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ORIGINAL RESEARCH

Cerebral Microbleed Burdens in Specific 
Brain Regions Are Associated With Disease 
Severity of Cerebral Autosomal Dominant 
Arteriopathy With Subcortical Infarcts and 
Leukoencephalopathy
Chih-Ping Chung, MD, PhD*; Jiun-Wei Chen, MS*; Feng-Chi Chang, MD; Wei-Chi Li, BS; Yi-Chung Lee, MD, PhD; 
Li-Fen Chen, PhD†; Yi-Chu Liao , MD, PhD†

BACKGROUND: Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy, caused by 
NOTCH3 mutations, is characterized by recurrent ischemic strokes and progressive cognitive decline. It remains unclear 
whether cerebral microbleeds (CMBs) can serve as a surrogate marker for disease progression in cerebral autosomal domi-
nant arteriopathy with subcortical infarcts and leukoencephalopathy. We aimed to investigate the CMB burdens in NOTCH3 
mutation carriers at different disease stages and test their associations with cognitive performance.

METHODS AND RESULTS: Forty-nine individuals carrying NOTCH3 cysteine-altering mutations received brain magnetic reso-
nance imaging with T1-weighted and susceptibility-weighted images. Whole brain images were segmented into 14 regions 
using Statistical Parametric Mapping and FreeSurfer software, and semiautomatic methods were used to locate and quantify 
the number and volume of CMBs. In our study participants, the median of CMB counts was 13, with a wide individual varia-
tion (range, 0–286). CMBs were most frequently present in thalamus, followed by temporal lobe. In the whole brain, the CMB 
counts and CMB volume ratios (ie, CMB volume divided by the volume of corresponding brain region) gradually increased as 
the disease advanced. CMB counts in the thalamus and temporal and frontal lobes increased more rapidly than other brain 
regions as disease progressed. There were significant associations between Mini-Mental State Examination scores and CMB 
counts in the frontal lobe, temporal lobe, and pons.

CONCLUSIONS: CMBs may have an influential role in the clinical manifestations of cerebral autosomal dominant arteriopathy 
with subcortical infarcts and leukoencephalopathy. CMB burdens and their distribution in different brain regions may be 
capable to serve as a disease marker for monitoring the disease severity of cerebral autosomal dominant arteriopathy with 
subcortical infarcts and leukoencephalopathy.
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Cerebral autosomal dominant arteriopathy with 
subcortical infarcts and leukoencephalopathy 
(CADASIL), caused by mutations in the NOTCH3 

gene, is the most common hereditary cerebral 

small-vessel disease (CSVD) worldwide.1 Individuals 
carrying the pathogenic NOTCH3 mutations would 
develop recurrent ischemic strokes and progressive 
cognitive decline along the disease course.1 There are 
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3 radiologic hallmarks of CADASIL, including lacunes 
on T1-weigted images, white matter hyperintensities 
(WMHs) on T2-weighted images, and cerebral mi-
crobleeds (CMBs) on T2*-weighted gradient-echo 
images or susceptibility-weighted images (SWIs).2,3 
Lacunes can be used as a marker to reflect the disease 

severity of CADASIL because the total volume of la-
cunar infarcts has been shown to be correlated with 
cognitive impairment and disability.4 Contrarily, the 
severity of WMHs is not correlated to cognitive dys-
function, despite the fact that WMHs in the subcortical 
regions and temporal poles are characteristic features 
of CADASIL.4,5

The clinical significance of CMBs in CADASIL has 
not been investigated comprehensively. Most studies 
addressed risk factors associated with increased CMB 
burdens.2,6 Only 2 studies tested the influence of CMBs 
on cognitive decline in NOTCH3 mutation carriers, re-
vealing conflicting results.4,5 Notably, the presence of 
CMBs in patients with CADASIL not only increases the 
risks of intracerebral hemorrhage7 but also predicts 
the occurrence of incident ischemic stroke.8 The topo-
graphic distribution of CMBs is also an important fea-
ture that helps differentiating CSVD of various causes. 
For example, CMBs caused by hypertensive micro-
vasculopathy usually locate in deep brain regions, 
and CMBs attributed to cerebral amyloid angiopathy 
would occur strictly in lobar regions.9–11 However, the 
characteristics of CMB distribution in CADASIL remain 
obscure.

It is unclear how the amount and topographic 
patterns of CMBs change across different dis-
ease stages of CADASIL. In addition, the influence 
of CMBs on cognitive dysfunction has never been 
studied in the context of anatomical distribution. 
To resolve these issues, we used semiautomatic 
methods to locate CMBs and measure the amount 
and volume of CMBs. Besides, we enrolled both 
NOTCH3 cysteine-altering mutation carriers at pre-
clinical stage and CADASIL patients with differ-
ent disease durations to delineate the propagation 
of CMBs during disease progression. The present 
study aims at (1) demonstrating the CMB burdens in 
subjects carrying NOTCH3 mutations with specific 
emphasis on the topographic patterns, (2) evalu-
ating the associations between CMB burdens and 
cognitive performance, and (3) testing whether CMB 
burdens of specific anatomical locations could be 
a marker to monitor the disease severity in patients 
with CADASIL.

