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Background and Purpose: To identify clinical, laboratory, and magnetic resonance
imaging (MRI) features in predicting incident stroke and dementia in Korean
patients with cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy (CADASIL).

Materials and Methods: We enrolled 87 Korean CADASIL patients who had
undergone baseline clinical, laboratory, and MRI examinations between March 2012
and February 2015. The primary outcome of this study is the occurrence of stroke and
dementia during the study period. The occurrence of incident stroke was confirmed by
neuroimaging study, and dementia was defined by the diagnostic and statistical manual
of mental disorders, fourth edition, criteria.

Results: Of the 87 patients, 57.5% were men, and the mean age was 63 + 13 years
(range 34-90 years), and 82 patients (94.3%) had p.Arg544Cys mutation. During an
average follow-up of 67 months (interquartile range: 53-69 months), incident stroke
occurred in 14 of 87 patients (16.1%) and incident dementia in 7 of 70 non-demented
patients (10.0%). In adjusted analysis, increased systolic blood pressure was associated
with increased risk of incident stroke [for every 10-mmHg increase; hazard ratio, 1.44
(1.02-2.03)]. Apolipoprotein E ¢4 genotype was associated with an increased risk of
incident dementia [hazard ratio, 10.70 (1.27-89.88)].
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Leeetal. Apolipoprotein and Dementia in CADASIL
Conclusion: In this study, apolipoprotein E &4 genotype was associated with
the development of incident dementia, and higher blood pressure was associated
with increased risk of incident stroke in CADASIL patients with predominant
p.Arg544Cys mutation.

Keywords: CADASIL, dementia, MRI, APOE genotyping, stroke

INTRODUCTION

Cerebral autosomal-dominant arteriopathy with subcortical
infarcts and leukoencephalopathy (CADASIL) is the most
common inherited cerebral small vessel disease caused
by mutations in the NOTCH3 gene. The main clinical
manifestations are recurrent stroke, vascular cognitive decline,
chronic headache, and mood disturbances. Ischemic stroke is
the most frequent clinical manifestation of CADASIL and was
found in 60-84% of Caucasian CADASIL patients (Chabriat
et al., 1995; Desmond et al., 1999; Monet-Lepretre et al., 2009).
The average incidence of new stroke was estimated to be 10.4 per
100 person-years in CADASIL (Peters et al., 2004).

Cognitive deficit is the second most common clinical feature
in CADASIL, and dementia has been reported to be present
in 16-38% of the patients with the mean age of onset in
the mid-50s (Dichgans et al., 1998; Adib-Samii et al., 2010;
Bianchi et al,, 2015). CADASIL patients show an early frontal
executive dysfunction similar to sporadic subcortical small
vessel disease, and these cognitive deficits can be discovered by
neuropsychological testing before the occurrence of ischemic
stroke (Buffon et al., 2006; Charlton et al., 2006). The severity
of cognitive deficit is closely associated with the number of
lacunar infarctions and the degree of brain atrophy seen in
brain magnetic resonance imaging (MRI) (Viswanathan et al.,
2007; Liem et al., 2009; Chabriat et al., 2016). Several previous
case reports suggested the coexistence of amyloid pathology in
patients with CADASIL, although CADASIL is known as a typical
model of pure subcortical vascular dementia (Thijs et al., 2003;
Paquet et al., 2010; Yoon et al., 2015). Therefore, we hypothesized
that amyloid pathology could affect the development of dementia
in patients with CADASIL.

Apolipoprotein E (APOE) is the most abundant
apolipoprotein in the brain (Roher et al., 2009) and has been
suggested as a chaperone of beta-amyloid deposition or clearance
(Aleshkov et al., 1997). Several studies have demonstrated that
the APOE ¢4 allele is an independent risk factor for Alzheimer’s
dementia (Strittmatter et al., 1993). Besides, the associations with
the APOE have been observed in several other central nervous
system diseases, such as dementia with Lewy bodies, recovery
of stroke, and risk of cognitive impairment after chemotherapy
(Flowers and Rebeck, 2020). However, the relationship between
the APOE ¢4 allele and vascular dementia is still controversial
(Zekry et al, 2010). In CADASIL, a large cross-sectional
study reported from the United Kingdom did not report a
significant association between APOE e4 allele and dementia
(Singhal et al., 2004).

The clinical course of CADASIL varies widely, and several
previous research suggested distinct genotypic and phenotypic

profiles in Asian CADASIL patients (Opherk et al., 2004; Choi
et al., 2006, 2013; Lee et al., 2009; Liao et al., 2015). Several
cardiovascular risk factors and brain MRI features can help
predict the clinical course of CADASIL (Liem et al., 2009; Adib-
Samii et al., 2010; Chabriat et al., 2016; Jouvent et al., 2016;
Ling et al.,, 2019). However, predictors of recurrent stroke or
dementia have not been investigated in-depth among Asian
CADASIL patients whose clinical course might be different from
that of Caucasian patients. This study aimed to identify clinical,
laboratory, and brain MRI features in predicting incident stroke
and dementia in Korean patients with CADASIL.

MATERIALS AND METHODS

Study Cohort

The cohort consisted of 94 patients who had been genetically
confirmed as CADASIL and undergone baseline clinical,
laboratory, and MRI examinations between March 2012 and
February 2015 (Lee et al.,, 2017). For this study, we included
CADASIL patients who had been followed up regularly for at
least 36 months. For the patients who were not followed for
36 months, we contacted them by phone interview at the end of
December 2018 for the occurrence of clinical events. This study
was approved by the Institutional Review Board of Jeju National
University Hospital, and all subjects gave written informed
consent in accordance with the Declaration of Helsinki at the
time of baseline examination. The details of the cohort have been
published previously (Lee et al., 2017). In brief, we collected data
on demographic and clinical characteristics, vascular risk factors,
antithrombotic medication, and APOE genotyping. Clinical
manifestations, including stroke (ischemic or hemorrhagic),
cognitive dysfunction, psychiatric illness, recurrent headache, or
seizure, were assessed at baseline and during follow-up. Blood
pressure was measured using an automated sphygmomanometer
(HBP-1300, Omron Healthcare, Kyoto, Japan) at the upper arm
in the sitting position after the patient rested for at least 5 min.
Activities of daily living were measured using Seoul-Instrumental
Activities of Daily Living (Ku et al., 2004), and cognitive function
was assessed using the Korean version of Mini-Mental State
Examination and the Korean version of the Consortium to
Establish a Registry for Alzheimer’s Disease Assessment Packet
(Kang et al., 1997; Lee et al., 2002).

