr 1-6 variants are extremely rare in the popu-
lation, which has been the rationale for the cutoff
between EGFr group 1-6 and EGFr group 7-34 in
this and other studies.®” A recent study points towards
a potential pathomechanistic explanation for the dif-
ferences between EGFr groups, as EGFr 1-6 variants
were shown to be associated with significantly higher
NOTCH3 aggregation load in CADASIL vessels than
EGFr 7—34 variants.®2 However, there are some variants
in EGFr 7-34 which are frequent in numerous CADASIL
cohorts, suggesting that some EGFr 7—34 variants may
be more severe and the current 1-6 versus 7—34 model
may be too simplistic.

Stroke. 2022;53:3133-3144. DOI: 10.1161/STROKEAHA.122.039325
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Figure 5. Effect of cysteine altering missense NOTCH3 variant (NOTCH3“*) EGFr (epidermal growth factor-like repeat)
group, sex, and cardiovascular risk factors on cerebral autosomal dominant arteriopathy with subcortical infarcts and

leukoencephalopathy (CADASIL) disease severity.

Forest plots showing the effect of EGFr group, sex and cardiovascular risk factors on clinical outcomes (A and B) and SVD imaging markers
(C-F) in multivariable models expressed as hazard ratios, odds ratios and as regression coefficients. All dependent and independent continuous
variables were standardized by dividing their value by their SD. DM indicates diabetes; HC, hypercholesterolemia; HT, hypertension; mRS, modified
Rankin Scale; nWMHy, normalized white matter hyperintensity volume; and PSMD, peak width of the skeletonized mean diffusivity. "Hazard ratio
(HR)/0dds ratio (OR)/B is shown per SD of the variable. tHR/OR/B is shown for the presence of variable. ¥=normalized lacune volume was

stratified in 4 categories (0; 0—-0.005; 0.005-0.025; >0.025).
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After EGFr group, we found sex to be the most
important disease modifier; male sex was associated
with increased disability, risk of stroke, lacune volume,
CMB count, and lower BPF. This important modifying
effect of sex has not been consistently observed in
prior Studies7,9,1M4,16‘33,34,6,13,12,15,13,10,13l The fact that we
were able to discern this effect is likely due to our study
design, which includes not only EGFr group but also all
CVRF. Possibly, the effect of sex is modulated by the
enhanced vasodilatory and neuroprotective effect of
premenopausal female hormones.®

Hypertension has been described to be associated
with a number of neuroimaging markers and stroke in
patients with CADASIL.8'2'6, Here, we found that hyper-
tension was significantly associated with nLV, CMB,
and disability but not with nWMHv® and stroke.' Also,
packyears of smoking were associated with a lower
brain volume and lower processing speed in DiVINAS
participants but not with an increased risk of stroke as
2 prior studies.'?'® Differences in study design, cohort
composition and definition of CVFR likely account for
the differences that are found between CVFR and dis-
ease severity measures in the large CADASIL cohort
studies performed to date®”'237576 Taken together,
however, hypertension is consistently found to be an
important and actionable disease modifier in CADASIL,
which suggests blood pressure monitoring and anti-
hypertensive treatment may be beneficial for patients
with CADASIL. However, therapeutic trials are war-
ranted as cerebrovascular reactivity and autoregula-
tion are impaired and lowering blood pressure could
cause cerebral hypoperfusion.®® In contrast, in line
with the European Academy of Neurology consensus
statement,®” standard preventive prescription of statins
seems not to be indicated in patients with CADASIL
with normal lipid levels, as hypercholesterolemia has
never been found to be associated with any of the
CADASIL outcome measures, a finding which we cor-
roborate in this study.5%® 1214173834 However, statin
therapy is not contraindicated in patients with CADA-
SIL, and statins can be prescribed for other indications
such as coronary artery disease.

Only 13 individuals in the DiVINAS cohort had dia-
betes type | or Il, but despite the small sample size we
still found a significant association between diabetes
and a lower BPF. There was also a trend towards higher
disability in DiVINAS participants with diabetes, sug-
gesting a potential strong effect of diabetes on CADA-
SIL disease expression. Larger cohorts are needed to
accurately estimate the effect of diabetes on CADASIL
disease severity.