METHODS
The data that support the findings of this study are 
available from the corresponding author on reason-
able request.

Participants
Study participants were from a prospective cohort 
recruiting subjects with CSVD at Taipei Veterans 
General Hospital (Taipei, Taiwan) between April 2015 

CLINICAL PERSPECTIVE

What Is New?
•	 Our study reveals that the amount and location 

of cerebral microbleeds (CMBs) are associated 
with disease duration and cognitive dysfunc-
tion in patients with cerebral autosomal domi-
nant arteriopathy with subcortical infarcts and 
leukoencephalopathy.

•	 As the disease progresses, CMBs accumulate 
gradually in all brain regions, especially with a 
more rapid increase of CMB counts in the thala-
mus and temporal and frontal lobes.

•	 After adjusting the influences of age, sex, and 
education level, CMB counts in the frontal lobe, 
temporal lobe, and pons remain significantly 
related to the Mini-Mental State Examination 
scores in patients with cerebral autosomal 
dominant arteriopathy with subcortical infarcts 
and leukoencephalopathy.

What Are the Clinical Implications?
•	 In addition to other known imaging markers of 

cerebral autosomal dominant arteriopathy with 
subcortical infarcts and leukoencephalopathy, 
CMB burdens and their distribution features 
may serve as a biomarker to monitor the dis-
ease progression in cerebral autosomal domi-
nant arteriopathy with subcortical infarcts and 
leukoencephalopathy.

•	 Computer-assisted image analysis using 
Statistical Parametric Mapping and FreeSurfer 
software can facilitate the evaluation of CMB 
burdens across different brain regions.

Nonstandard Abbreviations and Acronyms

CADASIL �cerebral autosomal dominant 
arteriopathy with subcortical infarcts 
and leukoencephalopathy

CMB	     cerebral microbleed
CSVD	     cerebral small-vessel disease
MMSE	     Mini-Mental State Examination
MRI	     magnetic resonance imaging
SWI	     susceptibility-weighted image
WMH	     white matter hyperintensity
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and December 2019. Individuals fulfilling the following 
criteria were enrolled for genetic analysis of NOTCH3 
mutations: (1) subjects having marked WMHs, de-
fined as Fazekas grade 2 or 3, on neuroimaging12 
and presenting with lacunar infarctions, transient 
ischemic attacks, cognitive impairment, psychiat-
ric disorders, or gait disturbance, (2) subjects hav-
ing marked WMHs on neuroimaging and a family 
history of ischemic stroke or vascular dementia, or 
(3) subjects from families known to be affected by 
CADASIL. Only those harboring a cysteine-altering 
pathogenic mutation in NOTCH3 were included in 
this study. All participants provided written informed 
consents, and the study protocol was approved by 
the institutional review boards of Taipei Veterans 
General Hospital.

Cardiovascular Risk Factors and 
Cognitive Assessments
A questionnaire was used to collect data from pa-
tients or/and their family on the demographic infor-
mation, years of education, smoking habits, and 
medical histories, including hypertension, diabetes 
mellitus, hyperlipidemia, stroke (ischemic stroke or 
intracerebral hemorrhage), and cognitive impair-
ment. The onset age of stroke or/and cognitive im-
pairment was determined by medical records or 
questionnaires. Disease duration was defined as the 
interval between the onset year of subjects’ initial 
presentation (stroke or/and cognitive impairment) 
and the year of brain magnetic resonance imaging 
(MRI) examination. Global cognitive performance 
was assessed by Mini-Mental State Examination 
(MMSE).13 Hypertension was defined as a self-report 
of current antihypertensive agent use or a meas-
urement of systolic blood pressure ≥140  mm  Hg 
or diastolic blood pressure ≥90 mm Hg on at least 
2 occasions.14 Diabetes mellitus was defined as a 
self-report of current glucose-lowering agent use 
or a measurement of hemoglobin A1c ≥6.5%.15 
Dyslipidemia was defined as a self-report of statin 
use or a measurement of total cholesterol ≥240 mg/
dL.16

Genetic Analyses
Genomic DNA was extracted from peripheral blood 
samples. Mutation analyses of exons 2 to 24 of 
NOTCH3 were performed by polymerase chain reac-
tion amplification using intronic primers and Sanger 
sequencing.17 All amplicons were sequenced for 
both sense and antisense strands using the Big Dye 
3.1 dideoxy terminator method (Applied Biosystems, 
Foster City, CA) and ABI Prism 3700 Genetic 
Analyzer (Applied Biosystems). Mutations were iden-
tified by aligning the amplicon sequences with the 

published human NOTCH3 cDNA sequence (RefSeq 
NM_000435.2).

