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Background: It remains unclear whether the degree of white matter tract damage or

cerebral hypoperfusion can better predict global cognitive impairment in CADASIL. We

sought to determine the independent effects of cerebral perfusion status and white

matter integrity on the cognition.

Methods: We reviewed prospectively collected clinical and imaging data from

genetically-confirmed CADASIL patients who underwent both arterial spin labeling (ASL)

perfusion MRI and diffusion tensor imaging (DTI). We analyzed the cerebral blood flow

(CBF), mean diffusion (MD), and fractional anisotropy (FA) by dividing the brain tissue into

white matter hyperintensity (WMH) and normal-appearing white matter (NAWM). Global

cognitive function was evaluated by using Mini-Mental State Examination (MMSE) and

the Montreal Cognitive Assessment (MoCA).

Results: Of the included 29 CADASIL patients, the mean age was 48.4 ± 7.9 years,

and 17 (58.6%) were women. MD was significantly correlated with CBF in both WMH

(r = −0.407, P = 0.035) and NAWM (r = −0.437, P = 0.023) after adjusting for age and

WMH volume. AMoCA score was obtained in 13 patients and was significantly correlated

with CBF in both WMH (r = 0.742, P = 0.004) and NAWM (r = 0.659, P = 0.014).

Both CBF in WMH (area under the curve, 0.767; 95% CI, 0.586-0.947, P = 0.015) and

MD in WMH (area under the curve, 0.740; 95% CI, 0.557–0.924, P = 0.028) were

good predictors for cognitive impairment (MMSE score < 27). However, multiple linear

regression analysis revealed that global cognitive function was independently associated

with CBF in WMH only (standardized β = 0.485, P = 0.015), after adjusting for age,

gender, WMH volume, the presence of subcortical infarcts and DTI metrics.

Conclusions: Our findings suggested that cerebral hypoperfusion was more strongly

associated with global cognitive dysfunction than the severity of brain microstructural

damage, supporting that CBF assessed by ASL could serve as a candidate imaging

indicator for monitoring alterations of global cognitive function in CADASIL.
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INTRODUCTION

Cerebral autosomal dominant arteriopathy with subcortical
infarcts and leukoencephalopathy (CADASIL) is an early-onset
monogenic variant of cerebral small vessel disease (CSVD)
caused by mutations in the NOTCH3 gene (1), whose prevalence
is at least 4.6 per 100,000 adults (2). Pathologically, there
is deposition of granular osmiophilic material in the basal
membrane of small arteries and capillaries in close association
with progressive degeneration of smooth muscle cells (3, 4).
Cognitive impairment is the second most frequent clinical
manifestation of CADASIL, principally affecting processing
speed, executive function, and attention from an early stage
(5–7).

The mechanism of cognitive dysfunction in CADASIL
remains uncertain. No strong correlation has been found
between cognitive function and T2 lesion load on conventional
MRI (8), since T2 high signal can be caused by severe neuronal
loss or subtle damage to vascular tissues that leaves neural
fibers intact. Therefore, diffusion tensor imaging (DTI), which
is sensitive to the microstructural integrity of white matter,
is used in the CADASIL population. Previous studies have
shown that the degree of white matter tract damage may
relate to global cognitive function (9, 10). On the other
hand, cerebral hypoperfusion was also found to be correlated
with cognitive impairment or dementia in CADASIL (11, 12).
However, interaction may exist between cerebral hypoperfusion
and disruption of brainmicrostructure. It’s unclear whether white
matter integrity or cerebral perfusion condition could better
predict the global cognitive outcome.

To our knowledge, few previous studies have investigated
the relationship between cerebral perfusion status and white
matter integrity or their correlations with cognitive function in
CADASIL. We thus performed both 3D arterial spin labeling
(ASL) perfusion MRI, which provides measures of cerebral
blood flow (CBF), and DTI in genetically-confirmed CADASIL
patients, in order to determine the independent effects of CBF
and DTI metrics on cognition.