The primary outcome of this study is the occurrence of
stroke and dementia during the study period. Stroke is defined
as an acute neurologic deficit of vascular origin confirmed
by appropriate neuroimaging study and was classified as an
ischemic or hemorrhagic stroke. Dementia is defined according
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to the diagnostic and statistical manual of mental disorders,
fourth edition, criteria. Incident strokes were recorded regardless
of whether the patients had a stroke at the time of baseline
In the case of incident dementia, however,
patients who had already been diagnosed with dementia in the
baseline were excluded.

examination.

Magnetic Resonance Imaging

We performed the MRI study acquired on a 3-T scanner
(Achieva, Philips Healthcare, Best, Netherlands) using a 32-
channel array head coil, as described in our previous study (Lee
et al,, 2017). The imaging analysis was performed independently
by an experienced neuroradiologist (HL) and a stroke neurologist
(KK) operating by consensus and without any knowledge
of clinical information. Lacunar infarcts were defined as
parenchymal defects not extending to the cortical gray matter
with a signal intensity of cerebrospinal fluid in all sequences and
more than 2 mm in diameter. Lesions located in the lower third
of the corpus striatum of the basal ganglia were excluded (Bokura
et al., 1998). Cerebral microbleeds (CMBs) were defined as small,
rounded, or circular, well-defined hypodense lesions within brain
parenchyma with clear margins ranging from 2 to 10 mm in size
on T2*-weighted images according to the microbleed anatomical
rating scale (Gregoire et al., 2009). White-matter hyperintensities
(WMHs) were defined as white-matter areas with increased signal
intensities on fluid-attenuated inversion recovery images. All
fluid-attenuated inversion recovery axial sections from the base
of the cerebellum to the vertex were analyzed. WMH volume
was calculated automatically, as previously described (Jeon et al.,
2011; Kim et al, 2015). Estimated total intracranial volume
(ICV) was determined automatically on the three-dimensional
T1-weighted images by using FreeSurfer 6.0' (Fischl, 2012). In
addition to the volumetric measurement, we used the Scheltens
scale as a visual rating scale for WMH severity (Scheltens
et al., 1993). All the Scheltens scale was rated by one of the
contributing authors (C-HK). The brain parenchymal fraction
(BPF), image parameter of brain atrophy, was defined as brain
parenchymal volume to ICV. WMH volume was normalized for
total brain volume by dividing the individual WMH volume by
ICV [normalized WMH volume (nWMH)].

Apolipoprotein E Genotyping

Genomic DNA was extracted from ethylenediaminetetraacetic
acid-anticoagulated whole blood using QuickGene (Kurabo
Industries Ltd., Osaka, Japan) according to the manufacturer’s
instructions. For the multiplex polymerase chain reaction based
on the dual priming oligonucleotide technology, the Seeplex Apo
E ACE genotyping assay (Seegene, Seoul, South Korea), 17 pl
of the master mix was remixed with 3 pl of genomic DNA.
After a preheating step at 94°C for 15 min, 35 reaction cycles
(denaturation at 94°C for 30 s, annealing at 65°C for 30 s, and
extension at 72°C for 60 s) were performed and post-step at 72°C
for 10 min using MyCycler Thermal Cycler System (Bio-Rad
Laboratories, Irvine, CA, United States).

Uhttp://surfer.nmr.mgh.harvard.edu

For the one-stop Real-Q ApoE genotyping assay, we mixed
21 ml of the master mix (including 17.5 ml of the reaction
mixture, 3 ml of a primer mixture for codon 112 and 158,
and 0.5 ml of sterile water) with 4 ml of genomic DNA.
After the preheating step at 95°C for 10 min, 40 reaction
cycles (denaturation at 95°C for 20 s, annealing at 60°C for
30 s, and extension at 72°C for 30 s) were performed on
the 7500 Real-Time PCR System (Applied Biosystems, Foster
City, CA, United States), and the results were analyzed by the
standard curve method.

Statistical Analysis

To investigate the factors associated with incident stroke or
dementia during the study period, we used the time to event
analysis. All covariates were first tested by unadjusted analyses
using the log-rank test or Cox proportional hazard model
according to the type of variables and subsequent adjusted
analyses. Brain MRI variables entered the model after they were
dichotomized by the median values. In multivariable analyses,
age and sex were entered into the models in all analyses. Other
covariates were included in the adjusted models if they had a
P-value <0.10 in univariate analysis. For incident dementia, the
analysis was limited to the patients who did not have dementia at
baseline examination. Cox proportional-hazards model was used
to adjust for covariates in the time to event analysis for incident
dementia. Because the incident stroke recurred in some patients,
we used an extension of the traditional Cox proportional-hazards
model to evaluate the impact of multiple covariates for recurrent
events (Prentice et al., 1981). For both multivariable analyses,
three models were tested. Model 1 included demographic
characteristics, clinical predictors, and APOE genotyping; model
2 included brain imaging markers; and model 3 included all
covariates in model 1 and model 2 (Chabriat et al., 2016). As
a sensitivity analysis, we repeated the survival analyses with the
82 patients having p.Arg544Cys mutation. All statistical analyses
were performed using the Stata data analysis software (Version
15.1, StataCorp., College Station, TX, United States). In all
analyses, a p-value <0.05 was considered statistically significant.

RESULTS

Of 94 patients who had been genetically confirmed as CADASIL
and been evaluated at baseline, we excluded five patients in
whom quantitative image analysis was not possible due to various
reasons such as the presence of huge brain lesions or motion
artifacts. Of the remaining 89 patients, 72 patients were regularly
assessed at the outpatient clinic for at least 36 months; 15 patients
who were not assessed at least for 36 months at the outpatient
clinic were contacted by phone interview, and two patients
who could not be reached were excluded in this study. As a
result, we enrolled 87 patients from 72 unrelated families for the
current analysis.

The characteristics of the patients are summarized in
Table 1. There were 50 men (57.5%), and the mean age was
63 =+ 13 years (range 34-90 years). The median follow-up month
was 67 months (interquartile range: 53-69 months). The APOE
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TABLE 1 | Characteristics of the patients.