Brain MRI Acquisition
All participants underwent a brain MRI study using a 
3-T MRI scanner (Signa, GE Healthcare, Milwaukee, 
WI). High-resolution T1-weighted structural images 
were acquired using 3-dimensional magnetization-
prepared rapid gradient-echo sequence with the 
following parameters: repetition time=7.1  ms, echo 
time=2.7  ms, inversion time=450  ms, flip angle=12°, 
matrix size=256×256, field of view=256×256  mm2, 
number of slices=236, bandwidth=326  Hz/pixel, and 
voxel size=1×1×1  mm without interslice gap. SWIs 
were acquired with the following parameters: repetition 
time=42.3 ms, echo time=25.4 ms, flip angle=15°, matrix 
size=320×224, field of view=200×200 mm2, 136 to 152 
slices, depending on the head size of subjects, band-
width=244 Hz/pixel, voxel size=0.625×0.893×1.0 mm3 
without interslice gap, and acquisition time=9 minutes 
13 seconds.

CMB Detection
CMBs were defined as small (diameter ≤10  mm), 
rounded, and well-demarcated hypointense lesions on 
the SWI.18,19 The detection and segmentation of CMBs 
were performed by 2 trained experts (F.C.C., J.W.C.), 
who were blind to subjects’ clinical data, via a cus-
tomized graphic user interface developed in MATLAB 

Table 1.  Demographics of the Study Population

Variable All Study Patricians (n=49)

Age, mean (SD), y 60.4 (11.7)

Men, n (%) 28 (57.1)

Education, mean (SD), y 11.5 (4.3)

MMSE score, mean (SD), range 
(IQR)

24.3 (6.6), 5–30 (8)

Hypertension, n (%) 23 (46.9)

Diabetes mellitus, n (%) 6 (12.2)

Dyslipidemia, n (%) 18 (36.7)

Cigarette smoking, n (%) 15 (30.6)

Disease stage, n (%) 

Preclinical stage 10 (20.4)

Symptomatic with duration 
<5 y

22 (44.9)

Symptomatic with duration 
≥5 y

17 (34.7)

Clinical manifestations

Stroke, n (%) 33 (67.3)

Cognitive impairment, n (%) 22 (44.9)

Duration of symptom onset, 
mean (SD), y

4.6 (3.8)

IQR indicates interquartile range; and MMSE, Mini-Mental State 
Examination.
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2018b. Each CMB was first manually localized using a 
bounding box on the SWI, and the boundary of each 
CMB within the bounding box was automatically de-
tected using the Canny method,20 followed by the ex-
perts’ fine-tuning in a voxel-wise manner. Finally, the 
connected component within the marked boundary 
was labeled as a CMB. CMB mimics, such as vessels, 
calcification, partial volumes, air-bone interfaces, and 
hemorrhage within or adjacent to an infarct, were care-
fully excluded.18,19

CMB Quantification
To evaluate the topographic distribution of CMBs, 
whole brain images of each participant were initially 
parceled into 8 regions, including the lobar (frontal, pa-
rietal, temporal, occipital, and limbic regions), sublobar, 
brainstem, and cerebellum. Whole-brain parcellation 
was performed with Statistical Parametric Mapping 
software (http://www.fil.ion.ucl.ac.uk/spm/) by spatial 
normalization of the Montreal Neurological Institute 
template and Talairach atlas to individual T1-weighted 
images. The sublobar and brainstem regions were 
further segmented into subregions using FreeSurfer 
software (https://surfer.nmr.mgh.harva​rd.edu/). The 
sublobar region was segmented into caudate, puta-
men, globus pallidum, thalamus, and corpus callo-
sum; brainstem was segmented into midbrain, pons, 
and medulla. Finally, the individual’s SWI was coreg-
istered to his/her own T1-weighted images, in which 
the amount and volume of CMBs within each of the 
14 brain regions were measured automatically. CMB 
volume ratio was calculated using total CMB volume in 

a specific brain region divided by brain volume of the 
corresponding region.

Statistical Analysis
Analyses were performed with SPSS software (ver-
sion 22.0; IBM). We first calculated the percentage of 
subjects with at least one CMB present in the whole 
brain, as well as any CMB present in each of the 14 
brain regions. CMB count and CMB volume ratio of 
each participant were also analyzed for the whole 
brain and each of the 14 brain regions. All data are 
presented as mean (SD) or median (range) for contin-
uous variables and number (percentage) for discrete 
variables.

