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ABSTRACT

BACKGROUND AND PURPOSE: By studying the evolution of brain volume across the life span in male and female patients, we
aimed to understand how sex, brain volume, and the epidermal growth factor repeat domain of the mutation, the 3 major deter-
minants of disability in CADASIL, interact in driving disease evolution.

MATERIALS AND METHODS:We used validated methods to model the evolution of normalized brain volume with age in male and
female patients using nonparametric regression in a large, monocentric cohort with prospectively collected clinical and high-resolu-
tion MR imaging data. We used k-means clustering to test for the presence of different clinical course profiles.

RESULTS: We included 229 patients (mean age, 53 [SD, 12] years; 130 women). Brain volume was larger in women (mean size, 1024
[SD, 62] cm3 versus 979 [SD, 50] cm3; P, .001) and decreased regularly. In men, the relationship between brain volume and age
unexpectedly suggested an increase in brain volume around midlife. Cluster analyses showed that this finding was related to the
presence of a group of older male patients with milder symptoms and larger brain volumes, similar to findings of age-matched
women. This group did not show specific epidermal growth factor repeat domain distribution.

CONCLUSIONS: Our results demonstrate a detrimental effect of male sex on brain volume throughout life in CADASIL. We identi-
fied a subgroup of male patients whose brain volume and clinical outcomes were similar to those of age-matched women. They
did not have a specific distribution of the epidermal growth factor repeat domain, suggesting that yet-unidentified predictors may
interact with sex and brain volume in driving disease evolution.

ABBREVIATIONS: EGFR ¼ epidermal growth factor repeat; MDRS ¼ Mattis Dementia Rating Scale; MMSE ¼ Mini-Mental State Examination; SVD ¼ small-
vessel disease; TMTAT ¼ Trail-Making Test A Time; TMTBT ¼ Trail-Making Test B Time; WMH ¼ white matter hyperintensities

CADASIL is the most frequent monogenic cerebral small-ves-

sel disease (SVD). In this disorder, mutations lead to an odd

number of cysteine residues within 1 of the 34 epidermal growth

factor repeat (EGFR) domains of the NOTCH3 gene.1 Mutations

in EGFR domains 7–34 were recently shown to be associated

with less severe clinical outcomes.1 Larger brain volumes were

also associated with less severe clinical outcomes and predict

better clinical evolution.2,3 In addition, female patients show

milder clinical phenotypes.2,4 However, this beneficial effect in

female patients no longer appears significant in predictive models

when brain volume is considered.2 This finding suggests system-

atic innate (sex-related) and/or acquired differences in brain vol-

ume between male and female patients.3 While the identification

of the EGFR domain as a predictor of disease evolution clearly

improved our understanding of the disease, a considerable uncer-

tainty remains regarding its evolution, and it is still unknown

how sex, brain volume, the EGFR domain, and other MR imaging

predictors, ie, lacunes, white matter hyperintensities (WMH),

and cerebral microbleeds, interact in driving clinical outcomes.

To better understand these interactions, we used a specifically

designed approach to model life span brain volume in male and

female patients from systematic high-resolution MR imaging

scans obtained in a unique, large, prospective cohort of patients

with CADASIL.
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MATERIALS AND METHODS
Patients
Since 2003, patients with genetically confirmed NOTCH3 muta-
tions followed in the French referral center for rare vascular disease
of the eye and the brain (CERVCO, https://www.cervco.fr) and
willing to participate are included in a prospective cohort. They are
systematically evaluated both clinically and with standardized MR
imaging every 18–24months. The EGFR domain is recorded in
each patient at the time of genetic testing. The level of education is
systematically recorded at inclusion.3 Beginning at inclusion and at
each visit, patients undergo brain MR imaging, including 3D T1
high-resolution, FLAIR, and T2* sequences (scans were acquired
on a 1.5T MR imaging scanner until 2014 and on a 3T thereafter)
as well as comprehensive neurologic and neuropsychological
assessments performed by experienced neurologists and neuropsy-
chologists, respectively. In the present study, in line with previous
reports,5 we used the Mini-Mental State Examination (MMSE:
range, 0–30; with higher scores being better) and the Mattis
Dementia Rating Scale (MDRS: range, 0–144; with higher scores
being better) as proxies of global cognitive functions; the time to
complete part B of the Trail-Making Test (TMTBT, recorded in
seconds, shorter times are better) as a marker of executive func-
tioning; and the time to complete part A (TMTAT, in seconds as
well) as a marker of processing speed. Finally, we used the mRS
(from 0, asymptomatic, to 5, bedridden) as a measure of disability.

