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Supplemental content
IMPORTANCE Typical cysteine-altering NOTCH3 (NOTCH3“¥®) variants are highly prevalent
(approximately 1in 300 individuals) and are associated with a broad spectrum of small vessel
disease (SVD), ranging from early-onset stroke and dementia (cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukoencephalopathy [CADASIL]) to
nonpenetrance. A staging system that captures the full NOTCH3-SVD severity spectrum is
needed and currently lacking.

OBJECTIVE To design a simple disease severity staging system that captures the broad
clinicoradiological NOTCH3-SVD severity spectrum.

DESIGN, SETTING, AND PARTICIPANTS A cohort study was performed in which the
NOTCH3-SVD severity staging system was developed using a discovery cohort (2019-2020)
and validated in independent international CADASIL cohorts (1999-2023) and the UK
Biobank. Clinical and imaging data were collected from participants originating from 23
international CADASIL cohorts and from the UK Biobank. Eligibility criteria were presence of a
NOTCH3* variant, availability of brain magnetic resonance imaging, and modified Rankin
Scale score. The discovery cohort consisted of 195 NOTCH3“*-positive cases from families
with CADASIL; the validation set included 1713 NOTCH3“*-positive cases from 15 countries.
The UK Biobank cohort consisted of 101 NOTCH3“*-positive individuals. Data from 2-year
(2019-2023) and 18-year (1999-2017) follow-up studies were also analyzed. Data analysis was
performed from July 2023 to August 2024.

MAIN OUTCOMES AND MEASURES Percentage of cases following the sequence of events of the
NOTCH3-SVD stages, and the association between the stages and ischemic stroke,
intracerebral hemorrhage, global cognition, processing speed, brain volume, brain
microstructural damage, and serum neurofilament light chain (NfL) level.

RESULTS The NOTCH3-SVD staging system encompasses 9 disease stages or substages,
ranging from stage O (premanifest stage) to stage 4B (end stage). Of all 1908 cases, which
included 195 in the discovery cohort (mean [SD] age, 52.4 [12.2] years) and 1713 in the
validation cohorts (mean [SD] age, 53.1[13.0] years), 1789 (94%) followed the sequence of
events defined by the NOTCH3-SVD staging system. The NOTCH3-SVD stages were associated
with neuroimaging outcomes in the NOTCH3“*-positive cases in the CADASIL cohorts and in
the UK Biobank and with cognitive outcomes and serum NfL level in cases from the CADASIL
cohorts. The NOTCH3-SVD staging system captured disease progression and was associated

with 18-year survival.
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erebral small vessel disease (SVD) is a major

contributor to stroke, disability, and cognitive decline

worldwide.! The most frequent monogenic cause of SVD
is cerebral autosomal dominant arteriopathy with subcortical in-
farcts and leukoencephalopathy (CADASIL). The prevalence of
CADASIL hasbeen reported to be minimally 4 cases per 100 000
individuals,? but cysteine-altering NOTCH3 (NOTCH3%®) vari-
ants, classically associated with CADASIL, have recently been
shown to occur at a high frequency in population databases
worldwide (2-10 cases per 1000 individuals).>> Community-
dwelling individuals with NOTCH3Y*® variants have an in-
creased lifetime risk for stroke and vascular dementia, al-
though with a later onset than in patients with diagnosed
CADASIL.%® This has led to the insight that the disease spec-
trum associated with NOTCH3Y* variants is extremely broad,
ranging from severely affected individuals in families with mid-
adulthood-onset stroke and dementia to individuals with a
milder, seemingly sporadic, late-onset SVD.®?2 The position of
the NOTCH3Y® variant is a key determinant of NOTCH3-
associated SVD (NOTCH3-SVD) severity, above cardiovascular risk
factors and sex.!*'® NOTCH3® variants can be classified into
high, moderate, or low risk for developing severe mid-adulthood-
onset NOTCH3-SVD, also known as CADASIL."”