To evaluate the relationship between CMB bur-
dens and disease progression, participants were 
further divided into 3 groups: NOTCH3 mutation car-
riers at preclinical stage (ie, asymptomatic subjects 
having no stroke or cognitive impairment), symptom-
atic NOTCH3 mutation carriers (ie, subjects having 
stroke or/and cognitive impairment) with disease 
duration <5  years, and symptomatic NOTCH3 mu-
tation carriers with disease duration ≥5  years. The 
CMB count as well as CMB volume ratio were com-
pared among the 3 groups using multivariate linear 
regression analyses with adjustment of age and sex. 
The trend P was calculated by assuming a dose 
effect of the 3 groups (ie, mutation carriers at pre-
clinical stage=1, symptomatic carriers with duration 
<5 years=2, and symptomatic carriers with duration 
≥5 years=3) in the regression model. Univariate re-
gression analysis was performed to evaluate the 

Table 2.  CMB Burdens in Each Brain Region (All Study Participants, N=49)

Variable 
Presence of CMBs, 

n (%)
CMB Count, 

Median (Range)
Brain Volume, Median (Range), 

cm3
CMB Volume Ratio, Median 

(Range), %

Whole brain 36 (73.47) 13 (0–286) 1526.8 (1202.8–1793.7) 0.01 (0.00–0.20)

Brain regions

Frontal 23 (46.94) 0 (0–64) 484.3 (379.6–579.3) 0.00 (0.00–0.47)

Parietal 22 (44.90) 0 (0–35) 184.4 (150.5–224.2) 0.00 (0.00–0.77)

Temporal 29 (59.18) 2 (0–67) 235.4 (186.5–281.6) 0.02 (0.00–1.03)

Limbic 27 (55.10) 1 (0–31) 121.9 (94.8–145.4) 0.02 (0.00–0.70)

Occipital 18 (36.73) 0 (0–31) 149.2 (117.3–177.7) 0.00 (0.00–0.65)

Caudate 16 (32.65) 0 (0–8) 12.4 (7.7–16.3) 0.00 (0.00–2.35)

Putamen 21 (42.86) 0 (0–18) 13.2 (7.9–19.8) 0.00 (0.00–5.30)

Globus pallidum 5 (10.20) 0 (0–8) 6.3 (3.6–8.1) 0.00 (0.00–4.66)

Thalamus 31 (63.27) 2 (0–56) 17.8 (13.7–23.9) 0.46 (0.00–12.35)

Corpus callosum 2 (4.08) 0 (0–1) 6.4 (4.3–8.9) 0.00 (0.00–0.11)

Midbrain 9 (18.37) 0 (0–3) 8.0 (6.0–87.9) 0.00 (0.00–2.99)

Pons 19 (38.78) 0 (0–16) 14.2 (10.8–94.0) 0.00 (0.00–7.79)

Medulla 10 (20.41) 0 (0–9) 5.9 (4.1–85.9) 0.00 (0.00–5.95)

Cerebellum 16 (32.65) 0 (0–23) 150.0 (125.3–183.3) 0.00 (0.00–1.15)

CMB indicates cerebral microbleed.

http://www.fil.ion.ucl.ac.uk/spm/
https://surfer.nmr.mgh.harvard.edu/
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Figure 1.  Cerebral microbleed (CMB) burdens in the NOTCH3 cysteine-altering mutation 
carriers in the present study.
A, Representative susceptibility-weighted imaging of a 62-year-old woman carrying NOTCH3 p.R544C 
mutation with initial presentation of lacunar infarct at the age of 57 years. B, Percentage of subjects with 
CMBs in the 14 brain regions. Orange bar: all study participants in the present study (N=49); blue bar: study 
participants with at least 1 CMB in the whole brain (N=36). CMB counts (C) and CMB volume ratios (D) in 
the corresponding brain regions in all study participants were illustrated by the box plots with whiskers with 
maximum 1.5 interquartile range (N=49). CC indicates corpus callosum.
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individual effect of cardiovascular risk factors (ie, 
age, hypertension, diabetes mellitus, hyperlipid-
emia, and smoking) on total count and volume ratio 
of CMBs in the whole brain. The associations be-
tween CMB burdens (ie, CMB count and CMB vol-
ume ratio) and cognitive function (ie, MMSE score) 
were tested using multivariate linear regression 
analyses with adjustment of age, sex, and education 
years. Each 1 of the 14 brain regions was included 
in the regression model separately to test whether 
certain brain regions have a regionally specific effect 
on cognitive performance.

Linear mixed models were used to test whether the 
severity of CMB burdens (ie, CMB count and CMB 
volume ratio) varied across the 14 brain regions. The 
regression model controlled for the within-subject na-
ture of the 14 brain regions by setting up brain regions 
as a random effect with random intercept, and assum-
ing a compound symmetry structure and restricted 
maximum likelihood estimation. Later, disease stages 
were included in the linear mixed models as a fixed, 
between-subjects factor to test the interaction effect 
between brain regions and disease stages on CMB 
burdens.