MATERIALS AND METHODS

Study Subjects
This was an investigator-initiated prospective single-center
study. During the years 2007–2017, we performedNOTCH3 gene
testing in patients with probable CADASIL. CADASIL suspicion
arose when typical clinical features (migraine, stroke, cognitive
deficits, or psychiatric symptoms), positive family history, or
neuroimaging were suggestive of an inherited CSVD. Affected
family members of index patients were not included in the
current study.We then enrolled patients who (i) had a deleterious
mutation of NOTCH3; (ii) underwent both ASL and DTI at the
same time; and (iii) received a cognitive function assessment
based on theMini-Mental State Examination (MMSE) and/or the
Montreal Cognitive Assessment (MoCA). We excluded patients
whose image quality was poor due to motion artifacts. This
study has been approved by our local human ethics committee.
All clinical investigation has been conducted according to the

principles expressed in the Declaration of Helsinki. Informed
consent was obtained for all patients.

We retrieved demographic, clinical, and radiological data
including age (disease onset and first visit) and gender;
the vascular risk factors such as history of hypertension,
diabetes mellitus, hyperlipidemia, and smoking; clinical features
including ischemic events, migraine, family history, MMSE
and MoCA score; and conventional neuroimaging findings
such as intracranial arterial stenosis, the severity of white
matter hyperintensities (WMHs), temporal poles hyperintensity,
external capsule involvement, and subcortical infarcts (single
and multiple) were recorded. Family history was collected by
means of a structured interview that focused on the typical
CADASIL disturbances referred to by all the proband’s relatives.
The family history was considered positive when at least one
typical disturbance was present in at least one of the proband’s
first-degree relatives.

MRI Parameters
MRI was performed on a 3.0T system (MR750, GE Healthcare,
United States) equipped with an 8-channel phased array head
coil. MR sequences contained high-resolution 3D sagittal T1-
weighted imaging (T1-WI), fluid attenuated inversion recovery
(FLAIR), DTI and 3D ASL. A single shot, diffusion-weighted
spin echo echo-planar imaging sequence was performed for
DTI. Maximum b-value was 1,000 s/mm2 in 30 non-collinear
directions; one volume was acquired without diffusion weighting
(b-value = 0 s/mm2). Other parameters of DTI were as follows:
TR = 8,000ms; TE = 80.8ms; flip angle = 90◦; FOV = 25.6 ×

25.6 cm2; matrix size = 128 × 128; slice thickness = 2.0mm
without interslice gap. 3D ASL was acquired using spin-echo
pulse sequence with TR/TE = 4611/10.5ms, TI = 1,525ms,
flip angle = 111◦, slice thickness = 4mm, matrix = 128
× 128, FOV = 24 × 24 cm2. High-resolution 3D sagittal
T1WI was acquired using spoiled gradient echo sequence with
TR/TE = 7.3/3.0ms, TI = 450ms, flip angle = 8◦, slice
thickness = 1mm, matrix = 250 × 250, FOV = 25 ×

25 cm2. Time-of-flight magnetic resonance angiography (TOF-
MRA) consisted of 3 slabs with TR = 20ms; TE = 3.2ms; flip
angle = 15◦; FOV = 24 × 24 cm2; matrix size = 320 × 224;
slice thickness= 1.4mm. FLAIR parameters were TR= 9,000ms;
TE = 150ms; TI = 2,250ms; FOV = 24 × 24 cm2; matrix
size = 256 × 192; slice thickness = 5.0mm. Axial FLAIR
sequence was used to measure the lesion volume of WMHs
with the following parameters: TR = 8,400ms; TE = 152ms;
FOV = 24 × 24 cm2 matrix size = 256 × 256; flip angle = 90◦;
TI = 2,100ms; slice thickness = 4.0mm without interslice gap.
The whole brain was imaged.

NOTCH3 Gene Analysis
We used the diagnostic strategy established by Joutel et al. (13).
We initially screened exons 3 and 4 for mutations, and if no
mutations were present, we then analyzed the remaining exons,
i.e., 2 and 5–23. Co-segregation was analyzed if any variant was
found, and the presence of all identified, novel, disease-associated
variants was examined in 100 controls by direct DNA sequencing.