Characteristics (n=87)
Demographic characteristics

Age, year (mean + SD) 625+ 12.7
Male sex, no. (%) 50 (57.5)
NOTCH3 mutation, amino acid

R544C 82 (94.3)
R578C 2 (2.9
R75P 2(2.9)
C455R 1(1.1)
Apolipoprotein E ¢4 26 (29.9)
Medical history, no. (%)

Hypertension 47 (564.0)
Diabetes mellitus 13 (14.9)
Atrial fibrillation 3(3.4)
Hyperlipidemia 19 (21.8)
Current smoking 34 (39.1)
History of stroke 38 (43.7)
History of coronary artery disease 4 (4.6)
Medication history, no. (%)

Antiplatelet agent 57 (65.5)
Oral anticoagulants 2 (2.9
Clinical manifestations

Ischemic stroke 38 (43.7)
Cognitive impairment 27 (31.0)
Intracerebral hemorrhage 15(17.2)
Psychiatric symptoms 12 (18.8)
Recurrent headache 7 (8.0)
Laboratory values, mean + SD

Systolic blood pressure, mmHg 1239 +12.2
Diastolic blood pressure, mmHg 75.0+£10.7
Total cholesterol, mg/dl 174.3 £ 33.7
LDL cholesterol, mg/di 108.0 +29.0
HbAtc, % 6.0+ 0.7
Homocysteine, pmol/L 11.6 £ 6.0
Disability and cognitive scores

S-IADL score, median (IQR) 1(0-5)
K-MMSE score, median (IQR) 25 (20-27)

MRI markers, mean = SD, IQR, median

Brain parenchymal fraction 0.681 £+ 0.123, 0.624-0.772, 0.681

0.007 £ 0.008, 0.002-0.009, 0.005
105 +£17.8,0-13,4

4.7+48,1-8,3

Normalized volume of WMH
No. of CMB
No. of LI

S-IADL, Seoul-instrumental activities of daily living, K-MMSE, Korean version
of the mental status examination; IQR, interquartile range; WMH, white matter
hyperintensities; CMB, cerebral microbleeds; LI, lacunar infarction.

genotype frequencies were €2/e2 0 (0%), €2/€3 8 (9.2%), €2/e4 2
(2.3%), £3/e3 53 (60.9%), £3/e4 23 (26.4%), and e4/e4 1 (1.2%).
Seventeen patients (19.5%) identified through family screening
were asymptomatic. They had a mean age of 52.4 years (range 34—
80 years), and 9 (52.9%) were male. The symptomatic patients (70
patients, 80.5%) had a mean age of 65.0 years (range 41-90 years),
and 41 (58.6%) were male. Of the 87 patients, 43 patients (49.4%)
had a history of ischemic stroke (34 patients) or a hemorrhagic
stroke (15 patients), and 17 patients (19.5%) had been diagnosed

with dementia at baseline. Ischemic stroke was the most frequent
manifestation (n = 38, 43.7%), followed by cognitive impairment
(n=27,31.0%), intracerebral hemorrhage (ICH) (n = 15, 17.2%),
headache (n = 7, 8.0%), psychiatric symptom (n = 12, 13.8%),
and seizure (n = 1, 0.9%). The APOE genotype was not associated
with the normalized volume of WMH in unadjusted and adjusted
analyses (Table 2 and Figure 1).

Incident stroke occurred in 14 of 87 patients (16.1%);
13 patients (14.9%) experienced new ischemic strokes, and
two patients developed hemorrhagic strokes. Of 13 patients
who developed new ischemic stroke, four patients (30.8%)
experienced recurrent ischemic strokes. In the Cox proportional-
hazards model, systolic blood pressure (SBP) was at baseline
(model 1); higher nWMH and CMB number >5 (model 2); SBP
and CMB number >5 (model 3) was significantly associated with
increased risk of incident stroke (Table 3 and Figure 2). The sum
of Scheltens scales was not associated with the risk of incident
stroke in the unadjusted analysis [hazard ratio (HR) 1.33, 95%
confidence interval (CI) 0.46-3.82, P = 0.596] in contrast to the
volumetric assessment.

Of the 87 patients, the presence of APOE €4 genotype was
associated with dementia at baseline examination (odds ratio
3.51; 95% CI 1.01-12.1; p = 0.021). Incident dementia developed
in 7 patients (10.0%) among 70 CADASIL patients who did not
have dementia at baseline examination. In the Cox proportional-
hazards model, advanced age and presence of APOE ¢4 genotype
were associated with increased risk of incident dementia among
clinical predictors (model 1) (APOE &4; HR 8.53; 95% CI 1.43-
50.70; p = 0.018), and APOE &4 was correlated with increased risk
of dementia after the adjustment for MRI predictors (model 3)
(HR 10.7; 95% CI 1.27-89.88; p = 0.029).

In the sensitivity analyses of the 82 patients with p.Arg544Cys
mutation, SBP, and APOE €4 genotype remained significant for
increased risk of incident stroke (HR 1.49; 95% CI 1.08-2.06;
p=0.016) and dementia (HR 10.97; 95% CI 1.41-85.61; p = 0.022)
in adjusted analyses (Figure 3).

The sum of the Scheltens scale was not associated with the
increased risk of incident stroke or dementia. During more
than 5 years of average follow-up, three patients (3.45%) had
died, and the causes of death were lung cancer, pneumonia,
and severe stroke.

TABLE 2 | Effects of APOE genotype on normalized volume of WMH.

€3/e3,n =53 €2 carriers, ¢4 carriers, P-value
n=8 n=24

Age, median (IQR) 62 (560-72) 62 (61-65) 70 (566-75) 0.198
(years)

Sex, male, n (%) 31 (568.5) 5 (62.5) 12 (50.0) 0.735
Hypertension, n (%) 28 (52.8) 6 (75.0) 12 (50.0) 0.448
Diabetes mellitus, n (%) 8 (15.1) 3(37.5) 2 (8.3 0.139
Hyperlipidemia, n (%) 10 (18.9) 2 (25.0) 7(29.2) 0.593
Smoking, n (%) 20 (37.7) 5 (62.5) 7(29.2) 0.242
History of stroke, n (%) 25 (47.2) 5 (62.5) 12 (50.0) 0.720
Normalized volume of 0.005 0.005 0.006 0.648
WMH, median (IQR) (0.002-0.008) (0.002-0.008) (0.003-0.008)

IQR, interquartile range; WMH, white matter hyperintensities.
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FIGURE 1 | Representative fluid-attenuated inversion recovery MRI of three CADASIL patients with different APOE genotype. Patient 1 (A,D,G) is a 66-year-old
female with APOE €3/e3 [normalized volume of white-matter hyperintensities ("WMH) = 0.0048]. Patient 2 (B,E,H) is a 67-year-old female with APOE €2/¢3
("WMH = 0.0051). Patient 3 (C,Fl) is a 66-year-old female with APOE £3/¢4 ('WMH = 0.0049). All patients had p.Arg544Cys mutation.

TABLE 3 | Predictors of incident stroke and dementia.