Although EGFr group and CVRF have now
unequivocally been shown to be important CADASIL
disease modifiers, a significant proportion of dis-
ease variability is still unaccounted for. Identifying
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these (genetic) modifiers will contribute to improved
personalized disease prediction and may lead to the
identification of novel biological treatment targets
for CADASIL.

A limitation of this study is the selection bias towards
relatively mildly affected patients, and the consequent
relatively low frequency of clinical stroke in this cohort.
Strengths are the genotype-driven study design, the pro-
spectively and uniformly collected data including high-
resolution neuroimaging, and the fact that both EGFr
groups are equally represented.

In conclusion, this prospective, genotype-driven cohort
study has validated and extended the substantial differ-
ences in disease severity between EGFr 1-6 and 7-34
CADASIL patient. Our results show that NOTCH3»*
EGFr group is the most important modifier of CADASIL
known to date, followed by male sex, hypertension, dia-
betes, and smoking. These findings are important for the
improvement of disease prediction, for guiding patient
inclusion in clinical trials and for developing guidelines
for secondary disease prevention.

ARTICLE INFORMATION

Received March 9, 2022; final revision received May 24, 2022; accepted June
17,2022

The podcast and transcript are available at https://www.ahajournals.org/str/
podcast.

Affiliations

Department of Clinical Genetics (RJ.H, MN.C, G.G, ST, FB, JWR, SAJLO)),
Department of Geriatrics and Psychiatrics (M.N.W.-A)), and Department of Radiol-
ogy (AH, Jvd.G), Leiden University Medical Center, the Netherlands. Institute of
Psychology (A.H.), Leiden Institute for Brain and Cognition (AH.), Leiden Univer-
sity, the Netherlands.

Acknowledgments

The authors wish to acknowledge all the patients with cerebral autosomal domi-
nant arteriopathy with subcortical infarcts and leukoencephalopathy (CADA-
SIL) who participated in our studies. Dr Hack designed and conceptualized the
study and contributed to acquisition of data, analyzed and interpreted the data,
and drafted the manuscript. Dr Cerfontaine and S. Tap contributed to acquisition
of data and critical revision of the manuscript for important intellectual content.
Drs Gravesteijn, Hafkemeijer, van der Grond, Witjes-Ané, and Baas contributed
to critical revision of the manuscript for important intellectual content. Dr Rutten
and Lesnik Oberstein designed and conceptualized the study and contributed
to acquisition of data, interpreted the data, critical revision of the manuscript for
important intellectual content, and supervision.

Sources of Funding

This study was funded by Netherlands Organisation for Health Research and
Development (ZonMW 91717325) and The Netherlands Brain Foundation
(HA2016-02-03).

Disclosures

Dr Hack and Cerfontaine are funded by the Netherlands Organisation for
Health Research and Development (ZonMW 91717325). Dr Rutten has finan-
cial research support from the Netherlands Organisation for Health Research
and Development (ZonMW 91717325) and the Netherlands Brain Foundation
(HA2016-02-03). Dr Lesnik Oberstein has financial research support from
the Netherlands Organisation for Health Research and Development (ZonMW
91717325) and the Netherlands Brain Foundation (HA2016-02-03), and re-
ceives grants from Leiden University Medical Center. The other authors report
no conflicts.

Stroke. 2022;53:3133-3144. DOI: 10.1161/STROKEAHA.122.039325


https://www.ahajournals.org/str/podcast
https://www.ahajournals.org/str/podcast

€202 ‘v |udy uo Aq Bio'sfeuinofeye//:dny woly papeojumod

Hack et al

Supplemental Material
Supplemental Methods

Table S1-Sb

Figure S1

STROBE Checklist

Reference 18,20,21,23,25-27

REFERENCES

1.

Stroke. 2022;53:3133-3144. DOI: 10.1161/STROKEAHA.122.039325

Joutel A, Vahedi K, Corpechot C, Troesch A, Chabriat H, Vayssiere C, Cruaud
C, Maciazek J, Weissenbach J, Bousser MG, et al. Strong clustering and
stereotyped nature of Notch3 mutations in CADASIL patients. Lancet.
1997;350:1511-1515. doi: 10.1016/S0140-6736(97)08083-5

. Chabriat H, Joutel A, Dichgans M, Tournier-Lasserve E, Bousser MG. Cadasil.