Although there is a large variability in age at onset and rate
of disease progression, the order in which the cardinal fea-
tures of NOTCH3-SVD occur is fairly uniform. The initial and
ubiquitous feature is white matter hyperintensities (WMHs) on
brain magnetic resonance imaging, preceding symptoms
by many years.'®!° WMHs are progressive and, in more ad-
vanced disease stages, accompanied by lacunes, cerebral
microbleeds, and brain atrophy. Cardinal clinical symptoms in-
clude migraine with aura, recurrent strokes, cognitive impair-
ment, apathy, and depression.!°-2!

Various neuroimaging and clinical outcome measures are
used to describe NOTCH3-SVD severity at the individual and
cohort levels,'®-2-22 but, to our knowledge, there is currently
no validated disease staging system that covers the full dis-
ease severity spectrum associated with NOTCH3Y* variants,
from asymptomatic individuals to patients with end-stage
disease. We aimed to design a simple disease staging system
that does not require advanced data processing, to enable a
broad implementation in diverse clinical and research set-
tings, facilitating comparisons of cohorts across study sites,
disease monitoring, biomarker discovery, and clinical trial
stratification.

Herein, we propose a NOTCH3-SVD severity staging sys-
tem that was designed and validated using clinical and neu-
roimaging data of 1908 cases with a NOTCH3Y® variant from
CADASIL cohorts from 15 countries, and 101 individuals with
a NOTCH3® variant from the UK Biobank.

Methods

Ethics

All procedures performed in studies involving human
participants were in accordance with the 1964 Declaration of
Helsinki and its later amendments or comparable ethical
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Key Points

Question Can asimple but effective disease severity staging
system be designed to capture the broad NOTCH3-associated
small vessel disease (NOTCH3-SVD) severity spectrum?

Findings In this cohort study, a NOTCH3-SVD staging system
captured the broad NOTCH3-SVD severity spectrum, followed the
natural NOTCH3-SVD course, and was associated with
neuroimaging and clinical outcome measures.

Meaning The findings suggest the NOTCH3-SVD staging system
will help to better harmonize NOTCH3-SVD and cerebral autosomal
dominant arteriopathy with subcortical infarcts and
leukoencephalopathy (CADASIL) cohort studies and registries;
may improve individualized disease counseling, monitoring, and
clinical management; and may facilitate patient stratification in
clinical trials.

standards. Ethical approval was obtained for all cohorts
(eAppendix 1 in the Supplement). Written informed consent
was obtained from participants in all cohorts, except for co-
horts with a waiver from the local institutional review board
owing to the use of deidentified data (cohorts from Seoul,
Korea; Sevilla, Spain; Newcastle, United Kingdom; Glasgow,
United Kingdom; Melbourne, Australia; Jacksonville, Florida;
and Brasilia, Brazil). The Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) reporting
guidelines were followed. Data analysis was conducted from
July 2023 to August 2024.

Selection of Neuroimaging and Clinical Features

in the Discovery Cohort

To enable the capture of the full NOTCH3-SVD severity spec-
trum, from premanifest to end-stage disease, we considered
both CADASIL neuroimaging and clinical features for the stag-
ing system. A list of candidate features was compiled based on
expert opinion and literature review (eAppendix 2 and eTable 1
in Supplement 1). Clinical and neuroimaging features were con-
sidered for inclusion if (1) they are readily and uniformly ob-
tained in standard clinical (neurological) practice, (2) the fea-
ture occurs in at least one-third of patients with CADASIL in
the course of the disease, and (3) the risk of developing the fea-
ture increases with age, as a proxy for disease progression.
For criterion 3, we assessed how the proportion of patients with
this feature increased across 5 age categories (ages 25-34,
35-44, 45-54, 55-64, and =65 years) within a discovery co-
hort, which included comprehensive clinical and neuroimag-
ing data of 195 patients with CADASIL and family members with
premanifest disease (eFigure 1in Supplement 1).!>'” In this dis-
covery cohort, a sensitivity analysis to assess the impact of mi-
crobleeds on the NOTCH3-SVD staging system was per-
formed (eTable 2 in Supplement 1).