Standard Protocol Approvals, Registrations, and Patient
Consents
This study was approved by an independent ethics committee
(updated agreement CEEI-IRB-17/388) and conducted in accord-
ance with the Declaration of Helsinki and guidelines for Good
Clinical Practice and General Data Protection Regulation (GDPR)
in Europe.

MR Imaging Processing
We used BIANCA from the FSL suite (https://fsl.fmrib.ox.ac.uk/
fsl/fslwiki/BIANCA/Userguide) to extract masks of WMH in all
patients, as previously reported.6,7 The volume of WMH was
obtained by multiplying the number of voxels in WMH masks by
the corresponding voxel size. In agreement with recent guidelines,8

we registered these masks on 3D T1 images and replaced the inten-
sity of the corresponding voxels in the native image with that of
normal-appearing white matter. To obtain brain volume and brain
volume changes, we used SIENAX (http://support.qmenta.com/
knowledge/sienax-2.6-/-fsl-6.0) and SIENA (https://fsl.fmrib.ox.ac.
uk/fsl/fslwiki/SIENA/UserGuide) from FSL,res-pectively.9,10 Th-
eir reliability in the context of SVD is considered good.11 Given the
long-term follow-up (17 years at the time of this writing), the MR
imaging protocol underwent several alterations with concerns
regarding the reliability of quantitative measures. Given the known
influence of the sequence characteristics on segmentation results,
we used SIENA only between time points obtained with the same
3D T1 sequence.12 Because the number of longitudinal acquisitions
largely differed among patients (from 1 to 10), we randomly
selected for each patient 1 couple of MR imaging acquisitions to
avoid overrepresentation of data from patients with the longest fol-
low-ups, who are likely to be the least severe. We multiplied the
baseline volume, obtained with SIENAX, by the associated per-
centage of brain volume change with SIENA, to obtain brain vol-
ume at follow-up. To control for interindividual variability, we
systematically corrected brain volumes for head size, in line with
current recommendations.8 Finally, lacunes and cerebral micro-
bleeds, defined according to the STRIVE criteria (https://harness-
neuroimaging.org/strive-standards),13 were manually identified by
an experienced reader (E.J.), with previously validated methods.5

