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Cerebral small vessel disease (CSVD) is associated with altered cerebral perfusion. However, global and regional
cerebral blood flow (CBF) are highly heterogeneous across CSVD patients. The aim of this study was to identify
subtypes of CSVD with different CBF patterns using an advanced machine learning approach. 121 CSVD patients
and 53 healthy controls received arterial spin label MRI, T1 structural MRI and clinical measurements. Regional
CBF were used to identify distinct perfusion subtypes of CSVD via a semi-supervised machine learning algorithm.
Statistical analyses were used to explore alterations in CBF, clinical measures, gray and white matter volume
between healthy controls and different subtypes of CSVD. Correlation analysis was used to assess the association
between clinical measures and altered CBF in each CSVD subtype. Three subtypes of CSVD with distinct CBF
patterns were found. Subtype 1 showed decreased CBF in the temporal lobe and increased CBF in the parietal and
occipital lobe. Subtype 2 exhibited decreased CBF in the right hemisphere of the brain, and increased CBF in the
left cerebrum. Subtype 3 demonstrated decreased CBF in the posterior part of the brain, and increased CBF in
anterior part of the brain. The three subtypes also differed significantly in gender (p = 0.005), the proportion of
subjects with lacune (p = 0.002), with periventricular white matter hyperintensity (p = 0.043), and CSVD
burden score (p = 0.048). In subtype 3, it was found that widespread decreased CBF was correlated with total
CSVD burden score (r = -0.324, p = 0.029). Compared with healthy controls, the three CSVD subtypes also
showed distinct volumetric patterns of white matter. The current results associate different subtypes with
different clinical and imaging phenotypes, which can improve the understanding of brain perfusion alterations of
CSVD and can facilitate precision diagnosis of CSVD.

Currently, the detection of CSVD mainly depends on MRI (Pantoni,
2010). The MRI markers of CSVD include lacune of presumed vascular
origin, small subcortical infarct, white matter hyperintensity (WMH),

1. Introduction

Cerebral small vessel disease (CSVD) is a widespread cerebrovascular

disease which affects small arteries, arterioles, and capillaries of the
brain (Li et al., 2018). Currently, the incidence of CSVD worldwide is as
high as 3-8 %, with a rising trend in the aging population (Wardlaw
et al., 2020). Risk factors of CSVD include aging, hypertension, and
genetic variations (Li et al., 2018; Wardlaw et al., 2020). However, the
pathogenesis of CSVD is still unclear so far (Cannistraro et al., 2019).
Researchers have revealed that CSVD has close associations with
cognitive impairment, stroke, dementia, and psychiatric disorders
(Cannistraro et al., 2019; Salvadori et al., 2016).

enlarged perivascular space (EPVS), and cerebral microbleeds (CMBs)
(Chen et al., 2019). Despite the existence of MRI markers in regional
brain regions, CSVD is currently considered to be a global and dynam-
ically changing disease across the entire brain (Shi and Wardlaw, 2016;
Ter Telgte et al., 2018). CSVD can cause alterations of the overall brain
structural network as manifested by decreased structural connectivity,
reduced global efficiency (Tuladhar et al., 2017). CSVD can also result in
disrupted local structural connections in the interhemispheric and pre-
frontal regions (Lawrence et al., 2014). In addition, reduced functional

Abbreviations: CSVD, cerebral small vessel disease; WMH, white matter hyperintensity; EPVS, enlarged perivascular space; CMB, cerebral microbleed; ASL,

arterial spin labelling; CBF, cerebral blood flow.
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connectivity within the default-mode network, dorsal attention
network, frontoparietal control network have been observed in patients
with CSVD (Spreng et al.,, 2013). More importantly, WMHs and
subcortical infarcts of CSVD are accompanied by reduced brain perfu-
sion (Hillis et al., 2002; Tullberg et al., 2004). Previous studies have
shown that decreased global and regional cerebral blood flow (CBF) are
associated with disease severity in patients with CSVD (Yu et al., 2020;
Shi et al., 2016).

However, alterations of CBF in CSVD patients were not consistent
among previous studies (Shi et al., 2016; Stewart et al., 2021). In some
cross-sectional studies, lower CBF was significantly related to CSVD total
burden (Yu et al., 2020; Shi et al., 2016). In other studies, no such
relationship was found (Shi et al., 2016; Kuwabara et al., 1996).
Furthermore, in a previous study by our group, we have found variances
of regional CBF in CSVD patients (Yu et al., 2020). Therefore, it was
hypothesized that CSVD is associated with disparities and heterogeneity
in brain perfusions. Heterogeneity through discriminative analysis
(HYDRA), a recently-proposed semi-supervised machine learning
method which has been successfully used in the subtyping of Alz-
heimer’s disease and schizophrenia (Varol et al., 2017; Chand et al.,
2020), was applied to characterize different patterns of CBF in CSVD
patients. Associations between CBF and clinical measures were assessed
in different CSVD subtypes. In addition, gray and white matter volu-
metric differences were investigated among CSVD subtypes to test the
rationality of the subtyping.