Validation Cohorts

Twenty-two CADASIL cohorts of cases from families with
CADASIL were used to validate the applicability of the
NOTCH3-SVD staging system as well as its association with dis-
ease markers not included in the staging system itself. The in-
clusion criteria were (1) documented NOTCH3“* variant or posi-
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tive findings on skin biopsy,?*-24 and (2) availability of Fazekas

deep white matter score,?” lacune count according to
Standards for Reporting Vascular Changes on Neuroimaging 1
(STRIVE-1) or STRIVE-2 criteria,?® and modified Rankin Scale
(mRS) score. A NOTCH3“® variant was defined as a NOTCH3
variant leading to a cysteine amino acid change in one of the
34 epidermal growth factor-like repeat domains of the NOTCH3
protein®” or as one of several well-documented causative
NOTCHS3 cysteine-sparing variants (p.Arg61Trp, p.Arg75Pro,
p.Asp80Gly, p.Arg213Lys [n = 53]).28 Description of all co-
horts can be found in eTable 3 and eAppendix 3 in Supple-
ment 1. Individuals with a NOTCH3<Y® variant in the UK
Biobank with brain magnetic resonance imaging results avail-
able were separately analyzed as they were ascertained by a
genotype-first approach rather than via a CADASIL diagnosis
or positive CADASIL family history; as such, they represent the
mildest end of the NOTCH3-SVD severity spectrum.®

Association Between the NOTCH3-SVD Staging System

and Clinical and Neuroimaging Measures

The association between the NOTCH3-SVD staging system and
7 disease outcome measures not included in the staging sys-
tem itself was assessed in the discovery cohort and in 22 vali-
dation cohorts for which at least 1 of these measures was (made)
available for this study (eTable 3 and eAppendix 3 in Supple-
ment 1). The following outcome measures were selected based
on their known association with CADASIL disease severity?22:
ischemic stroke, intracerebral hemorrhage (ICH), global cog-
nition (Mini-Mental State Examination, Montreal Cognitive
Assessment, or Cambridge Cognitive Examination), process-
ing speed (Trail Making Test parts A and B or executive func-
tion components of the Brief Memory and Executive Test?° or
Symbol Digit Modalities Test), brain parenchymal fraction
(BPF),3° peak width of skeletonized mean diffusivity (PSMD),>!
and serum neurofilament light chain (NfL) level.32-33

Statistical Analysis

Nonnormally distributed data were transformed to obtain nor-
mal distribution: global cognition scores were reflected (31 mi-
nus score) and cube rooted; PSMD and NfL level were natural
log transformed. Processing speed was expressed as z scores
per cohort. Standardized values were used in statistical
analyses and illustrations. The difference in sex and stage dis-
tribution between cohorts was assessed using x? tests. The
associations between the NOTCH3-SVD staging system (as cat-
egorical independent variable) and BPF, PSMD, global cogni-
tion, processing speed, and serum NfL level were determined
in the discovery cohort using linear regression analyses and
then tested in the validation cohorts using linear mixed mod-
els. Cohort was included as a random effect in these analyses
to take cohort differences as well as missing data into ac-
count. The association of the NOTCH3-SVD staging system with
ischemic stroke and ICH was assessed using logistic regres-
sion. Bonferroni correction for multiple testing was per-
formed for the association between the NOTCH3-SVD stages
and the outcome measures. Cox regression and log-rank analy-
ses were used to estimate the association between the
NOTCHS3-SVD stages (stages 0-1B, 2A-2B, and 3A-4A were com-
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bined to have similar group sizes) and survival. All analyses
were performed with and without adjusting for age and sex.
Ethnicity could not be taken into account due to collinearity
with cohort as a random factor. Probabilities of fulfilling stage
criteria were estimated using logistic regression analyses, with
and without stratifying for NOTCH3 variant risk category.
Analyses were performed in R version 4.3.0 statistical soft-
ware (R Foundation). Statistical tests were 2-sided with the
threshold for statistical significance set as P < .05.