Table 3.  Comparison of CMB Burdens Among Different Disease Stages

Variable
Mutation Carriers at 

Preclinical Stage (n=10)
Symptomatic Carriers With 

Duration <5 y (n=22)
Symptomatic Carriers With 

Duration ≥5 y (n=17)
Fisher Exact Test 

or ANOVA

Age, y 53.0 (39.0–77.0) 65.5 (36.0–78.0) 63.0 (41.0–77.0) P=0.379

Men 2 (20.0) 15 (68.2) 11 (64.7) P=0.039

Hypertension 2 (20.0) 10 (45.5) 11 (64.7) P=0.084

Diabetes mellitus 1 (10.0) 3 (13.6) 2 (11.8) P=1.000

Dyslipidemia 2 (20.0) 8 (36.4) 8 (47.1) P=0.376

Cigarette smoking 1 (10.0) 9 (40.9) 5 (29.4) P=0.246

Presence of CMBs 4 (40.0) 17 (77.3) 15 (88.2) P=0.028

Overall CMB 
counts

0 (0–8) 15 (0–203) 43 (0–286) *P trend=0.009

Overall CMB 
volume ratios, %

0.00 (0.00–0.01) 0.01 (0.00–0.16) 0.03 (0.00–0.20) *P trend=0.004

Data are given as number (percentage) or median (range). CMB indicates cerebral microbleed.
*P trend was obtained from multivariate linear regression with adjustment of age, sex, and hypertension.

Table 4.  CMB Counts and CMB Volume Ratios in 14 Brain Regions

Brain Regions

CMB Count, Median (Range) CMB Volume Ratio, Median (Range), %

Preclinical 
Stage (n=10)

Duration <5 y 
(n=22)

Duration ≥5 y 
(n=17)

Preclinical Stage 
(n=10)

Duration <5 y 
(n=22)

Duration ≥5 y 
(n=17)

Frontal* 0 (0–0) 0.5 (0–25) 2 (0–64) 0.00 (0.00–0.00) 0.00 (0.00–0.19) 0.02 (0.00–0.47)

Parietal 0 (0–0) 0.5 (0–12) 1 (0–35) 0.00 (0.00–0.00) 0.01 (0.00–0.30) 0.03 (0.00–0.77)

Temporal* 0 (0–1) 2 (0–46) 5 (0–67) 0.00 (0.00–0.01) 0.03 (0.00–0.72) 0.08 (0.00–1.03)

Limbic 0 (0–1) 1 (0–20) 2 (0–31) 0.00 (0.00–0.02) 0.03 (0.00–0.56) 0.06 (0.00–0.70)

Occipital 0 (0–1) 0 (0–23) 1 (0–31) 0.00 (0.00–0.02) 0.00 (0.00–0.65) 0.02 (0.00–0.63)

Caudate 0 (0–0) 0 (0–8) 1 (0–4) 0.00 (0.00–0.00) 0.00 (0.00–1.85) 0.05 (0.00–2.35)

Putamen 0 (0–2) 0 (0–17) 1 (0–18) 0.00 (0.00–0.73) 0.00 (0.00–3.45) 0.21 (0.00–5.30)

Globus pallidum 0 (0–0) 0 (0–8) 0 (0–3) 0.00 (0.00–0.00) 0.00 (0.00–4.66) 0.01 (0.00–2.56)

Thalamus*,† 0 (0–2) 2 (0–32) 12 (0–56) 0.00 (0.00–1.04) 0.44 (0.00–6.39) 1.91 (0.00–12.35)

Corpus callosum 0 (0–0) 0 (0–0) 0 (0–1) 0.00 (0.00–0.00) 0.00 (0.00–0.00) 0.00 (0.00–0.11)

Midbrain 0 (0–0) 0 (0–2) 0 (0–3) 0.00 (0.00–0.01) 0.00 (0.00–1.30) 0.02 (0.00–2.99)

Pons 0 (0–0) 0 (0–13) 2 (0–16) 0.00 (0.00–0.00) 0.00 (0.00–4.31) 0.46 (0.00–7.79)

Medulla 0 (0–0) 0 (0–7) 0 (0–9) 0.00 (0.00–0.00) 0.00 (0.00–3.28) 0.00 (0.00–5.95)

Cerebellum 0 (0–2) 0 (0–21) 0 (0–23) 0.00 (0.00–0.02) 0.00 (0.00–0.72) 0.01 (0.00–1.15)

CMB indicates cerebral microbleed.
*CMB counts in the frontal lobe, temporal lobe, and thalamus increased more rapidly as disease advanced, with a significant interaction effect between CMB 

counts and disease stages in the linear mixed models (P<0.05).
†CMB volume ratio in the thalamus increased more rapidly as disease advanced, with a significant interaction effect between CMB volume ratio and disease 

stages in the linear mixed models (P<0.05).
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RESULTS

Demographic information of the study participants is 
shown in Table 1. NOTCH3 p.R544C mutation was the 
most common mutation and was found in 41 of the 49 
study participants (83.7%). NOTCH3 p.S118C mutation 
was found in 3 people, p.R133C mutation was found in 
2 people, and p.R141C, p.R427C, and p.C977S muta-
tions were found in 1 individual each.