Statistical Analysis
All analyses were performed with Python 3.714 and R 3.5 (http://
www.r-project.org/).15 We used mean or median for continuous
variables and SDs or interquartile range as measures of disper-
sion, depending on variable type and distribution. Group differ-
ences were evaluated with the Mann-Whitney test for continuous
variables or the x 2 test of independence for categoric variables.
We built regression models to estimate the relationships between
brain volume and age. Given the known effect of sex on disease
severity, we built separate models for men and women.
Considering possible nonlinearities with age, the evolution of
brain volume with age across the whole life span was modeled
using a nonparametric locally weighted regression approach
(statmodels 0.12.1 in Python; https://www.statsmodels.org/
v0.12.1/).16,17 When considered necessary, cluster analysis with
the k-means algorithm (scikit-learn library 0.22.1; https://zenodo.
org/record/3596890#.Ykcc9SjMJPY)18 was performed to deter-
mine whether different subgroups could be identified on the basis
of age at baseline, baseline brain volume, and annual percentage
of brain volume change. We computed Silhouette scores (https://
scikit-learn.org/stable/modules/generated/sklearn.metrics.silhouette_
score.html), defined as the normalized difference between the
minimal intercluster dissimilarity and the mean intracluster dis-
similarity, to select the optimal number of clusters.19 The optimal
number of clusters provides the best trade-off between theFIG 1. Flow diagram of patients included in the study.
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average Silhouette score to maximize, and the number of negative
scores representing mislabeling. To determine whether patients
in different clusters actually show different disease course pro-
files, we built regression models to predict clinical outcomes
(MMSE, MDRS, TMTAT, TMTBT, and mRS) based on the sub-
group to which the patient pertained, age, level of education, the
EGFR domain of the mutation (categorized as EGFR domains 1–
6 versus EGFR domains 7–34, according to previous data1), brain
volume, volume of WMH, and number of lacunes and micro-
bleeds, all measured at baseline. Missing values were imputed,
considering the standard span of values in the data base (package
Amelia in R; https://www.rdocumentation.org/packages/Amelia/
versions/1.8.0).20 The threshold for significance was set at .05.

RESULTS
As of this writing, the whole database comprises 331 patients with
available follow-up data (2230 patient-years). The age at inclusion
ranges from 24.1 to 79.4years (mean age, 53.2 [SD, 12.2] years).
Among the 331 patients, 239 had at least 2 acquisitions with the
same protocol (229 at 1.5T, 10 at 3T). Given that,5% of scans were
acquired at 3T, we herein provide results corresponding to the data
obtained at 1.5T only (the flow chart is presented in Fig 1). However,
including the few data obtained at 3T did not alter our results (data
not shown). Characteristics of the 229 patients in the study sample
are detailed Table 1. On average, the time elapsed between the 2 MR
imaging evaluations for these 229 patients was 20.8 (SD, 6.5) months.
While they were in general, similar to nonincluded patients, included
patients showed significantly lower brain volumes (P, .001).

The mean brain volume was significantly larger in female
patients throughout the life span (1024 [SD, 62] cm3 versus 979
[SD, 50 ]cm3 in male patients; P , .001), while mean age was not
significantly different between sexes (52.8 [SD, 13.0] years in

women versus 52.8 [SD, 10.6] years in men, P= .41). The spread
of brain volume was relatively constant across age for women but
steadily increased for men (Fig 2A). By comparison with the
regression line in female patients, which suggested a continuous
decrease in brain volume across the life span, the regression line
in male patients presented an unexpected 3-step curve (Fig 2A
and Online Supplemental Data). Given that we considered
unlikely that brain volume increases after middle age in male
patients, we performed a cluster analysis to determine whether
this aspect may be related to the presence of different subgroups
of patients. As suggested by the homogeneous regression curve in
female patients, cluster analysis among women did not identify
any relevant subgroup.

According to the Silhouette algorithm, 4 subgroups of male
patients could be identified (Fig 3 and Table 2 and Online
Supplemental Data). One group corresponded to most male
patients younger than 50 years of age (the “young” group,
24 patients). Two others, thereafter denoted “middle aged” (30
patients) and “older” patients (23 patients), roughly followed the
global trend for brain volume reduction with age observed in
women, with a downward shift (Fig 2B). A fourth group of 22
older male patients showed strikingly different characteristics,
with brain volumes close to that of age-matched females (“older
men with larger brains” group in Fig 2B). When excluding this
subgroup, brain volume in male patients showed a shape similar
to that of female patients with a downward shift (Fig 2B).