Frontiers in Psychiatry | www.frontiersin.org 2 January 2019 | Volume 9 | Article 741

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Yin et al. CBF and WM Integrity on Cognition in CADASIL

FIGURE 1 | Flowchart demonstrating our imaging process for each subject.

The 3DT1 image (A) was segmented to white mater mapping (B) automatically

on Statistical Parametric Mapping (SPM). Then the T2-FLAIR image (C) was

co-registered to 3DT1 image. White matter hyperintensity (WMH) lesion

segmentation was based on co-registered T2FLAIR image (C) on Lesion

Segmentation Tool in SPM. Normal-appearing white mater mapping (D) was

obtained by image subtraction of white mater mapping and WMH lesion.

Imaging Analysis
DTI images were post-processed using FSL (www.fmrib.ox.
ac.uk/fsl) to extract brain, remove bulk motion, and eddy
current induced distortions. Then we calculated the parametric
maps of mean diffusivity (MD) (a measure of the apparent
diffusion coefficient averaged in all spatial directions), and
fractional anisotropy (FA) (a measure of the directionality of
diffusion) with DTIfit command in FSL. The raw data of ASL
were transferred to a separate workstation (ADW, GE), where
the quantitative CBF maps were generated by a custom-built
program. The segmentation of normal-appearing white matter
(NAWM) and WMH tissue masks was automatically processed
in the native space using 3D T1WI and FLAIR images by the
lesion segmentation tool (LST) toolbox in Statistical Parametric
Mapping Version 8 (SPM8) (Figure 1) (14). The processed
WMH and NAWM masks were further manually corrected
by using ITK-SANP software (www.itksnap.org). The steps of
manual correction included (i) removal of non-brain tissue, deep
gray matter, brain stem, and cerebellum; and (ii) correction of
false segmentation (positives or negatives). After co-registration,
the masks of WMH and NAWM were used to obtain averaged
MD, FA, and CBF of corresponding tissues in each subject.

Statistical Analysis
All numeric variables were expressed as mean ± SD. The
difference between FA, MD, and CBF in WMH and their

TABLE 1 | Main characteristics of CADASIL patients.

Variable N = 29 (mean ± SD) or n

(%)

Age at disease onset (year) 42.0 ± 9.4

Age at first neurological examination

(year)

48.4 ± 7.9

Female 17 (58.6%)

Clinical features

Ischemic TIA/stroke 17 (58.6%)

MMSE score 23.8 ± 6.9

Migraine with aura 10 (34.5%)

Family history 25 (86.2%)

Vascular risk factors

Hypertension 4 (13.8%)

Diabetes 1 (3.4%)

Hyperlipidemia 6 (20.7%)

Smoking 6 (20.7%)

Neuroimaging findings

Lesion load of WMH (ml) 64.1 ± 31.7

Temporal poles hyperintensity 18 (62.1%)

External capsule involvement 21 (72.4%)

Subcortical infarcts 20 (69.0%)

Single 3 (15.0%)

Multiple 17 (85.0%)

CADASIL, cerebral autosomal dominant arteriopathy with subcortical infarcts and

leukoencephalopathy; SD, standard deviation; TIA, transient ischemic attack; MMSE,

Mini-mental state examination; WMH, white matter hyperintensity.

counterparts in NAWM were compared using paired t-tests.
Pearson’s correlation analysis was used for the continuous
variables. In addition, we performed partial Pearson’s correlation
analysis to determine the correlation between CBF and the
metrics of DTI (FA and MD) by adjusting for age and WMH
volume. The association of CBF, MD, FA, age, gender, WMH
volume, and the presence of subcortical infarcts was tested using
the univariate linear regression model. The association of the
variables, whose P < 0.1, with MMSE score was estimated
using the multiple linear regression model. Receiver operating
characteristic curve analysis was used to determine predictive
value. All analyses were performed blinded to participant
identifying information. Statistical significance was set at a P <

