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Decreased water exchange rate across  
blood–brain barrier in hereditary cerebral 
small vessel disease
Yingying Li,1,2,† Yunqing Ying,3,† Tingyan Yao,4,† Xuejia Jia,1,2 Huilou Liang,5 
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Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) and het-
erozygous HTRA1 mutation-related cerebral small vessel disease (CSVD) are the two types of dominant hereditary 
CSVD. Blood–brain barrier (BBB) failure has been hypothesized in the pathophysiology of CSVD. However, it is unclear 
whether there is BBB damage in the two types of hereditary CSVD, especially in heterozygous HTRA1 mutation- 
related CSVD.
In this study, a case-control design was used with two disease groups including CADASIL (n = 24), heterozygous 
HTRA1 mutation-related CSVD (n = 9) and healthy controls (n = 24). All participants underwent clinical cognitive as-
sessments and brain MRI. Diffusion-prepared pseudo-continuous arterial spin labelling was used to estimate the 
water exchange rate across the BBB (kw). Correlation and multiple linear regression analyses were used to examine 
the association between kw and disease burden and neuropsychological performance, respectively.
Compared with the healthy controls, kw in the whole brain and multiple brain regions was decreased in both CADASIL 
and heterozygous HTRA1 mutation-related CSVD patients (Bonferroni-corrected P < 0.007). In the CADASIL group, de-
creased kw in the whole brain (β = −0.634, P = 0.001), normal-appearing white matter (β = −0.599, P = 0.002) and tem-
poral lobe (β = −0.654, P = 0.001) was significantly associated with higher CSVD score after adjusting for age and 
sex. Reduced kw in the whole brain was significantly associated with poorer neuropsychological performance after 
adjusting for age, sex and education in both CADASIL and heterozygous HTRA1 mutation-related CSVD groups 
(β = 0.458, P = 0.001; β = 0.884, P = 0.008).
This study showed that there was decreased water exchange rate across the BBB in both CADASIL and heterozygous 
HTRA1 mutation-related CSVD patients, suggesting a common pathophysiological mechanism underlying the two 
types of hereditary CSVD. These results highlight the potential use of kw for monitoring the course of CADASIL and 
heterozygous HTRA1 mutation-related CSVD, a possibility which should be tested in future research.
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Introduction
Blood–brain barrier (BBB) failure has been hypothesized in the 
pathophysiology of cerebral small vessel disease (CSVD).1,2

Dynamic contrast-enhanced (DCE) MRI has been the most widely 
applied method for evaluating BBB damage in clinical research. It 
tracks paracellular leakage of gadolinium contrast agents as it 
passes between the blood and brain (Ktrans).

1,3 Cerebral autosomal 
dominant arteriopathy with subcortical infarcts and leukoence-
phalopathy (CADASIL) is an autosomal dominant CSVD caused by 
NOTCH3 gene mutations.4 Several studies have applied DCE-MRI 
to assess BBB damage in CADASIL.5,6

However, there are inconsistencies in existing research on BBB 
damage in CADASIL. One study showed that Ktrans in patients 
with CADASIL was increased and related to iron deposition in spe-
cific brain regions,5 while another study reported that Ktrans in pa-
tients with CADASIL did not change, and it was speculated that 
increased BBB permeability played a less important role in the dis-
ease process of CADASIL.6 Notably, BBB damage not only includes 
structural damage, but also functional impairment of the BBB.7 As 
gadolinium contrast is an exogenous tracer with a relatively large 
molecular weight (550 Da), DCE-MRI may be less suited to assess 
more subtle forms of BBB dysfunction associated with alterations 
in transport systems.1,8,9

Diffusion-prepared pseudo-continuous arterial spin labelling 
imaging (DP-pCASL) is a new MRI technique enabling the quantifi-
cation of water exchange rate (kw) across the BBB.10–12 Water is an 
endogenous tracer with a small molecular weight (∼18 Da). 
Therefore, the evaluation of BBB water exchange may achieve a 
more sensitive assessment of BBB damage at the early stage of dis-
ease progression.13–15 In addition, water crosses the BBB mainly 
through simple diffusion, aquaporin-4 (AQP4) and some cotran-
sport proteins located in the endothelium membrane (such as 
Na+/K+/Cl− co-transporters, glucose transporters and monocarbox-
ylate transporters).8,16–18 Thus, DP-pCASL is also suitable to assess 

BBB dysfunction associated with alterations in transport systems 
compared with DCE-MRI.13,15 Moreover, DP-pCASL allows for the 
computation of metrics of cerebral perfusion such as cerebral blood 
flow (CBF) and arterial transit time (ATT).14 Evaluating kw in con-
junction with CBF and ATT based on DP-pCASL may provide a sen-
sitive and comprehensive approach to determine and quantify BBB 
damage in CADASIL.