Among the 49 participants, 36 (73.5%) had at 
least 1 CMB detected in the whole brain. CMBs were 
most commonly present in the thalamus, and 63.3% 
(31/49) of the participants had CMBs in this brain re-
gion (Table 2). CMBs were also frequently detected in 
the temporal lobe (59.2%), followed by limbic region 
(55.1%), frontal lobe (46.9%), parietal lobe (44.9%), 
putamen (42.9%), pons (38.8%), occipital lobe (36.7%), 
cerebellum (32.7%), and caudate nucleus (32.7%) 
(Figure  1A and 1B and Table  2). The range of CMB 
amounts was wide for 13 individuals having 0 CMBs 

and 1 having a maximum of 286 CMBs in the whole 
brain. The CMBs were most abundant in the thalamus, 
followed by temporal lobe (Figure  1C and Table  2). 
When the brain volume of each region was taken into 
account, the density of CMBs was highest in the thal-
amus, with a median CMB volume ratio of 0.46%, and 
then in the temporal and limbic lobes (Figure 1D and 
Table 2).

We then analyzed the individual effect of cardio-
vascular risk factors (ie, age, hypertension, diabe-
tes mellitus, hyperlipidemia, and smoking) on global 
CMB burdens. Presence of hypertension was found 
to be significantly associated with CMB counts in the 
whole brain (β=64.4; 95% CI, 32.4–96.9; P<0.001), as 
well as CMB volume ratio in the whole brain (β=0.05; 
95% CI, 0.02–0.07; P<0.001). None of the other car-
diovascular risk factors, including age, sex, diabetes 
mellitus, hyperlipidemia, and smoking habit, was re-
lated to global CMB burdens in the univariate regres-
sion analysis.

Figure  2.  Cerebral microbleed (CMB) burdens in the NOTCH3 cysteine-altering mutation carriers at different disease 
stages.
A, Yellow dots represent regions with average CMB count of 0.10 to 0.69. Orange dots represent regions with average CMB count of 
0.70 to 3.89. Red dots represent regions with average CMB count of 3.90 to 14.8. B, Yellow dots represent regions with average CMB 
volume ratio of 0.001% to 0.069%. Orange dots represent regions with average CMB volume ratio of 0.070% to 0.189%. Red dots 
represent regions with average CMB volume ratio of 0.19% to 3.28%.
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When the study participants were divided into 3 
groups according to the disease duration, there was 
a significant trend for subjects with a longer dis-
ease duration having more CMBs in the whole brain 
(Table 3). The medians (ranges) of CMB counts in the 
whole brain were 0 (0–8), 15 (0–203), and 43 (0–286) 
for participants at the preclinical stage, those with dis-
ease duration <5 years, and those with disease dura-
tion ≥5 years, respectively. In addition, CMB volume 
ratios in the whole brain were also significantly asso-
ciated with disease duration. After adjusting for age, 
sex, and hypertension, disease duration remained 
to be an independent predictor for CMB burdens in 
the multivariate regression analysis (P trend=0.009 
and 0.004 for CMB counts and CMB volume ratios, 
respectively).

We then compared CMB burdens across the 14 
brain regions using repeated measures regression 
(Table 4). In the overall participants, CMB counts were 
significantly different among the brain regions (F[2.28, 
109.35]=11.18; P<0.001). Also, CMB volume ratios in the 
14 brain regions varied (F[1.75, 83.86]=17.12; P<0.001). 
We further included disease stages in the linear mixed 
models to test whether CMB burdens in any brain re-
gion increased more rapidly than other regions as the 
disease progressed. We found a significant interaction 
effect between brain regions and disease stages on 
CMB burdens. The increments of CMB counts in the 
thalamus (β=5.83; SE=1.44; P<0.001), in the tempo-
ral lobe (β=4.65; SE=1.44; P=0.001), and in the fron-
tal lobe (β=3.31; SE=1.44; P=0.022) were significantly 

higher than those in other brain regions as disease ad-
vanced. In addition, CMB volume ratios in the thalamus 
increased more rapidly than other brain regions as dis-
ease progressed (β=1.19; SE=0.23; P<0.001). Figure 2 
demonstrates the CMB burdens in the 14 brain regions 
for NOTCH3 mutation carriers at different disease 
stages. As the disease progressed from preclinical 
stage to an advanced stage, the CMB burdens grew 
gradually in each brain region with increasing CMB 
counts and CMB volume ratio (Figure 2A and 2B).