0.05. All statistical analyses were performed with SPSS package.

RESULTS

A total of 29 genetically-confirmed CADASIL patients were
included for the final analysis. The demographic, clinical and
imaging characteristics were demonstrated in Table 1. The age
at disease onset was 42.0 ± 9.4 years (ranged from 21 to 57
years), and the age at first neurological examination was 48.4
± 7.9 years (ranged from 31 to 63 years), and 17 (58.6%) were
women. The MMSE score was 23.8 ± 6.9 (ranged from 7 to
30). Seventeen (58.6%) of them suffered at least one transient
ischemic attack or completed stroke, 10 (34.5%) had a migraine
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FIGURE 2 | Comparisons of fractional anisotropy (FA), mean diffusion (MD) and cerebral blood flow (CBF) in white matter hyperintensities (WMH) and their

corresponding normal-appearing white matter (NAWM).

with aura, and 25 (86.2%) had a positive family history. Only
one patient had severe arterial stenosis (right middle cerebral
artery), with a MMSE score of 27 and MoCA score of 15. No
obvious intracranial arterial stenosis was shown in the other
patients.

MD, FA, and CBF in WMH and NAWM were not
associated with age (all P > 0.05). There existed a significant
association between theWMHvolume and FA inWMH (Pearson
r = −0.543, P = 0.002), and in NAWM (Pearson r = −0.757,
P < 0.001), while a tendency was detected with MD in WMH
(Pearson r = 0.322, P = 0.088) and in NAWM (Pearson
r= 0.363, P= 0.053). As illustrated in Figure 2, FA and CBFwere
significantly decreased inWMH compared to NAWM, whileMD
was significantly increased. After adjusting for age and WMH
volume, MDwas significantly correlated with CBF in bothWMH
(r = −0.407, P = 0.035) and NAWM (r = −0.437, P = 0.023),
while there lacked of an association between FA and CBF in both
WMH (r = 0.196, P= 0.328) and NAWM (r = 0.159, P= 0.427)
(Table 2).

Univariate linear regression analysis demonstrated that
MMSE score was significantly associated with CBF in both
WMH and NAWM, and mean FA and MD in WMH, but
not in NAWM (Table 3). Nevertheless, MMSE score was
not significantly associated with WMH volume (standardized
β = −0.189, P = 0.325). The cut-off point of CBF in WMH
was 27 mL/100 g/min (area under the curve, 0.767; 95% CI,
0.586–0.947, P = 0.015), and this yielded a sensitivity of 73.3%
and a specificity of 78.6% for prediction of cognitive impairment
(MMSE score < 27), while CBF in NAWM was not a good
predictor (area under the curve, 0.676; 95% CI, 0.480–0.872,
P = 0.106). The cut-off point of MD in WMH was 1.250
10−9 m2/s (area under the curve, 0.740; 95% CI, 0.557–0.924,
P= 0.028), and this yielded a sensitivity of 71.4% and a specificity

TABLE 2 | Partial correlation between cerebral blood flow and DTI-derived indices

after adjusting for age and lesion load of WMH.

CBF-WMH CBF-NAWM

r P value r P value

FA-WMH 0.196 0.328 0.288 0.146

FA-NAWM 0.146 0.469 0.159 0.427

MD-WMH −0.407 0.035 −0.380 0.051

MD-NAWM −0.235 0.238 −0.437 0.023

DTI, diffusion-tensor imaging; WMH, white matter hyperintensity; CBF, cerebral blood

flow; NAWM, normal-appearing white matter; FA, fractional anisotropy; MD, mean

diffusivity. Bold indicates p < 0.05.

of 60.0% for prediction of cognitive impairment, while FA in
WMH was not a good predictor (area under the curve, 0.629;
95% CI, 0.419–0.838, P = 0.239). MoCA score was obtained in
13 patients. After adjusting for age and WMH volume, MoCA
score was significantly correlated with CBF in both WMH
(r = 0.742, P = 0.004) and NAWM (r = 0.659, P = 0.014),
while there was a trend toward significance between MoCA
and MD in WMH (r = −0.519, P = 0.069). Multiple linear
regression analysis revealed that global cognitive function was
independently associated with CBF in WMH only (standardized
β = 0.485, P = 0.015), after adjusting for age, gender, WMH
volume, the presence of subcortical infarcts, and DTI metrics
(Table 3).