Lancet Neurol. 2009;8:643-653. doi: 10.1016/S1474-4422(09)70127-9

. Rutten JW, Hack RJ, Duering M, Gravesteijn G, Dauwerse JG, Overzier

M, van den Akker EB, Slagboom E, Holstege H, Nho K, et al. Broad phe-
notype of cysteine-altering NOTCH3 variants in UK Biobank: CADASIL
to nonpenetrance. Neurology. 2020;,95:¢1835-e1843. doi: 10.1212/
WNL.0000000000010525

. Hack RJ, Rutten JW, Person TN, Li J, Khan A, Griessenauer CJ, Abedi V,

Lesnik Oberstein SAJ, Zand R; Regeneron Genetics Center. Cysteine-alter-
ing NOTCHS variants are a risk factor for stroke in the elderly population.
Stroke. 2020;51:3562-3569. doi: 10.1161/STROKEAHA.120.030343

. Rutten JW, Van Eijsden BJ, Duering M, Jouvent E, Opherk C, Pantoni

L, Federico A, Dichgans M, Markus HS, Chabriat H, et al. The effect of
NOTCHS3  pathogenic variant position on CADASIL disease severity:
NOTCH3 EGFr 1-6 pathogenic variant are associated with a more severe
phenotype and lower survival compared with EGFr 7-34 pathogenic variant.
Genet Med. 2019;21:676-682. doi: 10.1038/541436-018-0088-3

. Mukai M, Mizuta |, Watanabe-Hosomi A, Koizumi T, Matsuura J, Hamano

A, Tomimoto H, Mizuno T. Genotype-phenotype correlations and effect
of mutation location in Japanese CADASIL patients. J Hum Genet.
2020,65:637-646. doi: 10.1038/510038-020-0751-9

. Min JY, Park SJ, Kang EJ, Hwang SY, Han SH. Mutation spectrum and geno-

type-phenotype correlations in 157 Korean CADASIL patients: a multicenter
study. Neurogenetics. 2022;23:45-58. doi: 10.1007/5s10048-021-00674-1

. Holtmannspotter M, Peters N, Opherk C, Martin D, Herzog J, Briickmann

H, Sdmann P, Gschwendtner A, Dichgans M. Diffusion magnetic resonance
histograms as a surrogate marker and predictor of disease progression in
CADASIL: a two-year follow-up study. Stroke. 2005;36:2559-2565. doi:
10.1161/01.STR.O000189696.70989.a4

. Opherk C, Peters N, Holtmannspotter M, Gschwendtner A, Miiller-Myhsok

B, Dichgans M. Heritability of MRI lesion volume in CADASIL: evidence
for genetic modifiers. Stroke. 2006;37:2684-2689. doi: 10.1161/01.
STR.0000245084.35575.66

. Peters N, Holtmannspotter M, Opherk C, Gschwendtner A, Herzog J,

Séamann P, Dichgans M. Brain volume changes in CADASIL: a serial
MRI study in pure subcortical ischemic vascular disease. Neurology.
2006;66:1517-1522. doi: 10.1212/01.wnl.0000216271.96364.50

. Viswanathan A, Guichard JP, Gschwendtner A, Buffon F, Cumurcuic R,

Boutron C, Vicaut E, Holtmannspétter M, Pachai C, Bousser MG, et al. Blood
pressure and haemoglobin Alc are associated with microhaemorrhage in
CADASIL: a two-centre cohort study. Brain. 2006;129(pt 9):2375-2383.
doi: 10.1093/brain/awl177

. Adib-Samii P, Brice G, Martin RJ, Markus HS. Clinical spectrum of CADA-

SIL and the effect of cardiovascular risk factors on phenotype: study in
200 consecutively recruited individuals. Stroke. 2010;41:630-634. doi:
10.1161/STROKEAHA.109.668402

. Gunda B, Hervé D, Godin O, Bruno M, Reyes S, Alili N, Opherk C, Jouvent

E, During M, Bousser MG, et al. Effects of gender on the phenotype of
CADASIL. Stroke. 2012;43:137-141. doi: 10.1161/STROKEAHA.
111.631028

. Ciolli L, Pescini F, Salvadori E, Del Bene A, Pracucci G, Poggesi A, Nannucci

S, Valenti R, Basile AM, Squarzanti F, et al. Influence of vascular risk factors
and neuropsychological profile on functional performances in CADASIL:
results from the Microvascular LEukoencephalopathy Study (MILES). Eur
J Neurol. 2014;21:65-71. doi: 10.1111/ene. 12241

. Chabriat H, Hervé D, Duering M, Godin O, Jouvent E, Opherk C, Alili N,

Reyes S, Jabouley A, Zieren N, et al. Predictors of clinical worsening in
cerebral autosomal dominant arteriopathy with subcortical infarcts and leu-
koencephalopathy: prospective cohort study. Stroke. 2016;47:4—11. doi:
10.1161/STROKEAHA.115.010696

20.