. |
Results

Design of the NOTCH3-SVD Staging System

Twenty of the 24 identified candidate clinical and neuroimag-
ing features did not fulfill the criteria for inclusion in the
NOTCH3-SVD staging system. A comprehensive description of
the design, including selection of features and thresholds, can
be found in eAppendix 2 in Supplement 1. The NOTCH3-SVD
staging system encompasses 5 disease stages ranging from O to
4, with stages 1to 4 each being divided into 2 substages for a total
of 9 substages. The features fulfilling the criteria and selected
for inclusion were Fazekas deep white matter (DWM) score, la-
cune count, and mRS score. The Fazekas DWM score captures
early disease stages (stage 1A, Fazekas DWM score 1; stage 1B,
Fazekas DWM score >2), the lacune count captures intermedi-
ate disease stages (stage 2A, count >0; stage 2B, count >5), and
the mRS score captures advanced disease stages (stage 3A, mRS
score 3; stage 3B, mRS score 4) and end-stage disease (stage 4A,
mRS score 5; stage 4B, mRS score 6). Stage O was included for
individuals with a NOTCH3Y® variant but with no features of SVD
(Fazekas DWM score O, no lacunes) (Figure 1A).

Association Between the NOTCH3-SVD Staging System

and Other Disease Outcome Measures

Among the 195 cases (mean [SD] age, 52.4 [12.2] years) in the
discovery cohort, the clinical and neuroimaging features
were in line with the sequence of events as defined in the
NOTCH3-SVD staging system in 186 cases (95%) (eFigure 2 and
eTable 3in Supplement). The NOTCH3-SVD stages were signifi-
cantly associated with BPF (F; g = 108; P < .001; adjusted
Fg 186 = 6.1; adjusted P < .001; for effect sizes, see eTable 4
in Supplement 1), PSMD (F,, = 40.3; P < .001; adjusted
Fg 169 = 19.6; adjusted P < .001), global cognition (F; ;5 = 9.8;
P <.001; adjusted Fg ,,3 = 6.3; adjusted P < .001), and process-
ing speed (F; 155 = 28.2; P < .001; adjusted Fg 53¢ = 13.6;
adjusted P < .001). NOTCH3-SVD stages were also associated with
serum NfL levels, but this was not significant after correction for
age and sex (F, sg = 6.7; P < .001; adjusted F 5¢ = 1.8; adjusted
P = .74) (Figure 1B). The prevalence of transient ischemic
attacks, gait disturbance, cognitive impairment, apathy, sei-
zures, and microbleeds also increased across the stages. Mi-
graine with aura and depression were present in an almost equal
proportion of patients in each of the stages (eFigure 3in Supple-
ment 1). The NOTCH3-SVD staging system had better resolu-
tion and performance than a previously published grading sys-
tem for CADASIL (eFigure 4 and eTable 5 in Supplement 1).3*
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Figure 1. The NOTCH3-Small Vessel Disease (SVD) Staging System

[A] The NOTCH3-SVD staging system

Stage 0: premanifest
NOTCH39s variant, genetic predisposition for NOTCH3-SVD

Stage 1: early stage
1A: Low WMH burden (Fazekas DWM score 1)

1B: High WMH burden (Fazekas DWM score 22)

Stage 2: intermediate stage

2B: High lacune burden (lacune count 25)

Stage 3: advanced stage
3A: Moderate disability (mRS score 3)

3B: Moderately severe disability (mRS score 4)

Stage 4: end stage
4A: Severe disability (mRS score 5)

4B: Deceased (mRS score 6)
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A, The NOTCH3-SVD staging system comprises 5 main stages, of which stages 1
to 4 are subdivided into 2 substages. Cases are assigned to the highest stage for
which they fulfill the criterion, even if cases do not fulfill all criteria of the lower
stages (see also eFigure 2 in Supplement 1). The NOTCH3-SVD staging system
can be applied to any individual with a cysteine-altering NOTCH3 (NOTCH3“*)
variant and to individuals with well-documented, causative cysteine-sparing
NOTCH3 variants. Per stage, a representative T2-weighted fluid-attenuated
inversion recovery magnetic resonance image is shown. DWM indicates deep
white matter; mRS, modified Rankin Scale; WMH, white matter hyperintensity.

B, Within the discovery cohort of 195 cases, the NOTCH3-SVD staging system
was associated with outcomes of brain parenchymal fraction (BPF), peak width
of skeletonized mean diffusivity (PSMD), global cognition, processing speed,
and serum neurofilament light chain (NfL) level. Blue dots indicate unadjusted
standardized effect sizes; yellow dots, standardized effect sizes adjusted for age
and sex; error bars, standard error. NOTCH3-SVD stage 4A was not included as
there were no cases in this stage in the discovery cohort. Unadjusted P values
and P values adjusted for age and sex are for comparison between the
NOTCH3-SVD staging system and outcomes.