DISCUSSION

In the current study, we investigated the effects of both
cerebral perfusion status and white matter integrity on cognitive
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TABLE 3 | Univariate and multivariate linear regression analyses of imaging

variables with MMSE score.

Univariate Multivariate

Standardized

β

P

value

Standardized

β

P

value

FA-WMH 0.378 0.043 0.262 0.386

FA-NAWM 0.337 0.074 – –

MD-WMH (10−9 m2/s) −0.409 0.028 −0.133 0.602

MD-NAWM (10−9 m2/s) −0.285 0.134 – –

CBF-WMH (mL/100g/min) 0.452 0.014 0.485 0.015

CBF-NAWM

(mL/100g/min)

0.439 0.017 0.205 0.565

MMSE, Mini-mental state examination; FA, fractional anisotropy; WMH, white matter

hyperintensity; NAWM, normal-appearing white matter; MD, mean diffusivity; CBF,

cerebral blood flow. Age, gender, lesion load of WMH, and the presence of subcortical

infarcts were adjusted in the multiple linear regression models. Bold indicates p < 0.05.

function in CADASIL patients. Our findings suggested that
cerebral hypoperfusion was more strongly associated with global
cognitive dysfunction than the severity of brain microstructural
damage, which might differ from that in sporadic CSVD.

Although almost all demented CADASIL patients appeared
to have confluent and diffuse WMH, some asymptomatic or
mildly affected subjects had similar lesions (15). Therefore, the
extent of WMH on T2-weighted images or FLAIR did not
account for the phenotypic severity in CADASIL. Chabriat et al.
first used DTI to detect the microstructural tissular alterations
underlying T2 signal abnormalities and found that water
diffusivity measured within WMH correlated with both MMSE
and Rankin scale scores (9). Another DTI study also showed
that the diffusion abnormalities of the thalamus correlated with
cognitive function in CADASIL without dementia, especially
for executive dysfunction (10). In addition, attentional network
connectivity was proven to be associated with cognitive
performance in CADASIL based on functional MRI (16), while
the increased rapid-onset cortical plasticity might contribute to
largely preserved cognitive function despite extensive ischemic
changes (17).

Increased Notch3 activity mediates reduction in maximal
dilator capacity of cerebral arteries in CADASIL and may
contribute to reductions in CBF (18). Previous studies also
reported the relationship between cerebral hypoperfusion and
cognitive dysfunction. A SPECT study of a German CADASIL
family showed that cognitive impairment was linked to
hypoperfusion in the basal ganglia, and demented patients had
a pattern of frontal, temporal, and basal ganglial hypoperfusion
(19). A significant reduction in absolute and relative CBF was
found within areas of WMH, and this reduction was more severe
in demented than in non-demented CADASIL patients (12).
Another perfusion metric of cerebral blood volume was also
proved to be correlated with disability and cognitive impairment
in CADASIL (11).

In the current study, we found that both CBF and MD
in WMH were good predictors for cognitive impairment
according to receiver operating characteristic curve analysis,

while multiple linear regression analysis revealed that CBF
in WMH was more strongly associated with global cognitive
function. There is no doubt that both cerebral hypoperfusion and
brain microstructural damage contribute to cognitive decline.
However, brain microstructural changes appear secondary to
cerebral perfusion changes, considering both the association
between regional MD and CBF, and the results of multiple
linear regression analysis. Cerebral hypoperfusion in NOTCH3
mutation carriers was supposed to precede the development
of brain microstructural damage. CADASIL patients had both
impaired cerebral and peripheral vasoreactivity at an early stage
(20), and hemodynamic parameters were found to be abnormal
in the superficial nerve fiber layer of the optic nerve head
and retinal capillaries (21, 22). Chronic cerebral hypoperfusion
reduced the activity of extracellular signal-regulated kinases,
leading to neuronal adaptive responses, and impaired the
function of microglial cells, which were implicated in amyloid-
β elimination (23). Interestingly, both cognitive decline and
cerebral hypoperfusion improved in a CADASIL patient during
2-year administration of lomerizine (24). Our findings suggested
that CBF assessed by ASL could serve as a candidate imaging
indicator for monitoring alterations of global cognitive function
in CADASIL.