Model 1 Model 2 Model 3 (1 + 2)
Events  Predictors HR (95% Cl)  P-value Predictors HR (95% CI) P-value Predictors HR (95% Cl) P-value
Stroke SBP (per 10 mmHg  1.59 (1.12-2.29) 0.01  nWMH volume 6.69 (1.14-39.20  0.035 SBP (per 10 mmHg  1.44 (1.02-2.04) 0.038
increase) (>0.005) increase)
No of CMB (=5) 12.80 (1.81-90.84) 0.011  No. of CMB (>5) 10.77 (1.33-87.02)  0.026
Dementia Age 1.10(1.01-1.20) 0.032 - APOE ¢4 10.70 (1.27-89.88)  0.029
APOE ¢4 8.53(1.43-50.70) 0.018 -

HR, hazard ratio; SBR, systolic blood pressure; nWMH, normalized white matter hyperintensities; CMB, cerebral microbleeds; APOE, apolipoprotein E.
Model 1 included demographic characteristics, clinical predictors, and APOE genotyping, model 2 included brain imaging markers, and model 3 included all covariates in
model 1T and model 2.

DISCUSSION dementia in CADASIL patients. Recent studies have shown

that APOE €4 is not only a major risk factor for Alzheimer’s
The most important finding of the current study is that APOE  disease but also an independent risk factor for progression
e4 allele was an independent risk factor for developing incident to severe cerebral amyloid angiopathy and cerebral amyloid
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angiopathy-related cerebral hemorrhage (O’Donnell et al., 20005
Bu, 2009). A large cross-sectional study reported from the
United Kingdom did not find a correlation between APOE &4
allele and dementia in patients with CADASIL (Singhal et al.,
2004). Therefore, the effects of APOE €4 on ongoing cognitive
deterioration or development of dementia have not yet been
reported in patients with CADASIL. For MRI markers of cerebral
small-vessel disease in CADASIL patients, APOE ¢4 did not show
an independent association with CMB (Singhal et al., 2004; van
den Boom et al,, 2006; Lee et al., 2017). Only one study showed
that CADASIL patients with APOE €2 had more severe WMHs
than those with APOE €3¢3 (Gesierich et al., 2016). Using amyloid
positron emission tomography, the coexistence of Alzheimer’s
disease pathology had already been reported in two patients
among 15 patients with NOTCH3 variant (Yoon et al., 2015).
Therefore, to the best of our knowledge, this is the first study to
demonstrate that APOE ¢4 allele was an independent risk factor
for incident dementia in CADASIL.

Interestingly, the proportion of the APOE e4 genotype in
this study is significantly higher than the proportion among the
Korean control subjects reported in 2003 (29.9 vs. 17.6%) (Choi
et al., 2003). From a global perspective, APO E €4 frequencies
varied widely from 0 to 49% depending on the population
studied, and there is no clear explanation for such a wide variation
(Eisenbergetal., 2010). All the patients enrolled in this study lived
in Jeju island, and the presence of the predominant NOTCH3
mutation suggested a founder effect. Therefore, a genetic drift
associated with an isolated island population might explain a
higher frequency of APOE ¢4 allele in this study compared
with the control subjects of the Korean peninsula. This finding
needs to be reexamined among the general population of Jeju
island in the future.

Because the mean age of our CADASIL patients is much
higher than the Caucasian CADASIL patients, our CADASIL
patients are more likely to have concomitant Alzheimer’s disease
pathology. The increased mean age in our CADASIL cohort
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could be explained by a recent study on the effect of NOTCH3
pathogenic variant on CADASIL disease variability. The study
found that CADASIL patients with an epidermal growth factor
like-repeat (EGFr) domain 7-34 pathogenic variant had 12-
year-later age at onset of stroke and longer survival time than
patients with an EGFr domain 1-6 variant (Rutten et al., 2019).
The majority of Caucasian patients with CADASIL had an
EGFr domain 1-6 pathogenic variant, whereas most of our
patients had an EGFr domain 13 variant that corresponded to
exon 11 (Rutten et al., 2016). Another recent systemic review
suggested a significant correlation between the pathogenicity
of NOTCH3 mutations and phenotypic severity in CADASIL
(Xiromerisiou et al., 2020). Therefore, the p.Arg544Cys mutation
appears to cause a less severe CADASIL phenotype, and low
pathogenicity of the mutation may allow APOE €4 genotype to
serve as a disease modifier among elderly CADASIL patients.
Our findings suggest that APOE €4 can be used as a marker for
the development of dementia in elderly CADASIL patients with
less pathogenic NOTCH3 variants. Prospective cohort studies
using amyloid positron emission tomography are needed to
determine whether the cause of dementia is purely CADASIL
or a combination with Alzheimers disease pathology in our
patients with CADASIL.

Our study also demonstrated that BPF in patients at baseline
was not associated with incident dementia at follow-up. This
contrasts with the findings of a recent study showing that BPF
independently predicted incident dementia among the Paris-
Munich CADASIL cohort (Chabriat et al., 2016). However, an
earlier Dutch CADASIL cohort study could not find a significant
association between brain atrophy and cognitive decline (Liem
et al., 2009). Lacunar infarction is a well-known predictor of
cognitive decline in CADASIL (Liem et al., 2007), and brain
atrophy seen in patients with CADASIL is related to age and
volume of lacunar lesions (Jouvent et al., 2007). Compared with
the Paris—-Munich cohort, our CADASIL patients had a higher
mean age (63 vs. 51 years) and greater brain atrophy (mean BPF
0.681 vs. 0.853) despite the same median number of lacunes. We
assumed that the greater brain atrophy in our patients is probably
due mainly to an advanced age because the number of lacunes was
similar to that of the Paris-Munich cohort. Therefore, baseline
BPE unlike the Paris—-Munich cohort, might not well predict
cognitive decline in our cohort.

Another important finding of the current analysis is that
higher SBP was strongly associated with increased risk of incident
stroke. Hypertension is the most important risk factor for stroke
in general (O'Donnell et al., 2010). However, the effects of blood
pressure or history of hypertension on the clinical course of
CADASIL have not been investigated extensively so far. For
brain MRI markers of small-vessel disease, previous research had
found significant associations between SBP and cerebral atrophy
(Peters et al., 2006), CMB (Viswanathan et al., 2006), and WMH
(Holtmannspotter et al., 2005) in patients with CADASIL. For
incident stroke, hypertensive CADASIL patients showed more
than the twofold increased risk of incident stroke in a large
prospective cohort study from the United Kingdom, suggesting
the importance of controlling cardiovascular risk factors such as
blood pressure in modulating the clinical course of CADASIL

(Adib-Samii et al., 2010). In line with the United Kingdom study,
SBP at baseline was associated with a significantly increased risk
of incident stroke in this study. Future studies should investigate
the effects of long-term variations of blood pressure and the
effects of controlling blood pressure on the risk of stroke in
patients with CADASIL.