At the global level, analyses confirmed the previously reported
relationships among age, lacunes, and brain volume and clinical
outcomes as well as the inconsistent effect of the EGFR domain
and sex on clinical outcomes when brain volume is considered
(Online Supplemental Data). Among subgroups, male patients
from the older with larger brain group showed significantly better
clinical scores than the older male group (Table 2). Most noteworthy,

Table 1: Baseline characteristics of the study samplea

Study Sample (n = 229) Nonincluded Patients (n = 102) P Value
Womenb 130 (57%) 50 (49%) .24
Age (mean) (range) (yr) 52.8 (SD 12.0) (24.1–79.4) 53.8 (SD, 12.1) (25.6–78.8) .19
Genetic profileb .19
Mutation in EGFR domains 1–6 164 (72%) 65 (64%)
Mutation in EGFR domains 7–34 65 (28%) 37 (36%)
Level of education (yr)b,c,d .08
1–3 40 (17%) 16 (16%)
4–6 122 (53%) 46 (45%)
7 66 (29%) 32 (31%)

mRSb,e (median) (IQR) 1 (0–2) 1 (0–2) .22
MDRSf (mean) 133.9 (SD, 17.1) 133.0 (SD, 17.5) .33
MMSEg (mean) 27.1 (SD, 4.3) 26.4 (SD, 4.9) .43
TMTATh (mean) 47.3 (SD, 33.9) 55.6 (SD, 50.2) .48
TMTBTi (mean) 123.9 (SD, 99.7) 113.5 (SD, 90.4) .45
Normalized brain volume (cm3) 1004.4 (SD, 61.1) 1024.8 (SD, 80.9) ,.001

Note: —IQR indicates interquartile range.
aCharacteristics of included and nonincluded patients were compared according to variable type and distribution (Mann-Whitney test by default or x 2 test of independ-
ence for categoric variables).
bComparisons performed using the x 2 test of independence.
cOn 228 studied patients and 94 excluded patients.
dReference levels of education: 0 = illiterate, 3 = incomplete secondary school (,9 years), 6 = secondary school (13 years), 7 = university ($16 years).
eOn 216 and 100 patients, respectively.
fOn 200 and 94 patients, respectively.
gOn 209 and 90 patients, respectively.
hOn 194 and 85 patients, respectively.
iOn 182 and 76 patients, respectively
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the difference between these groups was significant while considering
the most well-known factors associated with clinical outcomes in
CADASIL, namely age, level of education, and EGFR domain of the
mutation. Further considering the burden of WMH, the number of
lacunes or the number of microbleeds did not alter this finding. As
expected however, the group effect was no longer significant when
including brain volume as a covariate (Online Supplemental Data).

DISCUSSION
In the present study, we observed that in contrast to the general popula-
tion,21 female patients have larger brain volumes than male patients
across the life span in CADASIL, suggesting an innate or early-life dif-
ference in brain volume between male and female patients, long before
the appearance on brainMR imaging of markers of SVD, which will be
associated with the development of brain atrophy (Fig 2). We did not
identify any obvious reason for such a detrimental effect of male sex
on brain volume, in particular regarding the EGFR domain, which
was not associated with sex. However, we identified a subgroup of

elderly male patients having larger brain volumes andmilder clinical
outcomes, similar to that of age-matched female patients, suggesting
the existence of yet-unidentified disease-modifying factors.

While the follow-up of our cohort was exceptionally long
(17years), we could not fully use these longitudinal data to model
brain volume evolution, given the large impact of sequence and scan-
ner alterations on quantitative metrics. This mostly cross-sectional
nature of our analyses may yield unexpected findings, such as the
crude regression line suggesting an increase of brain volume in male
patients between 50 and 60years of age. Because systematic brain vol-
ume enlargement in middle-aged male patients is unlikely, the shape
of the regression curve could be explained, in part, by the gradual de-
parture of the patients with the most severe disease as they age, which
could lead to an overrepresentation of elderly patients with less severe
disease, resulting in a tendency for group-wide brain volume to
increase in cross-sectional analyses. However, this could not explain
the presence of older male patients with brain volumes similar to
those in male patients 20years younger. Figure 2B shows that this
subgroup appears more similar to age-matched female patients. For
whatever reason, these patients may not be affected by the detrimen-
tal effect of male sex on brain volume. We expected to find a larger
representation of EGFR domains 7–34, associated with better clinical
outcomes in this subgroup, but this was not the case, suggesting that
other factors may temper the detrimental effect of male sex in
CADASIL. Further studies will be needed to understand the mecha-
nisms underlying this phenomenon.