We then tested whether there was a significant cor-
relation between CMB burdens and the global cognitive 
function in NOTCH3 mutation carriers. After adjusting 
for age, sex, and education years, a greater CMB count 
and a higher CMB volume ratio in the whole brain were 
significantly associated with decreased MMSE scores 
(P=1.0×10−3 and 1.5×10−3, respectively) (Table  5). In 
addition, both the CMB count and CMB volume ratio 
in the frontal lobe, temporal lobe, and pons were sig-
nificantly associated with cognitive performance in 
the study participants (Table 5). Although CMBs were 
most abundant in the thalamus, neither CMB counts 
nor CMB volume ratio in the thalamus was related to 
MMSE scores.

DISCUSSION
The present study demonstrates the panorama of 
CMBs, including the count, volume ratio, and topo-
graphic distribution, in a Taiwanese cohort of NOTCH3 
cysteine-altering mutation carriers at different disease 

Table 5.  Associations Between CMB Burdens in Different Brain Regions and Mini-Mental State Examination Scores

Brain Region

CMB Count CMB Volume Ratio, %

β (95% CI) P Value* β (95% CI) P Value*

Whole brain −0.05 (−0.07 to −0.02) 1.0×10−3† −58.86 (−93.83 to −23.89) 1.5×10−3†

Frontal −0.31 (−0.46 to −0.16) 1.2×10−4† −41.25 (−60.67 to −21.84) 9.9×10−5†

Parietal −0.34 (−0.58 to −0.11) 0.005 −15.29 (−25.83 to −4.75) 0.005

Temporal −0.19 (−0.32 to −0.07) 3.1×10−3† −12.79 (−20.46 to −5.12) 1.6×10−3†

Limbic −0.26 (−0.54 to 0.02) 0.070 −10.63 (−20.53 to −0.74) 0.036

Occipital −0.32 (−0.61 to −0.40) 0.026 −15.72 (−27.12 to −4.31) 0.008

Caudate −0.83 (−2.09 to 0.43) 0.192 −3.22 (−7.17 to − 0.74) 0.108

Putamen −0.42 (−0.85 to 0.01) 0.058 −1.53 (−3.35 to 0.29) 0.098

Globus pallidum −0.78 (−2.29 to 0.73) 0.304 −1.79 (−4.19 to 0.61) 0.139

Thalamus −0.16 (−0.31 to −0.00) 0.046 −0.60 (−1.25 to 0.04) 0.066

Corpus callosum 1.14 (−8.22 to 10.50) 0.808 11.42 (−102.72 to 125.55) 0.841

Midbrain −1.62 (−4.71 to 1.47) 0.295 − 3.08 (−6.83 to 0.67) 0.105

Pons −0.97 (−1.42 to −0.52) 7.5×10−5† −2.61 (−3.67 to −1.56) 9.8×10−6†

Medulla −1.07 (−1.99 to −0.14) 0.025 −1.89 (−3.56 to −0.22) 0.028

Cerebellum −0.38 (−0.77 to 0.01) 0.056 −10.12 (−19.36 to −0.87) 0.033

CMB indicates cerebral microbleed.
*P value was obtained from multivariate linear regression with adjustment of age, sex, and education years.
†To eliminate the concern of multiple testing, a 2-sided P<0.00357 (0.05/14) was considered statistically significant.
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stages. The present study has 4 major findings. First, 
CMBs are common in CADASIL for 73.5% of the over-
all participants having at least 1 CMB in their brain. 
The percentages of subjects with CMBs are 40.0%, 
77.3%, and 88.2% in mutation carriers at preclinical 
stage, symptomatic subjects with disease duration 
<5  years, and those with disease duration ≥5  years, 
respectively. Second, thalamus and temporal lobe are 
the brain regions most frequently having CMBs, as well 
as the area with the greatest CMB counts among the 
14 brain regions. For the density of CMBs, thalamus 
has the highest CMB volume ratio versus other brain 
regions. Third, we found a significant association be-
tween CMB burdens and disease severity, which was 
modeled by disease duration and cognitive function. 
This finding supports CMBs as a potential maker to 
monitor disease severity in CADASIL. Last, CMBs lo-
cated at disparate brain regions may have different 
clinical influences. In our cohort, CMB counts in the 
thalamus, frontal lobe, and temporal lobe increased 
significantly with the duration of the disease, whereas 
CMB counts in the frontal lobe, temporal lobe, and 
pons were significantly correlated with cognitive per-
formance. Our results highlight the roles of CMBs as a 
surrogate marker for disease progression of CADASIL 
and emphasize the importance of analyzing both the 
quantity and topographic distributions of CMBs in pa-
tients with CADASIL.