We further found that an increased number of CMB could
predict incident stroke, including ischemic stroke in CADASIL
patients. These results are in line with several previous cohort
studies that suggested that CMBs are associated with subsequent
risks of ischemic stroke and ICH in patients with a transient
ischemic attack or cerebral infarction in general (Charidimou
et al., 2013; Wilson et al., 2019). However, few cohort studies
were conducted on incident stroke in CADASIL patients with
CMB:s at baseline. The Paris—Munich cohort has shown that the
presence of CMBs was associated with subsequent stroke in the
analysis model, which included only MRI parameters (Chabriat
et al., 2016). However, this relationship disappeared when the
analysis model included clinical, epidemiological factors, and
MRI parameters. Advanced age, high prevalence of hypertension
(54 vs. 19%), and the greater median number of CMBs (4
vs. 0) may explain the different impacts of the CMBs on the
incident stroke between the Paris—Munich cohort and the current
cohort. In patients with ischemic stroke in general, CMBs are
associated with a greater relative hazard for subsequent ICH than
for ischemic stroke (Wilson et al., 2019). However, the presence
of CMBs should not discourage the use of antiplatelet therapy
in patients with CADASIL because our CADASIL patients also
showed a greater absolute risk of ischemic stroke than that of
ICH, just like the patients with ischemic stroke in general.

There are several limitations to our study. First, compared
with the European CADASIL cohort, the sample size was
relatively small in our study, leading to wide CIs of the results.
Large Asian CADASIL collaboration studies are needed to
overcome this limitation. Second, p.Arg544Cys mutation in exon
11 accounted for 94.3% of the mutation in our study, which
may not be generalized to CADASIL patients with other types
of mutation. Third, 17% of the participants did not have enough
outpatient clinical follow-up, and therefore, they were contacted
by phone interview. Additionally, our patients had variable
follow-up duration compared with earlier research (Chabriat
et al, 2016). Accurate evaluation of cognitive function and
mild incident stroke can be difficult with a phone interview.
Finally, the patients did not have an independent evaluation of
incident dementia and did not receive detailed cognitive tests
at fixed intervals. The strength of our study is its longitudinal
design, use of standardized brain imaging protocol, and the first
Asian CADASIL study that investigated predictors of incident
stroke and dementia.

CONCLUSION

In conclusion, APOE €4 genotype was associated with the
development of incident dementia, and higher blood pressure
was associated with significantly increased risk of incident stroke
in CADASIL patients with predominant p.Arg544Cys mutation.

Frontiers in Aging Neuroscience | www.frontiersin.org

November 2020 | Volume 12 | Article 591879


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Lee et al.

Apolipoprotein and Dementia in CADASIL

DATA AVAILABILITY STATEMENT

Anonymized data used for this study are available to qualified
researchers on request to the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Jeju National University Hospital IRB. The
patients/participants provided their written informed consent to
participate in this study.

REFERENCES

Adib-Samii, P., Brice, G., Martin, R. J., and Markus, H. S. (2010). Clinical spectrum
of CADASIL and the effect of cardiovascular risk factors on phenotype: study
in 200 consecutively recruited individuals. Stroke 41, 630-634. doi: 10.1161/
STROKEAHA.109.568402

Aleshkov, S., Abraham, C. R, and Zannis, V. L. (1997). Interaction of nascent
ApoE2, ApoE3, and ApoE4 isoforms expressed in mammalian cells with
amyloid peptide beta (1-40). Relevance to Alzheimer’s disease. Biochemistry 36,
10571-10580. doi: 10.1021/bi9626362

Bianchi, S., Zicari, E., Carluccio, A., Di Donato, L., Pescini, F., Nannucci, S., et al.
(2015). CADASIL in central Italy: a retrospective clinical and genetic study in
229 patients. J. Neurol. 262, 134-141. doi: 10.1007/s00415-014-7533-2

Bokura, H., Kobayashi, S., and Yamaguchi, S. (1998). Distinguishing silent lacunar
infarction from enlarged Virchow-Robin spaces: a magnetic resonance imaging
and pathological study. J. Neurol. 245, 116-122. doi: 10.1007/s00415005
0189

Bu, G. J. (2009). Apolipoprotein E and its receptors in Alzheimer’s disease:
pathways, pathogenesis and therapy. Nat. Rev. Neurosci. 10, 333-344. doi: 10.
1038/nrn2620

Buffon, F., Porcher, R,, Hernandez, K., Kurtz, A., Pointeau, S., Vahedi, K., et al.
(2006). Cognitive profile in CADASIL. J. Neurol. Neurosurg. Psychiatry. 77,
175-180. doi: 10.1136/jnnp.2005.068726

Chabriat, H., Herve, D., Duering, M., Godin, O., Jouvent, E.,, Opherk, C,
et al. (2016). Predictors of Clinical Worsening in Cerebral Autosomal
Dominant Arteriopathy With Subcortical Infarcts and Leukoencephalopathy:
Prospective Cohort Study. Stroke 47, 4-11. doi: 10.1161/STROKEAHA.115.01
0696

Chabriat, H., Vahedi, K., Iba-Zizen, M. T, Joutel, A., Nibbio, A., Nagy, T. G., et al.
(1995). Clinical spectrum of CADASIL: a study of 7 families. Cerebral autosomal
dominant arteriopathy with subcortical infarcts and leukoencephalopathy.
Lancet 346, 934-939.

Charidimou, A., Kakar, P., Fox, Z., and Werring, D. J. (2013). Cerebral Microbleeds
and Recurrent Stroke Risk Systematic Review and Meta-Analysis of Prospective
Ischemic Stroke and Transient Ischemic Attack Cohorts. Stroke 44, 995-1001.
doi: 10.1161/Strokeaha.111.000038

Charlton, R. A., Morris, R. G., Nitkunan, A., and Markus, H. S. (2006). The
cognitive profiles of CADASIL and sporadic small vessel disease. Neurology 66,
1523-1526. doi: 10.1212/01.wnl.0000216270.02610.7e

Choi, J. C., Kang, S. Y., Kang, J. H., and Park, J. K. (2006). Intracerebral
hemorrhages in CADASIL. Neurology 67, 2042-2044. doi: 10.1212/01.wnl.
0000246601.70918.06

Choi, J. C., Song, S. K, Lee, J. S, Kang, S. Y., and Kang, J. H. (2013).
Diversity of stroke presentation in CADASIL: study from patients harboring
the predominant NOTCH3 mutation R544C. J. Stroke Cerebrovasc. Dis. 22,
126-131. doi: 10.1016/j.jstrokecerebrovasdis.2011.07.002

Choi, Y. H., Kim, J. H., Kim, D. K., Kim, J. W., Kim, D. K,, Lee, M. S, et al.
(2003). Distributions of ACE and APOE polymorphisms and their relations
with dementia status in Korean centenarians. J. Gerontol. Biol. Sci. Med. Sci.
58,227-231. doi: 10.1093/gerona/58.3.m227

AUTHOR CONTRIBUTIONS

JL, KK, and JC: conception and design of the study. JL, KK,
J-HO, J-GK, C-HK, S-KS§, S-YK, J-HK, JP, and JC: acquisition of
data. MK and HL: interpretation of data. JL and JC: drafting a
significant portion of the manuscript. All authors contributed to
the article and approved the submitted version.