Validation in 22 International CADASIL Cohorts

The NOTCH3-SVD staging system was tested in 1713 cases
(mean [SD] age, 53.1 [13.0] years) from 22 independent
CADASIL cohorts from Europe, Asia, South America,
Australia, and the United States (Figure 2A-C; eTable 3 in
Supplement 1). Similar to the discovery cohort, 1603
cases (94%) had an ordered sequence of events (eFigure 2 in

JAMA Neurology January 2025 Volume 82, Number 1

Supplement 1). The proportion of cases in each stage differed
between the cohorts (x%, = 542; P < .001).

In line with the results from the discovery cohort,
NOTCHS3-SVD stages were associated with neuroimaging mea-
sures (BPF: x% = 96; P < .001; adjusted x2 = 25; adjusted
P =.005; PSMD: x% = 228; P < .001; adjusted x% = 153;
adjusted P < .001), clinical measures (global cognition:
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Figure 2. Validation of the NOTCH3-Small Vessel Disease (SVD) Staging System in Independent Cohorts
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A and B, The NOTCH3-SVD staging system was validated in 1713 cases from

22 cohorts with cerebral autosomal dominant arteriopathy with subcortical
infarcts and leukoencephalopathy (CADASIL) from 15 countries. DiViINAS
indicates Disease Variability in NOTCH3-Associated Small Vessel Disease.

C, The NOTCH3-SVD staging system revealed differences in the distribution of
disease stages between the cohorts (x %, = 542; P < .001). FU18 indicates the
baseline cohort of the 18-year follow-up study. D, Like in the discovery cohort,
the NOTCH3-SVD staging system was associated with brain parenchymal

fraction (BPF), peak width of skeletonized mean diffusivity (PSMD), global
cognition, processing speed, and serum neurofilament light chain (NfL) levels in
the validation cohorts. Blue dots indicate unadjusted standardized effect sizes;
yellow dots, standardized effect sizes adjusted for age and sex; error bars,
standard error. Adjusted P values are adjusted for age and sex. E and F,
Proportion of patients with a history of ischemic stroke (E) and intracerebral
hemorrhage (F) per NOTCH3-SVD stage (P < .00T1 for all). Intracerebral
hemorrhage was more prevalent in Asian cohorts than in non-Asian cohorts.
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X% = 239; P < .001; adjusted x2 = 155; adjusted P < .001; pro-
cessing speed: x% = 219; P < .001; adjusted x2 = 163; adjusted
P <.001), and serum NfL level (x = 55; P < .001; adjusted
X2 = 28; adjusted P = .002) in the 769 cases from the valida-
tion cohorts for which the association with disease markers
could be determined (Figure 2D; eTable 4 and eFigure 5 in
Supplement 1). The prevalence of ischemic stroke increased
across the NOTCH3-SVD stages (X2 = 334; P < .001) (Figure 2E).
There was a higher prevalence of ICH in Asian cohorts com-
pared with European cohorts (Figure 2F), in line with previ-
ous reports.>® In Asian cohorts, ICH occurred exclusively in
cases in NOTCH3-SVD stage 2A or higher. On average, male pa-
tients were in higher disease stages than female patients
(x2 = 70; P < .001) (eFigure 6 in Supplement 1).

Validation in Individuals With a NOTCH3“Y* Variant

in the UK Biobank

To test the NOTCH3-SVD staging system in individuals at the
mildest end of the NOTCH3-SVD severity spectrum, the
staging system was applied to 101 individuals witha NOTCH3*
variant in the UK Biobank. Of these, 86 (85%) were in stage O
to 1B (compared with 471 of 1713 cases [28%] in the CADASIL
cohorts) (Figure 3A). NOTCH3-SVD stage was significantly
associated with PSMD (F5 g, = 5.9; P < .001; adjusted F, g5 = 5.2;
adjusted P < .001) and ischemic stroke prevalence (x2 = 17.6;
P =.001) but not with BPF (Fs o, = 1.3; P = .52; adjusted
F, g9 = 1.3; adjusted P = .36), processing speed (Fs sg =1.9;
P = 11; adjusted F, 5¢ = 0.6; adjusted P = .63), or ICH preva-
lence (Figure 3B-E).