2. Methods
2.1. Subject enrollment

This study was approved by the Institution Review Board according
to the principles of the Declaration of Helsinki. Written informed con-
sent was obtained from all participants or their legally acceptable
representatives.

232 Subjects were recruited by the affiliated hospital of our uni-
versity between October 2018 and January 2021. CSVD patients were
included according to the following inclusion criteria (Yu et al., 2020):
(1) evidence of CSVD defined as small vessel occlusion stroke (lacunar
stroke syndrome) with symptoms lasting over 24 h, occurring > 6
months prior to the visit (Binnie et al., 2022); (2) blood biochemistry
indexes, liver and kidney function indexes all in normal ranges; (3) one
or more MRI markers of CSVD defined as WMH, lacune, CMBs, and EPVS
based on clinical-routine brain MRI scan (the brain MRI scan parameters
are given in the Supplementary Text). Exclusion criteria were: (1) brain
tumor or other systemic malignant tumors; (2) history of traumatic brain
injury; (3) acute massive cerebral infarction (diameter > 2 cm) or
magnetic resonance angiography showing artery stenosis; (4) abnormal
cerebral vascular development, such as posterior cerebral artery of the
embryonic brain; (4) mental disorders and consciousness disorders; (5)
atrial fibrillation, acute ischemic stroke caused by cardiogenic embo-
lism; (6) other disorders that affect brain perfusion; (7) stroke or tran-
sient ischemic attack within 6 months; (8) MRI contradictions.

Healthy controls were included with the following criteria: (1) no
clinical evidence of CSVD, and CSVD total burden score of 0 evaluated
by two experienced radiologists based on the clinical routine MRI scans
(Supplementary Text); (2) no brain tumors or other systemic malignant
tumors, no history of brain injuries, no mental disorders or conscious-
ness disorders; (3) no disorders that affect brain perfusion; (4) no MRI
contradictions.

At last, 174 subjects including 121 CSVD patients and 53 healthy
controls were enrolled for further analysis (Supplementary Figure S1).
The 174 subjects received comprehensive clinical examinations.

2.2. MRI acquisition and clinical examination

A 3.0 T MRI (GE Discovery MR 750) with an 8-channel head coil was
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used. Perfusion images were obtained using a pseudo continuous arterial
spin labeling (ASL) approach with a 3D fast spin-echo sequence: 14
sampling points on 8 spirals, field of view = 220 x 220 mm?; recon-
structed matrix = 128 x 128, time of repetition (TR) = 4781 ms, echo
time (TE) = 11.1 ms, number of excitations = 3.0, slice thickness = 3.0
mm, labeling plane was positioned at the base of the cerebellum with
labeling duration = 1500 ms and post labeling delay = 1525 ms, 45
volumes, and an acquisition time of 4 min 37 s. 3D BRAVO sequence was
used to collect T1 images for assessing brain parenchymal volume. The
scan parameters were: TR = 8.2 ms, TE = 3.2 ms, flip angle = 12°, FOV
= 240 x 240 mm?, acquisition matrix = 256 x 256, slice thickness = 1.2
mm with 120 sagittal slices covering the whole brain, and an acquisition
time of 3 min 27 s.

CSVD markers including lacunes, WMH, CMBs, and EPVS were
evaluated according to the Standards for Reporting Vascular Changes on
Neuroimaging (STRIVE) criteria by two experienced radiologists. Ne-
gotiations were conducted if there were disagreements. The total CSVD
burden score and scores for the four MRI markers were rated (Supple-
mentary Table S1 lists the score criterion, Supplementary Figure S2-S6
show MRI images of subjects with different total CSVD burden score).

In addition, binary variables (whether or not) of hypertension,
hyperlipidemia, diabetes, coronary heart disease, smoking cigarette and
drinking alcohol were obtained from all the enrolled subjects. Blood
biochemical indexes, including concentrations of low-density lipopro-
tein (LDL), high-density lipoprotein (HDL), triglyceride, glutamic acid,
homocysteine, free fatty acid, apolipoprotein A, apolipoprotein B, and
total cholesterol were measured.