FUNDING

This work was supported by the 2020 Education, Research, and
Student Guidance grant funded by Jeju National University.

Desmond, D. W., Moroney, J. T., Lynch, T., Chan, S., Chin, S. S., and Mohr,
J. P. (1999). The natural history of CADASIL: a pooled analysis of previously
published cases. Stroke 30, 1230-1233. doi: 10.1161/01.str.30.6.1230

Dichgans, M., Mayer, M., Uttner, I, Bruning, R., Muller-Hocker, J., Rungger, G.,
et al. (1998). The phenotypic spectrum of CADASIL: clinical findings in 102
cases. Ann. Neurol. 44, 731-739. doi: 10.1002/ana.410440506

Eisenberg, D. T., Kuzawa, C. W., and Hayes, M. G. (2010). Worldwide allele
frequencies of the human apolipoprotein E gene: climate, local adaptations, and
evolutionary history. Am. J. Phys. Anthropol. 143, 100-111. doi: 10.1002/ajpa.
21298

Fischl, B. (2012). FreeSurfer. Neuroimage 62, 774-781. doi: 10.1016/j.neuroimage.
2012.01.021

Flowers, S. A., and Rebeck, G. W. (2020). APOE in the normal brain. Neurobiol.
Dis. 136:104724. doi: 10.1016/j.nbd.2019.104724

Gesierich, B., Opherk, C., Rosand, J., Gonik, M., Malik, R., Jouvent, E., et al. (2016).
APOE 2 is associated with white matter hyperintensity volume in CADASIL.
J. Cerebral Blood Flow Metabol. 36, 199-203. doi: 10.1038/jcbfm.2015.85

Gregoire, S. M., Chaudhary, U. J., Brown, M. M., Yousry, T. A., Kallis, C., Jager,
H. R, etal. (2009). The Microbleed Anatomical Rating Scale (MARS): reliability
of a tool to map brain microbleeds. Neurology 73, 1759-1766. doi: 10.1212/
WNL.0b013e3181c34a7d

Holtmannspotter, M., Peters, N., Opherk, C., Martin, D., Herzog, J., Bruckmann,
H., etal. (2005). Diffusion magnetic resonance histograms as a surrogate marker
and predictor of disease progression in CADASIL: a two-year follow-up study.
Stroke 36, 2559-2565. doi: 10.1161/01.STR.0000189696.70989.a4

Jeon, S., Yoon, U., Park, J. S., Seo, S. W., Kim, J. H.,, Kim, S. T., et al. (2011).
Fully Automated Pipeline for Quantification and Localization of White Matter
Hyperintensity in Brain Magnetic Resonance Image. Int. J. Imag. Syst. Technol.
21, 193-200. doi: 10.1002/ima.20277

Jouvent, E., Duchesnay, E., Hadj-Selem, F., De Guio, F., Mangin, J. F., Herve, D.,
et al. (2016). Prediction of 3-year clinical course in CADASIL. Neurology 87,
1787-1795. doi: 10.1212/WNL.0000000000003252

Jouvent, E., Viswanathan, A., Mangin, J.-F., O’sullivan, M., Guichard, J.-P.,
Gschwendtner, A., et al. (2007). Brain Atrophy Is Related to Lacunar Lesions
and Tissue Microstructural Changes in CADASIL.Stroke. 38, 1786-1790. doi:
10.1161/strokeaha.106.478263

Kang, Y. W.,Na, D. L., and Hahn, S. H. (1997). A validity study on the korean mini-
mental state examination (K-MMSE) in dementia patients. J. Korean. Neurol.
Assoc. 15, 300-308.

Kim, H. J., Im, K., Kwon, H., Lee, J. M., Kim, C., Kim, Y. J., et al. (2015). Clinical
effect of white matter network disruption related to amyloid and small vessel
disease. Neurology 85, 63-70. doi: 10.1212/Wnl.0000000000001705

Ku, H. M., Kim, J., Kwon, J. E,, Kim, S. H., Lee, H. S., Ko, H., et al. (2004). A
Study on the Reliability and Validity of Seoul-Instrumental Activities of Daily
Living(S-IADL). J. Korean. Neuropsychiatr. Assoc. 43, 189-199.

Lee, J. H, Lee, K. U., Lee, D. Y., Kim, K. W, Jhoo, J. H,, Kim, J. H., et al.
(2002). Development of the Korean version of the Consortium to Establish a
Registry for Alzheimer’s Disease Assessment Packet (CERAD-K): Clinical and
neuropsychological assessment batteries. J. Gerontol. B-Psychol. Sci. Soc. Sci. 57,
47-53. doi: 10.1093/geronb/57.1.P47

Frontiers in Aging Neuroscience | www.frontiersin.org

November 2020 | Volume 12 | Article 591879


https://doi.org/10.1161/STROKEAHA.109.568402
https://doi.org/10.1161/STROKEAHA.109.568402
https://doi.org/10.1021/bi9626362
https://doi.org/10.1007/s00415-014-7533-2
https://doi.org/10.1007/s004150050189
https://doi.org/10.1007/s004150050189
https://doi.org/10.1038/nrn2620
https://doi.org/10.1038/nrn2620
https://doi.org/10.1136/jnnp.2005.068726
https://doi.org/10.1161/STROKEAHA.115.010696
https://doi.org/10.1161/STROKEAHA.115.010696
https://doi.org/10.1161/Strokeaha.111.000038
https://doi.org/10.1212/01.wnl.0000216270.02610.7e
https://doi.org/10.1212/01.wnl.0000246601.70918.06
https://doi.org/10.1212/01.wnl.0000246601.70918.06
https://doi.org/10.1016/j.jstrokecerebrovasdis.2011.07.002
https://doi.org/10.1093/gerona/58.3.m227
https://doi.org/10.1161/01.str.30.6.1230
https://doi.org/10.1002/ana.410440506
https://doi.org/10.1002/ajpa.21298
https://doi.org/10.1002/ajpa.21298
https://doi.org/10.1016/j.neuroimage.2012.01.021
https://doi.org/10.1016/j.neuroimage.2012.01.021
https://doi.org/10.1016/j.nbd.2019.104724
https://doi.org/10.1038/jcbfm.2015.85
https://doi.org/10.1212/WNL.0b013e3181c34a7d
https://doi.org/10.1212/WNL.0b013e3181c34a7d
https://doi.org/10.1161/01.STR.0000189696.70989.a4
https://doi.org/10.1002/ima.20277
https://doi.org/10.1212/WNL.0000000000003252
https://doi.org/10.1161/strokeaha.106.478263
https://doi.org/10.1161/strokeaha.106.478263
https://doi.org/10.1212/Wnl.0000000000001705
https://doi.org/10.1093/geronb/57.1.P47
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Lee et al.