In addition to CADASIL, heterozygous HTRA1 mutation is the se-
cond most common cause of autosomal dominant CSVD.19,20 A grow-
ing number of heterozygous HTRA1 mutation-related CSVD cases has 
been detected in clinical practice.21 Similar to other types of CSVD, the 
typical imaging characteristics of heterozygous HTRA1 mutation- 
related CSVD are white matter hyperintensity (WMH), lacunes, en-
larged perivascular spaces (ePVS) and microbleeds.19,21 However, it is 
unclear whether there is BBB damage in heterozygous HTRA1 
mutation-related CSVD, moreover, whether heterozygous HTRA1 
mutation-related CSVD involves BBB damage, if there is a correlation 
between BBB damage and typical imaging characteristics and whether 
the severity of BBB damage is comparable with that of CADASIL.

Here, we report the first measurement of the quantitative kw 

across the BBB in patients with CADASIL and heterozygous HTRA1 
mutation-related CSVD. We hypothesized that both CADASIL and 
heterozygous HTRA1 mutation-related CSVD exhibit decreased BBB 
water exchange and the extent of BBB kw reduction matches the dis-
ease burden of CSVD, respectively. This study aimed to unveil altered 
BBB water exchange and highlight the potential of this imaging tech-
nique for monitoring disease activity in patients with CADASIL and 
heterozygous HTRA1 mutation-related CSVD.

Materials and methods
Participants and neuropsychological assessments

In this study, we enrolled 24 CADASIL and 9 heterozygous HTRA1 
mutation-related CSVD patients and 24 age- and sex-matched 
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healthy controls. The inclusion criterion for patients with CADASIL 
was a confirmed genetic diagnosis of typical mutation of the 
NOTCH3 gene. The inclusion criterion for patients with heterozy-
gous HTRA1 mutation-related CSVD was a confirmed genetic diag-
nosis of heterozygous HTRA1 mutation (Supplementary Table 1). 
Participants with any history of head injury, alcoholism, drug abuse 
or severe psychiatric illness that might impair cognition were 
excluded.

We collected the following information at the time of inclusion 
from each participant: age, sex, years of education and vascular risk 
factors [transient ischaemic attack (TIA) or stroke, smoking, alcohol 
consumption, hypertension, diabetes mellitus, dyslipidaemia]. 
Cognitive function was globally assessed using the Mini-Mental 
State Examination (MMSE). Executive function was measured using 
the Trail-Making Test (TMT) Parts A and B, the Digit Span Task 
(Backward) and the Stroop Colour and Word Test.5 Memory was 
measured using the Auditory Verbal Learning Test (AVLT). 
Visuospatial ability was measured using the Rey–Osterrieth com-
plex figure. Language was measured using the verbal fluency test. 
Depressive symptoms were assessed through the Hamilton 
Depression Scale (HAMD).22 This study was approved by the 
Institutional Review Board and Ethics Committee at Beijing 
Chaoyang Hospital and Huashan Hospital. Written informed con-
sent was obtained from each participant.

MRI data acquisition

Participants were scanned on a Siemens 3 T Prisma MRI system 
(Siemens), using a 64-channel head coil. The MRI protocol included 
T1-weighted magnetization-prepared rapid acquisition gradient 
echo (MP-RAGE) images [resolution = 1 × 1 × 1 mm3, inversion 
time/echo time (TE)/repetition time (TR) = 900/2.98/2300 ms]; 
T2-weighted images [TE/TR = 94/4000 ms, flip angle = 150°, field of 
view (FOV)=230 mm ×230 mm, matrix size =320 ×230]; T2-weighted 
fluid attenuated inversion recovery (FLAIR) images (resolution = 1 
× 1 × 1 mm3, inversion time/TE/TR = 1800/388/5000 ms); and 
susceptibility-weighted images (TE/TR = 20/28 ms, flip angle = 15°, 
FOV = 220 mm × 220 mm, matrix size = 256 × 220). DP-pCASL data 
were obtained using a 3D gradient-and-spin-echo DP-pCASL se-
quence [resolution = 3.5 × 3.5 × 8 mm3, TE/TR = 36.5/4000 ms, flip 
angle = 120°, FOV = 224 mm × 224 mm, matrix size = 64 × 64, 12 
slices (10% oversampling), label/control duration = 1500 ms], cen-
tric ordering and optimized timing of background suppression for 
grey and white matter.13,23