Our study had several limitations. First, although we
prospectively collected data using a CADASIL registry and MRI
protocol, our study design was cross-sectional. Longitudinal
studies are needed to explore the causality between cerebral
hypoperfusion, white matter integrity and cognitive outcome.
Second, the number of CADASIL patients included in the current
study was small, which reduced the power to detect significant
effects and precluded comprehensive statistical analysis. Third,
the MMSE is a crude measure of cognitive functioning that
is insensitive to executive dysfunction and is not sensitive
enough to detect mild cognitive impairment. Since only part
of the enrolled subjects had a MoCA score, the multivariate
analysis for MoCA was inapplicable due to the small sample size.
More specific tests of executive function and neuropsychological
assessment are required in future studies. Fourth, we did not
focus on the CBF in subcortical gray matter nuclei, which might
also contribute to the cognitive function. Moreover, the emerging
technique of diffusion kurtosis imaging allows the measurement
of mean kurtosis, which does not require tissue’s directionality
and hence it could provide more detailed information of
microstructural integrity than DTI. The relationship between
mean kurtosis and cognitive function should be further
investigated in CADASIL.

In conclusion, our study demonstrated a significant
association between cerebral hypoperfusion and the severity of
brain microstructural damage, while the cerebral perfusion status
was more strongly associated with global cognitive function than
with white matter integrity.

AUTHOR CONTRIBUTIONS

XY drafted and revised the manuscript, participated in
study concept and design, conducted the statistical analyses,

Frontiers in Psychiatry | www.frontiersin.org 5 January 2019 | Volume 9 | Article 741

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Yin et al. CBF and WM Integrity on Cognition in CADASIL

analyzed and interpreted the data. SY participated in study
concept and design, data interpretation and made a major
contribution in revising the manuscript. ML participated in
the study design and made contribution in revising the
manuscript. YZ assisted in designing the MRI sequences and
imaging analysis, and assessed the cognitive function of the
participants.

FUNDING

This study was supported by a grant from the National Natural

Science Foundation of China (81500993 & 81701150), the
Zhejiang Provincial Natural Science Foundation (LY18H090003),
and the Young Elite Scientists Sponsorship Program by CAST to

SY (2017QNRC001).

REFERENCES

1. Joutel A, Corpechot C, Ducros A, Vahedi K, Chabriat H, Mouton P, et al.

Notch3 mutations in CADASIL, a hereditary adult-onset condition causing

stroke and dementia. Nature (1996) 383:707–10. doi: 10.1038/383707a0

2. Moreton FC, Razvi SS, Davidson R, Muir KW. Changing clinical patterns and

increasing prevalence in CADASIL. Acta Neurol Scand. (2014) 130:197–203.

doi: 10.1111/ane.12266

3. Tournier-Lasserve E, Joutel A, Melki J, Weissenbach J, Lathrop GM, Chabriat

H, et al. Cerebral autosomal dominant arteriopathy with subcortical infarcts

and leukoencephalopathy maps to chromosome 19q12. Nat Genet. (1993)

3:256–9. doi: 10.1038/ng0393-256

4. Ruchoux MM, Guerouaou D, Vandenhaute B, Pruvo JP, Vermersch P, Leys

D. Systemic vascular smooth muscle cell impairment in cerebral autosomal

dominant arteriopathy with subcortical infarcts and leukoencephalopathy.