21.

22.

23.

24,

26.

26.

27.

28.

29.

30.

32.

33.

Disease Modifiers in CADASIL

. Ling Y, De Guio F, Duering M, Jouvent E, Hervé D, Godin O, Dichgans M,

Chabriat H. Predictors and clinical impact of incident lacunes in cerebral auto-
somal dominant arteriopathy with subcortical infarcts and leukoencephalop-
athy. Stroke. 2017;48:283-289. doi: 10.1161/STROKEAHA.116.015750

. Ospina C, Arboleda-Velasquez JF, Aguirre-Acevedo DC, Zuluaga-

Castafio Y, Velilla L, Garcia GP, Quiroz YT, Lopera F. Genetic and nongenetic
factors associated with CADASIL: a retrospective cohort study. J Neurol Sci.
2020;419:117178. doi: 10.1016/}jns.2020.117178

. von Elm E, Altman DG, Egger M, Pocock SJ, Getzsche PC, Vandenbroucke

JP; STROBE Initiative. The Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) statement: guidelines for report-
ing observational studies. Lancet. 2007;370:1453—1457. doi: 10.1016/
S0140-6736(07)61602-X

. Schon F, Martin RJ, Prevett M, Clough C, Enevoldson TP, Markus HS.

“CADASIL coma”: an underdiagnosed acute encephalopathy. J Neurol Neu-
rosurg Psychiatry. 2003;74:249-252. doi: 10.1136/jnnp.74.2.249

Duering M, Zieren N, Hervé D, Jouvent E, Reyes S, Peters N, Pachai C,
Opherk C, Chabriat H, Dichgans M. Strategic role of frontal white mat-
ter tracts in vascular cognitive impairment: a voxel-based lesion-symptom
mapping study in CADASIL. Brain. 2011;134(pt 8):2366-2375. doi:
10.1093/brain/awr169

Schmand BHP, de Koning |, Gerritsen M, Hoogman M, Muslimovic D,
Rienstra A, Saan R, Schagen S, Schilt T, Spikman J, et al. Normen van psy-
chologische tests voor gebruik in de klinische neuropsychologie. Ned Inst
van Psychol Sect Neuropsychol. 2012.

Gravesteijn G, Hack RJ, Opstal AMV, van Eijsden BJ, Middelkoop HAM,
Rodriguez Girondo MDM, Aartsma-Rus A, Grond JV, Rutten JW, Oberstein
SAJL. Eighteen-year disease progression and survival in CADASIL. J
Stroke. 2021;23:132—134. doi: 10.6853/j0s.2020.04112

Wardlaw JM, Smith EE, Biessels GJ, Cordonnier C, Fazekas F, Frayne
R, Lindley RI, O'Brien JT, Barkhof F, Benavente OR, et al; STandards for
Reporting Vascular changes on nEuroimaging (STRIVE v1). Neuroimag-
ing standards for research into small vessel disease and its contribution
to ageing and neurodegeneration. Lancet Neurol. 2013;12:822-838. doi:
10.1016/S1474-4422(13)70124-8

Yao M, Hervé D, Jouvent E, Duering M, Reyes S, Godin O, Guichard JR,
Dichgans M, Chabriat H. Dilated perivascular spaces in small-vessel dis-
ease: a study in CADASIL. Cerebrovasc Dis. 2014;37:165-163. doi:
10.1159/000356982

De Guio F, Mangin JF, Duering M, Ropele S, Chabriat H, Jouvent E.
White matter edema at the early stage of cerebral autosomal-dominant
arteriopathy with subcortical infarcts and leukoencephalopathy. Stroke.
2015;46:2568-261. doi: 10.1161/STROKEAHA.114.007018