Apolipoprotein and Dementia in CADASIL

Lee, J. S, Ko, K, Oh, J. H., Park, J. H, Lee, H. K, Floriolli, D., et al.
(2017). Cerebral Microbleeds, Hypertension, and Intracerebral Hemorrhage
in Cerebral Autosomal-Dominant Arteriopathy with Subcortical Infarcts and
Leukoencephalopathy. Front Neurol 8:203. doi: 10.3389/fneur.2017.00203

Lee, Y. C, Liu, C. S, Chang, M. H,, Lin, K. P,, Fuh, J. L, Lu, Y. C, et al.
(2009). Population-specific spectrum of NOTCH3 mutations, MRI features and
founder effect of CADASIL in Chinese. J. Neurol. 256, 249-255. doi: 10.1007/
500415-009-0091-3

Liao, Y. C.,, Hsiao, C. T., Fuh, J. L., Chern, C. M., Lee, W. J., Guo, Y. C,, et al.
(2015). Characterization of CADASIL among the Han Chinese in Taiwan:
Distinct Genotypic and Phenotypic Profiles. PLoS One 10:e0136501. doi: 10.
1371/journal.pone.0136501

Liem, M. K., Lesnik Oberstein, S. A., Haan, J., Van Der Neut, I. L., Ferrari,
M. D., Van Buchem, M. A,, et al. (2009). MRI correlates of cognitive decline
in CADASIL: a 7-year follow-up study. Neurology 72, 143-148. doi: 10.1212/01.
wnl.0000339038.65508.96

Liem, M. K., Van Der Grond, J., Haan, J., Van Den Boom, R., Ferrari, M. D., Knaap,
Y. M, et al. (2007). Lacunar infarcts are the main correlate with cognitive
dysfunction in CADASIL. Stroke 38, 923-928. doi: 10.1161/01.5tr.0000257968.
24015.bf

Ling, Y., De Guio, F., Jouvent, E., Duering, M., Herve, D., Guichard, J. P., et al.
(2019). Clinical correlates of longitudinal MRI changes in CADASIL. J. Cereb.
Blood Flow Metab. 39, 1299-1305. doi: 10.1177/0271678X18757875

Monet-Lepretre, M., Bardot, B., Lemaire, B., Domenga, V., Godin, O., Dichgans,
M., et al. (2009). Distinct phenotypic and functional features of CADASIL
mutations in the Notch3 ligand binding domain. Brain 132, 1601-1612. doi:
10.1093/brain/awp049

O’Donnell, H. C., Rosand, J., Knudsen, K. A, Furie, K. L., Segal, A. Z., Chiu,
R. I, et al. (2000). Apolipoprotein E genotype and the risk of recurrent
lobar intracerebral hemorrhage. N. Engl. J. Med. 342, 240-245. doi: 10.1056/
Nejm200001273420403

O’Donnell, M. J., Xavier, D., Liu, L. S., Zhang, H. Y., Chin, S. L., Rao-Melacini, P.,
et al. (2010). Risk factors for ischaemic and intracerebral haemorrhagic stroke
in 22 countries (the INTERSTROKE study): a case-control study. Lancet 376,
112-123. doi: 10.1016/S0140-6736(10)60834-3

Opherk, C., Peters, N., Herzog, J., Luedtke, R., and Dichgans, M. (2004). Long-
term prognosis and causes of death in CADASIL: a retrospective study in 411
patients. Brain 127, 2533-2539. doi: 10.1093/brain/awh282

Paquet, C., Jouvent, E., Mine, M., Vital, A., Hugon, J., Chabriat, H., et al. (2010). A
cortical form of CADASIL with cerebral Abeta amyloidosis. Acta Neuropathol.
120, 813-820. doi: 10.1007/s00401-010-0758-y

Peters, N., Herzog, J., Opherk, C., and Dichgans, M. (2004). A two-year clinical
follow-up study in 80 CADASIL subjects: progression patterns and implications
for clinical trials. Stroke 35, 1603-1608. doi: 10.1161/01.str.0000131546.717
33.1

Peters, N., Holtmannspotter, M., Opherk, C., Gschwendtner, A., Herzog, J.,
Samann, P., et al. (2006). Brain volume changes in CADASIL: A serial MRI
study in pure subcortical ischemic vascular disease. Neurology 66, 1517-1522.
doi: 10.1212/01.wnl.0000216271.96364.50

Prentice, R. L., Williams, B. J., and Peterson, A. V. (1981). On the Regression-
Analysis of Multivariate Failure Time Data. Biometrika 68, 373-379. doi: 10.
2307/2335582

Roher, A. E., Maarouf, C. L, Sue, L. I, Hu, Y., Wilson, J.,, and Beach, T. G.
(2009). Proteomics-derived cerebrospinal fluid markers of autopsy-confirmed
Alzheimer’s disease. Biomarkers 14, 493-501. doi: 10.3109/13547500903108423

Rutten, J. W., Dauwerse, H. G., Gravesteijn, G., Van Belzen, M. J., Van Der Grond,
J., Polke, J. M., et al. (2016). Archetypal NOTCH3 mutations frequent in public
exome: implications for CADASIL. Ann. Clin. Transl. Neurol. 3, 844-853. doi:
10.1002/acn3.344

Rutten, J. W., Van Eijsden, B. J., Duering, M., Jouvent, E., Opherk, C., Pantoni, L.,
et al. (2019). The effect of NOTCH3 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. 21, 676-682. doi: 10.1038/s41436-018-0088-3

Scheltens, P., Barkhof, F., Leys, D., Pruvo, J. P., Nauta, J. J., Vermersch, P.,
et al. (1993). A semiquantative rating scale for the assessment of signal
hyperintensities on magnetic resonance imaging. J. Neurol. Sci. 114, 7-12. doi:
10.1016/0022-510x(93)90041-v