Acta Neuropathol. (1995) 89:500–12. doi: 10.1007/BF00571504

5. Buffon F, Porcher R, Hernandez K, Kurtz A, Pointeau S, Vahedi K, et al.

Cognitive profile in CADASIL. J Neurol Neurosurg Psychiatry (2006) 77:175–

80. doi: 10.1136/jnnp.2005.068726

6. Dichgans M. Cognition in CADASIL. Stroke (2009) 40 (Suppl. 3):S45–7.

doi: 10.1161/STROKEAHA.108.534412

7. Peters N, Opherk C, Danek A, Ballard C, Herzog J, Dichgans M. The pattern

of cognitive performance in CADASIL: a monogenic condition leading to

subcortical ischemic vascular dementia. Am J Psychiatry (2005) 162:2078–85.

doi: 10.1176/appi.ajp.162.11.2078

8. Dichgans M, Filippi M, Bruning R, Iannucci G, Berchtenbreiter C,

Minicucci L, et al. Quantitative MRI in CADASIL: correlation with

disability and cognitive performance. Neurology (1999) 52:1361–7.

doi: 10.1212/WNL.52.7.1361

9. Chabriat H, Pappata S, Poupon C, Clark CA, Vahedi K, Poupon F, et al.

Clinical severity in CADASIL related to ultrastructural damage in white

matter: in vivo study with diffusion tensor MRI. Stroke (1999) 30:2637–43.

doi: 10.1161/01.STR.30.12.2637

10. O’Sullivan M, Singhal S, Charlton R, Markus HS. Diffusion tensor imaging of

thalamus correlates with cognition in CADASIL without dementia.Neurology

(2004) 62:702–7. doi: 10.1212/01.WNL.0000113760.72706.D2

11. Bruening R, Dichgans M, Berchtenbreiter C, Yousry T, Seelos KC, Wu

RH, et al. Cerebral autosomal dominant arteriopathy with subcortical

infarcts and leukoencephalopathy: decrease in regional cerebral blood

volume in hyperintense subcortical lesions inversely correlates with disability

and cognitive performance. AJNR Am J Neuroradiol. (2001) 22:1268–74.

doi: 10.1016/S0925-4927(01)00096-8

12. Chabriat H, Pappata S, Ostergaard L, Clark CA, Pachot-Clouard M, Vahedi K,

et al. Cerebral hemodynamics in CADASIL before and after acetazolamide

challenge assessed with MRI bolus tracking. Stroke (2000) 31:1904–12.

doi: 10.1161/01.STR.31.8.1904

13. Joutel A, Vahedi K, Corpechot C, Troesch A, Chabriat H, Vayssiere C, et al.

Strong clustering and stereotyped nature of Notch3 mutations in CADASIL

patients. Lancet (1997) 350:1511–5. doi: 10.1016/S0140-6736(97)08083-5

14. Park JH, Jeon BH, Lee JS, Newhouse PA, TaylorWD, Boyd BD, et al. CADASIL

as a useful medical model and genetic form of vascular depression. Am J

Geriatr Psychiatry (2017) 25:719–27. doi: 10.1016/j.jagp.2017.03.013

15. Chabriat H, Levy C, Taillia H, Iba-Zizen MT, Vahedi K, Joutel A,

et al. Patterns of MRI lesions in CADASIL. Neurology (1998) 51:452–7.

doi: 10.1212/WNL.51.2.452

16. Cullen B, Moreton FC, Stringer MS, Krishnadas R, Kalladka D, Lopez-

Gonzalez MR, et al. Resting state connectivity and cognitive performance

in adults with cerebral autosomal-dominant arteriopathy with subcortical

infarcts and leukoencephalopathy. J Cereb Blood Flow Metab. (2016) 36:981–

91. doi: 10.1177/0271678X16636395

17. List J, Duning T, Meinzer M, Kurten J, Schirmacher A, Deppe M,

et al. Enhanced rapid-onset cortical plasticity in CADASIL as a possible

mechanism of preserved cognition. Cereb Cortex (2011) 21:2774–87.

doi: 10.1093/cercor/bhr071

18. Baron-Menguy C, Domenga-Denier V, Ghezali L, Faraci FM,

Joutel A. Increased notch3 activity mediates pathological changes

in structure of cerebral arteries. Hypertension (2017) 69:60–70.