2.3. ASL data preprocessing

Image preprocessing included the following steps: (1) quantitative
CBF map was calculated from ASL images using the Functool software
(Version 9.4.05) in the MRI server with necessary corrections including
partial volume effect correction; (2) quality check was performed by an
experienced radiologist to exclude low-quality data; (3) a two-step
normalization of CBF map was performed using SPM12: Firstly, T1-
weighted image was co-registered to CBF map using affine trans-
formation, followed by a nonlinear registration of the co-registered T1-
weighted image to the Montreal Neurological Institute (MNI) standard
template. Finally, the deformation field of the nonlinear registration was
applied to the CBF map; (4) after normalization, the CBF map was
smoothed with a 6 mm full width at half maximum (FWHM) isotropic
Gaussian kernel; (5) the CBF map was standardized using the following
formula.

CBF(i
sCBF (i) = ﬁ

where sCBF(i) is the value of the ith voxel in the standardized CBF map
of one subject, CBF(i) is the value of the ith voxel in the CBF map, and
CBFglobal mean is the mean CBF value across the brain of the subject.

2.4. Subtype of CSVD and reproducibility analysis

In this study, HYDRA was applied to identify subtypes of CSVD pa-
tients with distinct brain perfusion. The features of HYDRA were
selected as regional CBF based on the parcellation of Brainnetome atlas
(Fan et al., 2016). HYDRA compared CSVD patients with healthy con-
trols to identify the subtypes within the CSVD patients. The process of
the algorithm included the following steps: Firstly, the subjects were
split by a 10-fold cross validation strategy. In the training set, a linear
maximum margin classifier was introduced to calculate the distance
from the feature point of each CSVD subject to each hyperplane, then
CSVD patients were assigned to the hyperplane closest to themselves. In
this way, CSVD patients in the training set were divided into K clusters.
Finally, each CSVD subject participated in 9 clustering processes and
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obtained 9 same or different clustering labels. The consensus clustering
was applied to generate the final cluster label of each CSVD patients
based on a cooccurrence matrix generated from the labels of the 9
clustering processes. In addition, HYDRA quantified the clustering sta-
bility among the clustering results in the 10-folds cross-validation by the
adjusted rand index (ARI) (Chand et al., 2020).

In order to evaluate the effect of regional CBF feature definition on
the final clustering result, we also used the Brodmann area and
anatomical automatic labeling (AAL) atlas to define regional CBF fea-
tures for HYDRA to perform the clustering of CSVD patients (Zilles and
Amunts, 2010; Rolls et al., 2020). In addition, clustering reproducibility
was analyzed using the permutation test. For each permutation, a null
distribution was configured with 11 healthy controls and 42 pseudo
CSVD patients (the same ratio of the actual healthy controls and CSVD
patients). The healthy controls and pseudo patients were randomly
selected from the control group. Then, HYDRA was applied on the null
distribution. The actual distribution was configured with 11 healthy
controls and 42 real CSVD patients randomly selected from the healthy
controls and CSVD patients, and HYDRA analysis was also performed to
the actual distribution. The permutation step was repeated 10 times.
Finally, the ARIs obtained from the actual distributions were compared
with those obtained from the null distributions to evaluate the repro-
ducibility of the clustering.

2.5. Statistical analysis

Voxel-wise CBF analysis was conducted to explore CBF alterations
between different subtypes of CSVD patients and healthy controls.
General linear model was used for voxel-wise CBF analysis, age and
gender were taken as nuisance covariates. For multiple comparison,
permutation test (10000 times) with threshold-free cluster enhancement
(TFCE) was used to control false positives. We also reported effect size
(ES) calculated by Cohen’s d in voxel-wise CBF analysis.

For statistical analysis of demographic and clinical information be-
tween CSVD patients and healthy controls, parametric tests were used
on continuous data which followed normal distributions, and non-
parametric tests were used on nominal or ordinal variables. Specif-
ically, analysis of variance (ANOVA) was used to assess differences in
age, blood biochemical indexes, with Bonferroni approach used for post-
hoc multiple comparison corrections. Chi-square test was used to assess
differences in gender, the proportion of subjects with hypertension,
diabetes, hyperlipidemia, coronary heart disease, smoking cigarette and
drinking alcohol. Chi-square test was also used for pairwise
comparisons.

Among different subtypes of CSVD, chi-square test was used to assess
differences in the proportion of patients with MRI markers including
lacune, white matter lesions, WMH, EPVS and CMBs. Chi-square test was
also used for pairwise comparisons. Kruskal-Wallis test was used to
assess differences in total scores of WMH, EPVS and CMBs, and total
CSVD burden score. Mann-Whitney U test was used for every pairwise
comparisons.

While each CSVD subtype exhibited both increased and decreased
CBF compared with healthy controls, we extracted the mean CBF values
from the brain regions with increased and decreased CBF. Pearson cor-
relation analysis was applied between the mean CBFs from the brain
regions with increased and decreased CBF to investigate possible com-
pensatory effects in cerebral perfusion. In addition, within each subtype,
associations between CBF and total CSVD burden score were assessed by
Pearson correlation analysis.