Cerebral small vessel disease imaging 
characteristics analysis

The typical imaging characteristics of CSVD (WMH, lacunes, ePVS 
and microbleeds) were defined as previously described.24 The vol-
ume of WMH was automatically measured on FLAIR images using 
the lesion segmentation tool toolbox. To account for variation in 
brain volume, we normalized WMH to whole brain volume. The to-
tal CSVD score25 was used to evaluate the disease burden of 
CADASIL and heterozygous HTRA1 mutation-related CSVD. The 
MRI lesions were assessed by two radiologists with more than 
5 years of experience in neuroradiology.

Diffusion-prepared pseudo-continuous arterial spin 
labelling imaging analyses

Post-processing of DP-pCASL data was performed offline using 
LOFT BBB Toolbox (http://www.loft-lab.org/index-5.html). Control/ 

label images were corrected for rigid head motion and subtracted 
to obtain perfusion images. The tissue and capillary compartments 
of the ASL signal were separated by a small diffusion gradient of 
50 s/mm2. Using the flow encoding arterial spin tagging scan, ATT 
was calculated from scans acquired at diffusion weighting (b value) 
of 0 and 14 s/mm2 and post-labelling delay (PLD) = 900 ms. The kw 

map was calculated by a total-generalized-variation (TGV) regular-
ized single-pass approximation (SPA) model using the tissue 
(or capillary) fraction of the ASL signal at b = 0 and 50 s/mm2 and 
PLD = 1800 ms, incorporating ATT, T1 of arterial blood (1.66 s) and 
brain tissue as inputs for the algorithm. CBF was quantified from 
perfusion signals acquired at PLD = 1800 ms without diffusion prep-
aration as described in detail elsewhere.12,14 A voxel-wise tissue T1 

map was fitted from background suppressed control images ac-
quired at two PLDs.26

The kw, CBF and ATT maps, along with the M0 (T2-weighted 
structural image in the same space), were co-registered to 
T1-weighted images and normalized to Montreal Neurological 
Institute (MNI) space for regional analysis. Average values were 
measured in the whole brain and regions of interests of relevance 
to CSVD and vascular cognitive impairment: normal-appearing 
white matter (NAWM), frontal lobe, temporal lobe, parietal lobe, 
caudate nucleus and putamen.14,27–30 White matter mask was seg-
mented by SPM12 from T1-weighted MP-RAGE images. WMH was 
excluded from white matter to form the NAWM mask. Other re-
gions of interest were selected from the Anatomical Labeling 
Template in SPM12, using participants’ T1-weighted images, as de-
scribed previously.31

Statistical analysis

The Shapiro–Wilk test was used to evaluate the normality of the 
data. Continuous variables are presented as the mean ± SD or me-
dian with interquartile range (IQR), and categorical variables are 
presented as proportions. A Student’s t-test or Mann–Whitney 
U-test was used to analyse continuous data of the two groups. 
One-way analysis of variance or the Kruskal–Wallis test with 
Bonferroni-correction was used to analyse continuous data of the 
three groups. The chi-square test was used for categorical data. 
To compare kw, CBF and ATT among the three groups, Bonferroni 
correction was applied to correct for the number of regions of inter-
est tested (P = 0.05/7 = 0.007).

Correlation of kw and CSVD burden was first analysed using 
Spearman rank correlation. If the results of univariate correlation 
analysis were statistically significant, multivariate linear regres-
sion (stepwise) was performed to correct for age and sex, and 
Bonferroni correction was used to correct the number of regions 
of interest tested. Correlation of kw and neuropsychological per-
formance was first analysed using univariate Pearson or 
Spearman rank correlation. If the results of the univariate correl-
ation analysis were statistically significant, multivariate linear re-
gression (stepwise) was performed to correct for age, sex and 
education level. The significance of these regression models under-
went Bonferroni correction by the total number of comparisons 
[P = 0.05/(number of regions of interest × number of cognitive func-
tion domains)]. Statistical analyses were performed using IBM SPSS 
26.0 and GraphPad Prism 9.2.