doi: 10.1161/HYPERTENSIONAHA.116.08015

19. Mellies JK, Baumer T, Muller JA, Tournier-Lasserve E, Chabriat H, Knobloch

O, et al. SPECT study of a German CADASIL family: a phenotype with

migraine and progressive dementia only. Neurology (1998) 50:1715–21.

doi: 10.1212/WNL.50.6.1715

20. Moreton FC, Cullen B, Delles C, Santosh C, Gonzalez RL, Dani

K, et al. Vasoreactivity in CADASIL: comparison to structural MRI

and neuropsychology. J Cereb Blood Flow Metab. (2018) 38:1085–95.

doi: 10.1177/0271678X17710375

21. Rufa A, Dotti MT, Frezzotti P, De Stefano N, Caporossi A, Federico A.

Hemodynamic evaluation of the optic nerve head in cerebral autosomal

dominant arteriopathy with subcortical infarcts and leukoencephalopathy.

Arch Neurol. (2004) 61:1230–3. doi: 10.1001/archneur.61.

8.1230

22. Harju M, Tuominen S, Summanen P, Viitanen M, Poyhonen M,

Nikoskelainen E, et al. Scanning laser Doppler flowmetry shows reduced

retinal capillary blood flow in CADASIL. Stroke (2004) 35:2449–52.

doi: 10.1161/01.STR.0000145048.94499.b9

23. Bordeleau M, ElAli A, Rivest S. Severe chronic cerebral hypoperfusion

induces microglial dysfunction leading to memory loss in APPswe/PS1 mice.

Oncotarget (2016) 7:11864–80. doi: 10.18632/oncotarget.7689

24. Mizuno T, Kondo M, Ishigami N, Tamura A, Itsukage M, Koizumi

H, et al. Cognitive impairment and cerebral hypoperfusion in a

CADASIL patient improved during administration of lomerizine. Clin

Neuropharmacol. (2009) 32:113–6. doi: 10.1097/WNF.0b013e31816

c82a6

Conflict of Interest Statement: The 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 © 2019 Yin, Zhou, Yan and Lou. 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 Psychiatry | www.frontiersin.org 6 January 2019 | Volume 9 | Article 741

https://doi.org/10.1038/383707a0
https://doi.org/10.1111/ane.12266
https://doi.org/10.1038/ng0393-256
https://doi.org/10.1007/BF00571504
https://doi.org/10.1136/jnnp.2005.068726
https://doi.org/10.1161/STROKEAHA.108.534412
https://doi.org/10.1176/appi.ajp.162.11.2078
https://doi.org/10.1212/WNL.52.7.1361
https://doi.org/10.1161/01.STR.30.12.2637
https://doi.org/10.1212/01.WNL.0000113760.72706.D2
https://doi.org/10.1016/S0925-4927(01)00096-8
https://doi.org/10.1161/01.STR.31.8.1904
https://doi.org/10.1016/S0140-6736(97)08083-5
https://doi.org/10.1016/j.jagp.2017.03.013
https://doi.org/10.1212/WNL.51.2.452
https://doi.org/10.1177/0271678X16636395
https://doi.org/10.1093/cercor/bhr071
https://doi.org/10.1161/HYPERTENSIONAHA.116.08015
https://doi.org/10.1212/WNL.50.6.1715
https://doi.org/10.1177/0271678X17710375
https://doi.org/10.1001/archneur.61.8.1230
https://doi.org/10.1161/01.STR.0000145048.94499.b9
https://doi.org/10.18632/oncotarget.7689
https://doi.org/10.1097/WNF.0b013e31816c82a6
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/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

	Effects of Cerebral Blood Flow and White Matter Integrity on Cognition in CADASIL Patients
	Introduction
	Materials and Methods
	Study Subjects
	MRI Parameters
	NOTCH3 Gene Analysis
	Imaging Analysis
	Statistical Analysis

	Results
	Discussion
	Author Contributions
	Funding
	References