Singhal, S., Bevan, S., Barrick, T., Rich, P., and Markus, H. S. (2004). The influence
of genetic and cardiovascular risk factors on the CADASIL phenotype. Brain
127,2031-2038. doi: 10.1093/brain/awh223

Strittmatter, W. J., Weisgraber, K. H., Huang, D. Y., Dong, L. M., Salvesen,
G. S., Pericak-Vance, M., et al. (1993). Binding of human apolipoprotein E
to synthetic amyloid beta peptide: isoform-specific effects and implications
for late-onset Alzheimer disease. Proc. Natl. Acad. Sci. U S A 90, 8098-8102.
doi: 10.1073/pnas.90.17.8098

Thijs, V., Robberecht, W., De Vos, R., and Sciot, R. (2003). Coexistence of
CADASIL and Alzheimer’s disease. J. Neurol. Neurosurg. Psychiatry 74, 790-
792. doi: 10.1136/jnnp.74.6.790

van den Boom, R., Oberstein, S. A. J. L., Van Den Berg-Huysmans, A. A., Ferrari,
M. D., Van Buchem, M. A., and Haan, J. (2006). Cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukoencephalopathy: Structural
MR imaging changes and apolipoprotein E genotype. Am. J. Neuroradiol. 27,
359-362.

Viswanathan, A., Gschwendtner, A., Guichard, J. P., Buffon, F., Cumurciuc, R.,
O’sullivan, M., et al. (2007). Lacunar lesions are independently associated with
disability and cognitive impairment in CADASIL. Neurology 69, 172-179. doi:
10.1212/01.wnl.0000265221.05610.70

Viswanathan, A., Guichard, J. P., Gschwendtner, A., Buffon, F., Cumurcuic, R.,
Boutron, C,, et al. (2006). Blood pressure and haemoglobin Alc are associated
with microhaemorrhage in CADASIL: a two-centre cohort study. Brain 129,
2375-2383. doi: 10.1093/brain/awl177

Wilson, D., Ambler, G., Lee, K. J., Lim, J. S., Shiozawa, M., Koga, et al.
(2019). Cerebral microbleeds and stroke risk after ischaemic stroke or
transient ischaemic attack: a pooled analysis of individual patient data from
cohort studies. Lancet Neurol. 18, 653-665. doi: 10.1016/S1474-4422(19)30
197-8

Xiromerisiou, G., Marogianni, C., Dadouli, K., Zompola, C., Georgouli, D.,
Provatas, A., et al. (2020). Cerebral autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy revisited: Genotype-phenotype
correlations of all published cases. Neurol. Genet. 6:e434. doi: 10.1212/NXG.
0000000000000434

Yoon, C. W., Kim, Y. E,, Seo, S. W., Kij, C. S., Choi, S. H., Kim, J. W,, et al. (2015).
NOTCH3 variants in patients with subcortical vascular cognitive impairment: a
comparison with typical CADASIL patients. Neurobiol. Aging 36, e2441-e2447.
doi: 10.1016/j.neurobiolaging.2015.04.009

Zekry, D., Herrmann, F. R, Irminger-Finger, I, Graf, C., Genet, C., Vitale, A. M.,
et al. (2010). Telomere length and ApoE polymorphism in mild cognitive
impairment, degenerative and vascular dementia. J. Neurol. Sci. 299, 108-111.
doi: 10.1016/j.jns.2010.07.019

Conflict of Interest: JC is a site investigator of multicenter clinical trials or
clinical studies sponsored by Boehringer Ingelheim, AstraZeneca Korea, Jeil
Pharmaceutical Company Ltd., and ChongKeunDang Corp., and received lecture
honoraria from BMS Korea, Samjin Pharmaceutical Company Ltd., Bayer Korea,
ChongKeunDang Corp., and Shire Korea Ltd.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2020 Lee, Ko, Oh, Kim, Kang, Song, Kang, Kang, Park, Koh, Lee and
Choi. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org

November 2020 | Volume 12 | Article 591879


https://doi.org/10.3389/fneur.2017.00203
https://doi.org/10.1007/s00415-009-0091-3
https://doi.org/10.1007/s00415-009-0091-3
https://doi.org/10.1371/journal.pone.0136501
https://doi.org/10.1371/journal.pone.0136501
https://doi.org/10.1212/01.wnl.0000339038.65508.96
https://doi.org/10.1212/01.wnl.0000339038.65508.96
https://doi.org/10.1161/01.str.0000257968.24015.bf
https://doi.org/10.1161/01.str.0000257968.24015.bf
https://doi.org/10.1177/0271678X18757875
https://doi.org/10.1093/brain/awp049
https://doi.org/10.1093/brain/awp049
https://doi.org/10.1056/Nejm200001273420403
https://doi.org/10.1056/Nejm200001273420403
https://doi.org/10.1016/S0140-6736(10)60834-3
https://doi.org/10.1093/brain/awh282
https://doi.org/10.1007/s00401-010-0758-y
https://doi.org/10.1161/01.str.0000131546.71733.f1
https://doi.org/10.1161/01.str.0000131546.71733.f1
https://doi.org/10.1212/01.wnl.0000216271.96364.50
https://doi.org/10.2307/2335582
https://doi.org/10.2307/2335582
https://doi.org/10.3109/13547500903108423
https://doi.org/10.1002/acn3.344
https://doi.org/10.1002/acn3.344
https://doi.org/10.1038/s41436-018-0088-3
https://doi.org/10.1016/0022-510x(93)90041-v
https://doi.org/10.1016/0022-510x(93)90041-v
https://doi.org/10.1093/brain/awh223
https://doi.org/10.1073/pnas.90.17.8098
https://doi.org/10.1136/jnnp.74.6.790
https://doi.org/10.1212/01.wnl.0000265221.05610.70
https://doi.org/10.1212/01.wnl.0000265221.05610.70
https://doi.org/10.1093/brain/awl177
https://doi.org/10.1016/S1474-4422(19)30197-8
https://doi.org/10.1016/S1474-4422(19)30197-8
https://doi.org/10.1212/NXG.0000000000000434
https://doi.org/10.1212/NXG.0000000000000434
https://doi.org/10.1016/j.neurobiolaging.2015.04.009
https://doi.org/10.1016/j.jns.2010.07.019
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Apolipoprotein E 4 Is Associated With the Development of Incident Dementia in Cerebral Autosomal Dominant Arteriopathy With Subcortical Infarcts and Leukoencephalopathy Patients With p.Arg544Cys Mutation
	Introduction
	Materials and Methods
	Study Cohort
	Magnetic Resonance Imaging
	Apolipoprotein E Genotyping
	Statistical Analysis

	Results
	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