Data availability

The data that support the findings of this study are available from 
the corresponding author, upon reasonable request.

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac500#supplementary-data
http://www.loft-lab.org/index-5.html
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Results
Subject characteristics

Demographic data, vascular risk factors and imaging characteris-
tics of the healthy controls and patients with CADASIL and hetero-
zygous HTRA1 mutation-related CSVD are shown in Table 1. There 
were no significant differences in sex, age and years of education 
between the three groups, and there was no significant difference 
in the history of TIA/stroke and vascular risk factors between 
CADASIL and heterozygous HTRA1 mutation-related CSVD group. 
WMH, lacunes, ePVS and microbleeds were detected in both 
CADASIL and heterozygous HTRA1 mutation-related CSVD (Fig. 1).

All patients with CADASIL and healthy controls underwent all 
neuropsychological assessments. Due to coronavirus disease 2019 
(COVID-19) and patients with heterozygous HTRA1 mutation- 
related CSVD living in other cities, they did not have sufficient 
time to complete all cognitive assessments, so they only underwent 
MMSE and HAMD testing, and the assessment of other cognitive 
function domains were replaced by Montreal Cognitive 
Assessment (MoCA) subdomains.32 There was significant differ-
ence in executive function and memory between the CADASIL 
and healthy control group, and there was significant difference in 
visuospatial/executive ability and attention score between the het-
erozygous HTRA1 mutation-related CSVD and the healthy control 
group; the details are shown in Supplementary Table 2.

Altered kw and cerebral perfusion in CADASIL and 
heterozygous HTRA1 mutation-related cerebral 
small vessel disease groups

Compared with the healthy control group, the CADASIL group 
showed significantly decreased kw in the whole brain, NAWM, 
frontal lobe, temporal lobe and putamen (P < 0.007); the heterozy-
gous HTRA1 mutation-related CSVD group showed significantly de-
creased kw in the whole brain, NAWM, frontal lobe, parietal lobe, 
temporal lobe and putamen (P < 0.007). Compared with the 
CADASIL group, the heterozygous HTRA1 mutation-related CSVD 
group showed significantly decreased kw in whole the brain 
(Table 2, Fig. 2 and Supplementary Fig. 1).

Compared with the healthy control group, the CADASIL group 
and heterozygous HTRA1 mutation-related CSVD group both 
showed significantly decreased CBF in the whole brain, NAWM, 
frontal lobe, parietal lobe and temporal lobe, and increased ATT 
in the temporal lobe (P < 0.007). There was no significant difference 
in CBF and ATT between CADASIL and heterozygous HTRA1 
mutation-related CSVD group (Supplementary Tables 3 and 4 and 
Fig. 2).

Relationships between kw and disease burden in 
CADASIL and heterozygous HTRA1 mutation-related 
cerebral small vessel disease groups

In the CADASIL group, correlation analysis showed that decreased 
kw in the whole brain, NAWM, temporal lobe and putamen was sig-
nificantly associated with higher CSVD score (Fig. 3). These four 
brain regions were included in multiple linear regression analysis 
with age and sex as covariates, respectively, and the results showed 
that decreased kw in the whole brain (β = −0.634, P = 0.001), NAWM 
(β = −0.599, P = 0.002) and temporal lobe (β = −0.654, P = 0.001) was 
significantly associated with higher CSVD score after adjusting for 
age and sex.

In the heterozygous HTRA1 mutation-related CSVD group, cor-
relation analysis showed decreased kw in the temporal lobe was sig-
nificantly associated with higher CSVD score (Fig. 3). This brain 
region was included in multiple linear regression analysis with 
age and sex as covariates, and the result showed that kw in the tem-
poral lobe was not significantly associated with CSVD score after 
adjusting for age and sex.