NOTCH3-SVD Staging System, Disease Progression,

and NOTCH3 Variant Risk Category

In a 2-year follow-up study of 135 cases from a CADASIL co-
hort, 103 (76%) remained in the same NOTCH3-SVD stage, while
23 (17%) progressed to the next stage, irrespective of NOTCH3-
SVD stage at baseline (Figure 4A). Seven cases (7%) pro-
gressed more than 1 stage.

In a midterm (7-year) and long-term (18-year) follow-up
study of 41 Dutch patients with CADASIL, 8 of 9 patients (88%)
who were in stage 3A or higher at baseline had progressed at
least 1 stage at 7-year and 18-year follow-up. Of the 12 cases who
were in stage O to 1B at baseline, 7 (58%) progressed at least 1
stage at 7-year follow-up and 10 (83%) progressed at least 1 stage
at 18-year follow-up (Figure 4B). After 18 years, among 41 cases,
6 (15%) were still in the same stage as they were at baseline, 4
(10%) progressed 1 stage, and 26 (63%) progressed 2 or more
stages. Higher NOTCH3-SVD stages at baseline were associ-
ated with lower 18-year survival (log-rank x3 = 17.9; P < .001;
Cox regression x2 = 6.1; adjusted P = .048) (Figure 4C).

Finally, we estimated the probability of cases fulfilling the
criterion for a disease stage by age 40 years. In the 18-year fol-
low-up study, all cases were estimated to meet the criterion
for stage 1A by age 40 years, 50% were estimated to meet the
criterion for stage 2A, and 7% to meet the criterion for stage
3A (Figure 5A). In a cross-sectional analysis of all 1908 cases,
95% were estimated to meet the criterion for stage 1A by age
40 years, 51% for stage 2A, and 6% for stage 3A (Figure 5B).
In the UK Biobank, 77% of NOTCH3 variant-positive individu-
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als were estimated to meet the criterion for stage 1A by age
40 years, 9% for stage 2A, and only 1% for stage 2B (Figure 5E).
Stratification based on NOTCH3 variant risk category illus-
trated that cases with a high-risk NOTCH3 variant had a higher
estimated probability of meeting the criterion for a certain stage
atayounger age than cases with a moderate-risk NOTCH3 vari-
ant (Figure 5C and D).

|
Discussion

The impetus for developing the NOTCH3-SVD staging sys-
tem was the recently recognized broad SVD severity spec-
trum associated with NOTCH3s variants,®'° the recent dis-
covery of a high population frequency of these variants
worldwide,®%3° and the lack of a system to uniformly
define and communicate disease severity. We aimed to
develop a staging system for NOTCH3-SVD severity that is
easy to use in daily clinical practice and captures key
NOTCHS3-SVD clinicoradiological manifestations, from pre-
manifest to end-stage disease. The NOTCH3-SVD staging
system was designed using genetic, clinical, and neuroim-
aging data in a discovery cohort of 195 cases and was vali-
dated in 1713 cases from 22 CADASIL cohorts around the
world. In addition, we included neuroimaging and clinical
information from 101 NOTCH3Ys variant-positive individu-
als in the UK Biobank. In this way, the complete spectrum of
NOTCH3-SVD severity as well as potential differences
between ethnicities were taken into account.

The NOTCH3-SVD staging system encompasses 5 dis-
ease stages ranging from O to 4, with stages 1 to 4 each being
divided into 2 substages, forming a total of 9 substages. The
neuroimaging measures we included (Fazekas DWM score
and lacune count) have been shown to be associated with
relevant disease outcomes, such as apathy,*” and have the
added benefit of allowing for discrimination of neuroimag-
ing severity stages in individuals with clinically premanifest
disease. Validity was demonstrated by showing that the
staging system is associated with other SVD clinical and
neuroimaging measures, such as stroke, microstructural
white matter damage, and brain atrophy. The NOTCH3-SVD
staging system captures disease progression, even in a short
span of 2 years of follow-up, and is associated with long-
term mortality. The NOTCH3-SVD stage can therefore serve
as a starting point for individualized disease course model-
ing, in which NOTCH3 variant risk category, ascertainment
context, family history, age, and cardiovascular risk factor
burden should also be taken into account.!*"® This is impor-
tant, as a NOTCH3¢Y® variant can be ascertained in diverse
situations, ranging from a young patient with stroke and
cognitive impairment to an incidental next-generation
sequencing finding in an asymptomatic individual. In any of
these situations, the molecularly diagnosed individual can
be assigned to one of the NOTCH3-SVD stages. The staging
system also reflects the known difference in disease severity
between NOTCH3 variant risk categories,'” as we show that
patients with high-risk variants are assigned to higher
stages at younger ages. Individuals with a high-risk variant
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Figure 3. NOTCH3-Small Vessel Disease (SVD) Stages in Individuals With a Cysteine-Altering NOTCH3 (NOTCH3¥*) Variant in the UK Biobank