The prevalence of CMBs in CADASIL varies across 
different cohort studies. According to the previous 
studies in white CADASIL populations, the preva-
lences of CMBs in a Dutch cohort,2 Italian-British 
cohort,6 and Paris-Munich cohort8,21 are 25%, 34%, 
and 35.5%, respectively. For the studies conducted in 
Asian countries, the prevalence of CMBs appears to 
be much higher, with CMBs detected in 54.9% to 66% 
of the Korean CADASIL patients7,22 and 87.5% of the 
Taiwanese CADASIL patients.17 Ethnicity might be one 
of the reasons for the discrepancies because Asians 
are well known for being prone to intracerebral hemor-
rhage.23,24 Other than ethnic difference, our study sub-
jects had an older age at MRI examination and a higher 
prevalence of hypertension than the study subjects in 
the white CADASIL studies.2,6,8 Age and hypertension 
are known risk factors of CMBs in CADASIL,2,7,21,22 so 
a higher prevalence and a greater burden of CMBs in 
our study participants may be caused by discrepan-
cies of these demographic characteristics. In addition, 
the present study used fine-cut, high-resolution MRI 
sequences (3-T MRI with SWI) that may improve the 
sensitivity and accuracy of CMB assessment18 and, 
hence, more CMBs were detected.

Consistent with the findings in other CADASIL 
cohorts,2,6–8,21,22 the present study demonstrated a 
greater burden and widespread distribution of CMBs 
in CADASIL patients than those reported in the 

general elderly population and patients with ischemic 
stroke.9,25–28 Our findings again emphasize that the 
clinical spectrum of CADASIL not only includes isch-
emic (eg, WMHs and lacunar infarcts) but also hem-
orrhagic brain parenchymal insults. More studies are 
needed to elucidate the pathophysiological character-
istics to develop management strategy in CADASIL-
related brain hemorrhages. Just like the findings in 
other CADASIL studies,2,6,7,22,29 thalamus is the most 
common region with CMBs and the area with high-
est CMB burdens among the 14 brain regions. Lobar 
(corticosubcortical) regions have been shown to be 
the second most common area with CMBs in pre-
vious studies.6,7,22,29 We further segmented the lobar 
regions and found that CMB counts were significantly 
higher in the temporal and frontal lobes than other 
lobar regions. These findings imply that CMBs pre-
dominantly presenting in the thalamus and temporof-
rontal lobe might be a radiologic feature that helps 
distinguishing CADASIL from other CSVDs, such as 
cerebral amyloid angiography and hypertensive mi-
crovasculopathy. Future studies, including head-to-
head comparison between CADASIL patients and 
subjects with other CSVDs, are needed to test this 
postulation.

CMB burdens in the thalamus had a strong associ-
ation with disease duration but were not correlated to 
cognitive performance in our study participants. This 
phenomenon is probably because of a ceiling effect of 
CMBs in the thalamus. Among the 14 brain regions, 
CMB counts in the frontal lobe, temporal lobe, and 
pons were most correlated with MMSE scores in the 
present study. These topographic characteristics of 
CMBs might provide clues to the pathomechanisms 
responsible for cognitive decline in CADASIL. Among 
the many cognitive domains that are progressively 
deteriorated in the disease course of CADASIL, ex-
ecutive function and processing speed are most pro-
foundly affected.30,31 Our findings lend support to the 
hypothesis that disturbance of the frontal-subcortical 
circuits is responsible for the executive dysfunction 
in patients with CSVDs.32,33 Furthermore, lesions in 
pons, in which area frontal-subcortical circuits have 
projections to, also have been implicated in executive 
dysfunction.34,35

The present study has advantages and limitations. 
We sophisticatedly illustrate the anatomical distribution 
and quantity of CMBs and evaluate their clinical signif-
icance in CADASIL. However, this is a cross-sectional 
study rather than a longitudinal study. We acknowl-
edge that the settlement of disease onset might not be 
precise and would obscure the estimation of disease 
duration in the present study. A longitudinal study with 
a large population is needed to validate the feasibil-
ity of using CMBs to monitor disease progression in 
CADASIL. The other limitation of the present study is 
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that we did not analyze the effects of WMHs or lacunes 
on disease severity. Both WMHs and lacunar infarcts 
may account for low MMSE scores in the absence of 
CMBs.36 Last, more studies are required before gener-
alizing the current findings to all cysteine-altering mu-
tations and non-Asian populations.

CONCLUSIONS
CMBs may have an influential role in the clinical mani-
festations of CADASIL. CMB burdens and their dis-
tribution in different brain regions may be capable to 
serve as disease markers for monitoring the progres-
sion of CADASIL.
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