De Guio F, Vignaud A, Chabriat H, Jouvent E. Different types of white matter
hyperintensities in CADASIL: Insights from 7-Tesla MRI. J Cereb Blood Flow
Metab. 2018;38:1654—1663. doi: 10.1177/0271678X17690164
Baykara E, Gesierich B, Adam R, Tuladhar AM, Biesbroek JM, Koek HL,
Ropele S, Jouvent E, Chabriat H, Ertl-Wagner B, et al; Alzheimer's Disease
Neuroimaging Initiative. A novel imaging marker for small vessel disease
based on skeletonization of white matter tracts and diffusion histograms.
Ann Neurol. 2016;80:5681-592. doi: 10.1002/ana.24758

Ling Y, Jouvent E, Cousyn L, Chabriat H, De Guio F. Validation and
optimization of bianca for the segmentation of extensive white matter
hyperintensities. Neuroinformatics. 2018;16:269-281. doi: 10.1007/s12021-
018-9372-2

Jouvent E, Alili N, Hervé D, Chabriat H. Vanishing white matter hyperinten-
sities in CADASIL: a case report with insight into disease mechanisms. J
Alzheimers Dis. 2020;78:907-910. doi: 10.3233/JAD-201086

Hase Y, Chen A, Bates LL, Craggs LJL, Yamamoto Y, Gemmell E, Oakley
AE, Korolchuk VI, Kalaria RN. Severe white matter astrocytopathy in CADA-
SIL. Brain Pathol. 2018;28:832-843. doi: 10.1111/bpa.12621

. Zieren N, Duering M, Peters N, Reyes S, Jouvent E, Hervé D, Gschwendtner

A, Mewald Y, Opherk C, Chabriat H, et al. Education modifies the relation
of vascular pathology to cognitive function: cognitive reserve in cerebral
autosomal dominant arteriopathy with subcortical infarcts and leuko-
encephalopathy. Neurobiol Aging. 2013;34:400—-407. doi: 10.1016/].
neurobiolaging.2012.04.019

Gravesteijn G, Hack RJ, Mulder AA, Cerfontaine MN, van Doorn R, Hegeman
IM, Jost CR, Rutten JW, Lesnik Oberstein SAJ. NOTCH3 variant position is
associated with NOTCH3 aggregation load in CADASIL vasculature. Neu-
ropathol Appl Neurobiol. 2022;48:¢12751. doi: 10.1111/nan.12751
Singhal S, Bevan S, Barrick T, Rich P, Markus HS. The influence of
genetic and cardiovascular risk factors on the CADASIL phenotype. Brain.
2004;127(pt 9):2031-2038. doi: 10.1093/brain/awh223

October 2022 3143

$3IN3IIS
NOILYINdOd ANY TVIINITD



CLINICAL AND POPULATION

SCIENCES

€202 ‘v |udy uo Aq Bio'sfeuinofeye//:dny woly pspeojumod

Hack et al

34.

35.

3144

Hervé D, Godin O, Dufouil C, Viswanathan A, Jouvent E, Pachai C, Guichard
JP, Bousser MG, Dichgans M, Chabriat H. Three-dimensional MRl analysis
of individual volume of Lacunes in CADASIL. Stroke. 2009;40:124—128.
doi: 10.1161/STROKEAHA.108.620825

Stanhewicz AE, Wenner MM, Stachenfeld NS. Sex differences in endo-
thelial function important to vascular health and overall cardiovascular dis-
ease risk across the lifespan. Am J Physiol Heart Circ Physiol. 2018;315:
H15669-H1588. doi: 10.1152/ajpheart00396.2018

October 2022

36.

37.

Disease Modifiers in CADASIL

Huneau C, Houot M, Joutel A, Béranger B, Giroux C, Benali H, Chabriat
H. Altered dynamics of neurovascular coupling in CADASIL. Ann Clin Trans!
Neurol. 2018;5:788-802. doi: 10.1002/acn3.574

Mancuso M, Arnold M, Bersano A, Burlina A, Chabriat H, Debette S,
Enzinger C, Federico A, Filla A, Finsterer J, et al. Monogenic cerebral small-
vessel diseases: diagnosis and therapy. Consensus recommendations of
the European Academy of Neurology. Eur J Neurol. 2020;27:909-927. doi:
10.1111/ene. 14183

Stroke. 2022;53:3133-3144. DOI: 10.1161/STROKEAHA.122.039325