Relationships between kw and neuropsychological 
performance in two types of hereditary cerebral 
small vessel disease

In the CADASIL group, correlation analysis showed that decreased 
kw in the whole brain, NAWM, frontal lobe, temporal lobe and puta-
men was significantly associated with lower memory scores (AVLT 
immediate/long delayed recall score; Fig. 4). These five brain re-
gions and two neuropsychological tests were included in multiple 
linear regression analysis with age, sex and education as covari-
ates, respectively, and the results showed that decreased kw in 
the whole brain (β = 0.458, P = 0.001), NAWM (β = 0.474, P = 0.001), 
frontal lobe (β = 0.401, P = 0.004) and putamen (β = 0.480, P < 0.001) 
was significantly associated with lower memory scores after ad-
justing for age, sex and education (Supplementary Table 5).

In the heterozygous HTRA1 mutation-related CSVD group, cor-
relation analysis showed that decreased kw in the whole brain, 
NAWM, frontal lobe, parietal lobe and temporal lobe was signifi-
cantly associated with lower attention score (Fig. 4). These five 
brain regions and one MoCA subdomain were included in multiple 
linear regression analysis with age, sex and education as covari-
ates, respectively, and the result showed that decreased kw in the 
whole brain (β = 0.884, P = 0.008) was significantly associated with 
lower attention scores after adjusting for age, sex and education 
(Supplementary Table 5).

Discussion
Using an advanced MRI with DP-pCASL technique, we compared 
the water exchange rate across the BBB (kw) among CADASIL, het-
erozygous HTRA1 mutation-related CSVD and healthy individuals 
and analysed the correlations with disease burden of CSVD and 
neuropsychological scores. These results revealed that there was 
decreased kw in both CADASIL and heterozygous HTRA1 mutation- 
related CSVD, and the reduced kw was associated with higher dis-
ease burden and poorer neuropsychological performance.

The results of this study demonstrated that compared with 
healthy controls, both CADASIL and heterozygous HTRA1 
mutation-related CSVD showed reduced kw within the whole brain, 
NAWM, frontal lobe, temporal lobe and putamen. Previous studies 
have shown that decreased kw could reflect decreased localization 
or expression of AQP4.13,15 Pathological study of CADASIL subjects 
showed that both chronic hypoperfusion of brain tissue33,34 and 
NOTCH3 gene mutations35 could lead to apoptosis of astrocytes 
and increased clasmatodendritic astrocytes with displaced AQP4, 
which ultimately leads to reduced AQP4 expression in the BBB.35

The reduced kw in CADASIL patients in the present study is consist-
ent with the pathological findings in CADASIL. The reduced kw in 
heterozygous HTRA1 mutation-related CSVD patients suggests 
that there may be reduced AQP4 expression in the BBB in heterozy-
gous HTRA1 mutation-related CSVD.

AQP4 is not only a water channel, which also serves an import-
ant function in the brain’s glymphatic system, a mechanism for the 
elimination of soluble material from the CNS.36,37 In animal models 

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac500#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac500#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac500#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac500#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac500#supplementary-data
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with AQP4 deficiency, there is decreased kw
16 and excessive Aβ 

brain deposition.38 In older adults, decreased kw is associated 
with increased brain iron15 and amyloid-β.13 In addition to AQP4, 
the cotransport proteins located in the endothelium membrane 
are also a way of water transport across the BBB.18 Endothelial 
cell dysfunction may lead to decreased kw. Furthermore, evidence 
suggests that endothelial cell dysfunction could lead to deficit in 

local CBF regulation, which results in decreased CBF.39 Based on 
this, reduced kw in CADASIL and heterozygous HTRA1 mutation- 
related CSVD suggests that there may be endothelial cell dysfunc-
tion or worsened BBB-related clearance function in both types of 
hereditary CSVD.

Heterozygous HTRA1 mutation-related CSVD is a newly re-
ported type of hereditary CSVD,19–21 different from cerebral 

Table 1 Demographic and vascular risk factors, and imaging characteristics for the healthy control group, CADASIL group and 
heterozygous HTRA1 mutation-related CSVD group

HC CADASIL HTRA1 P-value

Number 24 24 9
Age, years 42.88 ± 12.34 44.17 ± 14.14 42.78 ± 15.14 0.936
Sex, male 6/24 9/24 6/9 0.087
Education 9.00 (11.00) 11.08 ± 4.60 12.00 (6.50) 0.590
Vascular risk factors

TIA/stroke 0/24 8/24 6/9 <0.001a,b

Smoking 2/24 4/20 6/9 0.002b,c

Alcohol consumption 4/20 4/20 3/9 0.490
Hypertension 0/24 1/24 0/9 1.000
Diabetes mellitus 0/24 1/24 0/9 1.000
Dyslipidaemia 6/18 1/23 0/9 0.063