In line with results suggesting that the presence of extensive
WMH in the anterior temporal poles is associated with a better prog-
nosis,22 in the present study, older male patients with larger brain vol-
umes also tended to have larger volumes ofWMH in these areas, but
the difference did not reach significance (data not shown). What is
noteworthy, we recently reported the case of a patient whose large
extent of WMH, particularly in the anterior temporal poles, was
strongly reduced while taking valpromide for severe depression

FIG 2. Evolution of brain volume with age. Scatterplot of brain vol-
ume measured at the first time point for each patient against age,
with (A) and without (B) the “older with larger brains” group (red
points in B). Weighted regressions were reconstructed separately for
men and women, given the known detrimental effect of the disease
in male patients (black and gray solid lines). When we built regression
lines without considering the older with larger brains group (in red),
they looked similar in male and female patients across the whole life
span, though shifted downward in men, for yet-unknown reasons.

FIG 3. K-means clustering analysis in men. The clustering analysis
used with the Silhouette criteria led to the definition of 4 distinct
groups of patients. The group of young patients comprised nearly all
individuals younger than 50 years of age. The middle-aged and older
patient groups seemed to follow the age trend of female patients. In
total contrast, the group of older with larger brains patients showed
strikingly different characteristics, with larger brain volume and lower
brain atrophy.
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before re-inflating after the treatment was switched to lithium.23

These results support the hypothesis that mechanisms underlying
WMH in CADASIL may not be related only to chronic hypoperfu-
sion but may involve large variations of water influx into the differ-
ent brain compartments. Whether these changes might affect male
and female patients differently and whether they might alter the
natural history of the disease remain unknown. Future studies will
help determine whether certain medications or conditions may lead
male patients to switch from one group to another. The results
might potentially lead to the identification of new therapeutic
approaches.

Our study has several strengths. We evaluated a large cohort of
patients in whom the diagnosis was, in all cases, confirmed geneti-
cally, while following the current standard for processing brain
images in the context of severe SVD. We designed a specific
approach to process brain images acquired during a very long period
of time while avoiding biases due to overfitting the patients with the
longest follow-ups. Finally, we based our subgroup analyses on
unsupervised approaches, whose results were, thereafter, confirmed
by testing associations with clinical outcomes.

We must also acknowledge some limitations. We could not use

all the data gathered during the past 17 years due to methodologic
constraints related to mandatory changes in MR imaging scanners

or sequences. The differences in brain volume between included and

nonincluded patients shown in Table 1 illustrate the importance of
MR imaging scanner on brain volume metrics. Indeed, while the

229 included and the 102 nonincluded patients did not differ regard-

ing clinical variables, the brain volume of nonincluded patients was
significantly larger. However, after excluding the data obtained on

the 3T scanner (55 of 102 patients), this difference was no longer sig-
nificant, suggesting that sequences acquired on the 3T scanner

overestimate brain volume compared with those obtained on the

1.5T scanner. Finally, we could not formally exclude any bias due to

data selection because we chose not to fully exploit longitudinal data

in some patients. Indeed, some patients in our cohort have been fol-

lowed for .15years. This individual approach may well provide

additional information, and we are currently working on specific

postprocessing approaches allowing the exploitation of such valuable

data, as illustrated by a recent case report of our group.23

CONCLUSIONS
The present study results show that brain volume, a major determi-
nant of clinical outcomes, is larger in female patients throughout life
in CADASIL, in total contrast to the general population. For yet-
undetermined reasons, some elderly male patients may exhibit larger
brain volumes and milder clinical outcomes similar to those of age-
matched female patients, suggesting the possibility of identifying
new therapeutic targets in this disorder.
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