[A] Individuals with a NOTCH3%5 variant

1007 =
[ ]stage0
80 [ Jstage 1A
[ Jstage 1B
[ stage 2A
o 601
ot [ stage 28
&
& I stage 3A
< 404 Il stage 38
[ stage 4A
20
0 T T
CADASIL cohorts UK Biobank
(N=1908) (N=101)
BPF
1 .
T usted
Adjusted
ol-e E PT

Standardized effect size
N

P=.52
Adjusted P=.36

-3 T T T T T T T 1
0 1A 1B 2A 2B 3A 3B 4A

NOTCH3-SVD stage

E Ischemic stroke and intracerebral hemorrhage

Ischemic stroke

PSMD

1-

Adjusted
4l

73

L

e

Standardized effect size

P<.001
Adjusted P <.001

-3 T T T T T T T 1
0 1A 1B 2A 2B 3A 3B 4A

NOTCH3-SVD stage

@ Processing speed

T ° usted
Adjusted
-

1-

b

Standardized effect size
—o—i
}i
—e—
A

P=.11
Adjusted P=.63

-3 T T T T T T T 1
0 1A 1B 2A 2B 3A 3B 4A

NOTCH3-SVD stage

P=.001
a Intracerebral hemorrhage
1000 m— —r—r— — —
[] Absent
80 [ Present
N 604
g L
8
40+
201
0 L T ; L
0 1A 1B 2A 2B 0 1A 1B 2A 2B

NOTCH3-SVD stage

A, Individuals with a NOTCH3<Y* variant in the UK Biobank were at lower
NOTCH3-SVD stages compared with cases from cohorts with cerebral
autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy (CADASIL) (x2 = 241; P < .001). B-D, NOTCH3-SVD stages
in individuals with a NOTCH3<* variant in the UK Biobank were associated with
peak width of skeletonized mean diffusivity (PSMD) (B) but not with brain

parenchymal fraction (BPF) (C) or processing speed (D). Blue dots indicate
unadjusted standardized effect sizes; yellow dots, standardized effect sizes
adjusted for age and sex; error bars, standard error. E, Proportion of individuals
with a history of ischemic stroke (x2 = 17.6; P = .001) or intracerebral
hemorrhage per NOTCH3-SVD stage in the UK Biobank.

will likely progress through (almost) all stages in their life-
time, while individuals with a low-risk variant may progress
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no further than stage 1B. A major advantage of the NOTCH3-
SVD staging system is that it can be easily implemented in
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Figure 4. NOTCH3-Small Vessel Disease (SVD) Staging System
Captures Short-, Intermediate-, and Long-Term Disease Progression
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clinical practice and will improve patient counseling, moni-
toring, management, and in the future possibly disease
prediction. Future cohort studies will also benefit from the
staging system, as it will ensure a uniform description
of disease severity and facilitate patient stratification. An
automated tool to stage (groups of) individuals with a
NOTCHS3® variant is freely available online.>®

NOTCH3Y® variants occur at a high frequency in the gen-
eral population worldwide, with an estimated average preva-
lence of 1 case in 300 individuals, with the highest frequency
seen in Asian individuals (1in 100).%” Stroke in patients with
NOTCH3-associated SVD is almost exclusively ischemic small
vessel stroke, but in Asian patients ICH is also relatively com-
mon and associated with prevalent variants in Asian patients
(p.R544C and p.R75P).%>:3*° The NOTCH3-SVD staging system
was also applicable to Asian patients despite these differ-
ences in ICH prevalence. The NOTCH3-SVD staging system

JAMA Neurology January 2025 Volume 82, Number 1

might also be applicable to other genetic SVDs, such as
HTRAI-associated SVD or even sporadic SVD.#0-4!