Imaging characteristics
WMH volume 0.05 (0.19) 17.46 ± 12.05 15.45 ± 14.58 <0.001a,b

Normalized WMH volume ratio 0.371 × 10−4 (0.00014) 0.012 ± 0.009 0.010 ± 0.010 <0.001a,b

Lacunar infarcts 0/24 11/24 6/9 <0.001a,b

Microbleeds 0/24 12/24 6/9 <0.001a,b

ePVS 0/24 10/24 4/9 <0.001a,b

CSVD score – 2.00 (1.75) 3.50 (3.75) –

Data are mean ± SD or median (IQR). HC = healthy controls. 
aFor the comparison between the CADASIL and HC (Bonferroni-corrected P < 0.05). 
bFor the comparison between the HTRA1 and HC (Bonferroni-corrected P < 0.05). 
cFor the comparison between the CADASIL and HTRA1 (Bonferroni-corrected P < 0.05).

Figure 1 Schematic representation of typical imaging characteristic of CADASIL and heterozygous HTRA1 mutation-related CSVD patients. 
T1-weighted images (A and E), T2-weighted images (B and F) and FLAIR images (C and G) show diffuse white matter hyperintensities (red arrows), la-
cunes (blue arrows) and enlarged perivascular spaces (orange arrows), while gradient echo images (D and H) show microbleeds (green arrows) in both 
CADASIL (A–D; 51-year-old female) and heterozygous HTRA1 mutation-related CSVD (E–H; 51-year-old male) patients.



3084 | BRAIN 2023: 146; 3079–3087                                                                                                                                     Y. Li et al.

autosomal recessive arteriopathy with subcortical infarcts and leu-
koencephalopathy (CARASIL), which is caused by biallelic muta-
tions of the HTRA1.40 Heterozygous HTRA1 mutation-related 
CSVD is dominant hereditary CSVD and has a higher incidence 
rate. Previous studies have suggested heterozygous mutations of 
HTRA1 to be the second most common cause of autosomal domin-
ant SVD after CADASIL.19 The results of this study showed that both 
types of autosomal dominant CSVD have BBB dysfunction, suggest-
ing a common pathophysiological mechanism underlying the two 
types of hereditary CSVD. Furthermore, compared with the 
CADASIL group, the heterozygous HTRA1 mutation-related CSVD 
group showed reduced kw within the whole brain. This finding sug-
gests that the degree of BBB dysfunction of the two types of 

hereditary CSVD may be inconsistent. In addition, ATT was pro-
longed in the temporal lobe in both hereditary CSVD, indicating 
the possible occurrence of small arteriolar stenosis. The temporal 
lobe is a brain region frequently involved in CADASIL.40 This finding 
suggests that in heterozygous HTRA1 mutation-related CSVD, the 
temporal lobe may also be a brain region that is affected by small 
vessel pathology. Notably, the speculation regarding the patho-
logical manifestation of heterozygous HTRA1 mutation-related 
CSVD in this study needs to be determined in future pathological 
studies.

Cerebral small vessel disease is one of the most important 
causes of dementia.22,29 In the current study, executive function 
and memory decline occur in CADASIL patients; visuospatial/ 

Table 2 Comparison of kw (min−1) between CADASIL, heterozygous HTRA1 mutation-related CSVD and healthy control groups

Brain regions HC CADASIL HTRA1 P-value

Whole brain 133.19 ± 18.16 117.31 ± 23.70 95.13 ± 26.17 <0.001a,b,c

NAWM 120.30 ± 16.94 102.96 ± 20.91 80.81 ± 25.98 <0.001a,b

Frontal lobe 118.52 ± 14.05 95.50 ± 23.06 79.22 ± 22.98 <0.001a,b

Parietal lobe 94.82 ± 18.98 83.64 ± 21.51 68.22 ± 19.39 0.006b

Temporal lobe 112.36 ± 18.31 97.39 ± 25.36 81.45 ± 23.31 0.003a,b

Caudate nucleus 114.72 ± 18.39 99.89 ± 25.83 91.02 ± 31.72 0.026
Putamen 132.18 ± 23.39 117.32 ± 22.33 102.66 ± 23.05 0.006a,b

Data are mean ± SD or median (IQR). HC = healthy controls. 
aFor the comparison between the CADASIL and HC (Bonferroni-corrected P < 0.05). 
bFor the comparison between the HTRA1 and HC (Bonferroni-corrected P < 0.05). 
cFor the comparison between the CADASIL and HTRA1 (Bonferroni-corrected P < 0.05).

Figure 2 Decreased kw, CBF and increased ATT in the heterozygous HTRA1 mutation-related CSVD and CADASIL patients compared with a healthy 
control. Example images from a representative patient with heterozygous HTRA1 mutation-related CSVD (51-year-old male; top row), a patient with 
CADASIL (51-year-old female; middle row) and a healthy control (50-year-old female; bottom row). In the patient with heterozygous HTRA1 mutation- 
related CSVD: average kw = 82.8 min-1, average CBF = 28.3 ml/100 g/min, average ATT = 1357.5 ms; in the patient with CADASIL: average kw = 
103.5 min-1, average CBF = 28.6 ml/100 g/min, average ATT = 1365.6 ms; in the healthy control: average kw = 126.8 min-1, average CBF = 52.4 ml/100 g/ 
min, average ATT = 1223.4 ms.
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executive ability and attention decline occur in heterozygous 
HTRA1 mutation-related CSVD patients. Multiple linear regression 
analyses revealed that decreased kw in the whole brain was signifi-
cantly associated with poorer neuropsychological performance 
after adjusting for age, sex and education in both CADASIL and het-
erozygous HTRA1 mutation-related CSVD group. Moreover, 

decreased kw in the whole brain, NAWM and temporal lobe was 
also associated with the higher disease burden after adjusting for 
age and sex in the CADASIL group. As mentioned above, reduced 
kw suggests that there may be BBB dysfunction associated with 
clearance, which may lead to the accumulation of blood-derived 
neurotoxic proteins in the CNS, resulting in neuronal injury, 

Figure 3 Correlations between kw and CSVD score in CADASIL and heterozygous HTRA1 mutation-related CSVD groups.

Figure 4 Correlations between kw and neuropsychological performance in CADASIL group.
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disrupted structural and functional brain connectivity.7,41 This re-
sult suggests that kw has the potential for the evaluation of disease 
burden and cognitive decline in CADASIL and heterozygous HTRA1 
mutation-related CSVD.

This study has several limitations. First, given the rarity of het-
erozygous HTRA1 mutation-related CSVD, the sample size of 
patients in this study is relatively small. Second, we only com-
pared MMSE and HAMD between the three groups. Because other 
neuropsychological tests were different between CADASIL and 
heterozygous HTRA1 mutation-related CSVD, they were compared 
separately with the control group. The statistical methods for this 
analysis may not be optimal and we were unable to assess differ-
ences in memory, language and executive function between 
CADASIL and heterozygous HTRA1 mutation-related CSVD. 
Third, the specific direction of kw alterations (lower kw versus 
higher kw) in various ethnic groups requires further research. 
The present study and another study15 showed that reduced kw 

was associated with poorer neuropsychological performance in 
Asian populations with a range of CSVD stages and cognitive im-
pairments, while a previous study showed that increased kw was 
associated with increased vascular risk factors in a Latino cohort 
with generally mild CSVD.12 Fourth, this study can only indicate 
that BBB dysfunction is the predominant form of BBB damage in 
both hereditary CSVD; future studies combining DCE-MRI will 
help to clarify the extent of BBB structural damage. In addition, 
the spatial resolution and signal-to-noise ratio of kw and CBF 
maps are relatively low compared to standard ASL images due 
to the use of diffusion preparation and TGV regularized modelling. 
Moreover, it should be recognized that this is a cross-sectional 
study limited to a description of associations. Whether dysfunc-
tion of the BBB is responsible for disease progression of 
CADASIL and heterozygous HTRA1 mutation-related CSVD re-
mains unclear. Future work investigating kw in longitudinal data 
sets is essential for answering these critical questions and driving 
the field forward.

In conclusion, this study revealed decrease of water exchange 
rate across the BBB in patients with CADASIL and heterozygous 
HTRA1 mutation-related CSVD, suggesting a common patho-
physiological mechanism underlying the two hereditary CSVD. 
These results highlight the potential use of kw for monitoring the 
course of CADASIL and heterozygous HTRA1 mutation-related 
CSVD, a possibility which should be tested in future research.
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