The NOTCH3-SVD staging system outperforms a previ-
ously published severity grading scale proposed for CADASIL,>*
as it captures the full disease severity spectrum, discrimi-
nates between 9 disease stages, and was validated in a large
sample of patients with CADASIL who were from diverse co-
horts and ethnicities.

Limitations

This study has several limitations. Although we could deter-
mine the NOTCH3-SVD stage in 1908 cases, a limitation is
that we could perform the association analysis between the
NOTCH3-SVD stages and other disease outcome measures
for only a subset of cases (n = 769). The interrater agree-
ment of the NOTCH3-SVD staging system was not assessed,
as it would mainly be determined by the established inter-
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Figure 5. Age Estimation Models in Cases With a Cysteine-Altering NOTCH3 (NOTCH3¥*) Variant

for Each Stage of the NOTCH3-Small Vessel Disease (SVD) Staging System
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A, The estimated probability of fulfilling the criteria for stages 1A to 3A was
based on longitudinal data of 41 cases from a validation cohort who were
followed up for 18 years. B, The estimated probability of fulfilling the criteria for
stages 1A to 3A was based on cross-sectional data of all included cases from
cohorts with cerebral autosomal dominant arteriopathy with subcortical
infarcts and leukoencephalopathy (CADASIL). C and D, The estimated
probability of fulfilling the criteria for stages 1A to 3A was stratified by NOTCH3
variant risk category. As expected, the estimated probability of cases with a

high-risk NOTCH3<¥* variant and of a certain age to be in a certain stage (C) was
higher compared with cases with a moderate-risk NOTCH3 variant at the same
age (D). The probability for being classified into stage 3A is underestimated due
to survival bias. A-D, The age at which 50% of the individuals were estimated to
be in a specific stage or higher is depicted. E, Estimated probabilities for
NOTCH3“Y*-positive individuals in the UK Biobank (UKB) show a much lower
probability to fulfill the criteria for NOTCH3-SVD stages, even at older age.

jamaneurology.com

JAMA Neurology January 2025 Volume 82, Number 1

Downloaded from jamanetwork.com by Universita degli Studi di Firenze user on 08/25/2026

57


http://www.jamaneurology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2024.4487

58

Research Original Investigation

rater reliability of the Fazekas DWM score, lacune count,
and mRS score.'®42-44 The accuracy of the age estimation
models for patients at each stage of the NOTCH3-SVD
staging system is constrained by survivor bias, resulting in
an underestimation of the likelihood of being in an
advanced disease stage. The longitudinal data we had avail-
able to improve these estimations was limited by either a
relatively short follow-up period or a small sample size. The
NOTCH3-SVD staging system was not designed to fulfill the
criteria for a clinical scale and therefore cannot (yet) be used
as an outcome measure for clinical studies or trials. The
staging system also does not necessarily reflect disease
burden experienced by a patient, as not all CADASIL symp-
toms were eligible for inclusion in the system, for example,
migraine with aura, depression, and apathy, which can
severely impact quality of life. Although we tried to include
patients from all over the world, most are from Europe and
East Asia, as so far CADASIL cohorts are not reported or are

Disease Severity Staging System for NOTCH3-Associated Small Vessel Disease, Including CADASIL

less frequently reported from other regions. However, the
European cohorts do include patients of non-European
extraction.

. |
Conclusions

We have designed an easy-to-implement staging system to
uniformly assess NOTCH3-SVD severity stage in individuals
with a NOTCH3Y® variant. Using validation in a large num-
ber of cases from multiple cohorts originating from numer-
ous countries, representing all ages and disease stages,
we show that the staging system is generalizable and repro-
ducible. Widespread use of the NOTCH3-SVD staging system
will contribute to better harmonization of cohort studies;
may improve individualized disease counseling, monitor-
ing, and management in the clinic; and may facilitate
patient stratification in clinical trials.
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