2.6. T1 structural image processing and volumetric analysis

Volumetric analysis of gray and white matter was performed to test
whether the CSVD subtypes differed in gray matter and white matter
volumes. CAT12 was applied for the preprocessing of T1 structural MRI
data with the following steps: (1) normalization of T1 image into the
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MNI space and the voxel size was resampled into 1.5 x 1.5 x 1.5 mm?;
(2) segmentation of the normalized images into gray matter, white
matter and CSF; (3) modulation to convert the voxel values from tissue
concentration (density) to volume; (4) calculation of the volume value
based on the ROI from gray matter, white matter and CSF; (5) smoothing
with a6 mm FWHM isotropic Gaussian kernel. General linear model was
used for voxel-wise gray matter and white matter analysis between
healthy controls and CSVD subtypes, age and gender were taken as
nuisance covariates.

3. Results
3.1. Three reproducible subtypes of CSVD

HYDRA was applied to the CBF of different brain regions according
to the brain parcellation by Brainnetome atlas with the resolution K
ranging from 2 to 10 clusters. ARI was calculated as the measure of
reproducibility. Clustering results demonstrated that K = 3 achieved the
maximum reproducibility (Fig. 1a). In order to evaluate the effect of
feature definition, we also used Brodmann atlas and AAL atlas to par-
cellate the brain and obtain regional CBF features for HYDRA analysis.
The results were consistent with the original experiment (Fig. 1a), which
indicated CSVD patients could be partitioned into 3 subtypes regardless
of feature definition.

To evaluate the stability and reproducibility of the subtyping, the
distribution of CSVD patients were compared with a null distribution
generated by permutation tests. The results are shown in Fig. 1b. The
ARIs at K = 2, 3 and 10 from CSVD distributions were higher than those
from null distributions (p < 0.05). Given the subtyping and reproduc-
ibility results, subsequent analyses focused on three subtypes.

3.2. Demographic and clinical information

Demographic and clinical information for healthy controls and three
CSVD subtypes are shown in Table 1. There were significant differences
in age (p < 0.001), gender (p = 0.006), the proportion of subjects with
hypertension (p = 0.009), smoking (p = 0.018) and drinking habits (p =
0.009) among healthy controls and the three CSVD subtypes. Post-hoc
multiple comparisons revealed that healthy subjects were younger in
age, and exhibited lower proportions of subjects with hypertension,
smoking and drinking habits compared with CSVD subtypes. In addition,
differences in gender ratios were observed between subtype 1 and
subtype 2 (32 = 5.031, p = 0.025), between subtype 2 and subtype 3 (>
= 9.705, p = 0.002).

3.3. Voxel-wise CBF map and MRI markers of CSVD subtypes

The three subtypes of CSVD patients showed differences in their
voxel-wise patterns of CBF compared with healthy controls (Fig. 2), the
three subtypes of CSVD patients also demonstrated distinct perfusion
patterns among each other (Supplementary Figure S7). Compared with
healthy controls (n = 53), subtype 1 (n = 39) exhibited decreased CBF in
the left temporal lobe (inferior, middle and superior temporal gyrus) (T
= 5.6864, p < 0.05 corrected by permutation test with TFCE, absolute
ES = 0.37), subtype 1 also exhibited increased CBF in the right parietal
lobe (superior parietal gyrus), right precuneus, right postcentral gyrus,
and right occipital lobe (middle and superior occipital gyrus) (T =
6.6741, p < 0.05 corrected by permutation test with TFCE, absolute ES
= 0.51). In terms of demographic and clinical information, CSVD sub-
type 1 were older in age than healthy controls (T = 4.442, p < 0.001),
and exhibited higher possibility of smoking cigarette (3> = 5.349, p =
0.021) and drinking alcohol (X2 = 6.543, p = 0.011) compared with
healthy controls.

Compared with healthy subjects (n = 53), subtype 2 (n = 41) showed
decreased CBF mainly in the right hemisphere of the brain, including the
frontal, temporal, parietal and part of occipital lobe (T = 7.8752, p <
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Fig. 1. Subtyping of CSVD based on regional CBF. (a) ARI obtained for different subtypes (K) via the original CBF features (defined by regional CBF according to the
Brainnetome atlas) and two other CBF feature definition strategies (regional CBF defined by the Brodmann atlas and AAL atlas respectively). (b) Statistical sig-
nificance of ARI obtained for different subtypes (K) in comparison with the null distribution obtained from random permutations. Abbreviations: n.s., not significant.

Table 1
Demographic and clinical information for the enrolled subjects.
HC (n = 53) CSVD1 (n = 39) CSVD2 (n = 41) CSVD3 (n = 41) Statistics p

Age 57.13 £ 9.29 65.43 + 8.23 64.75 + 8.38 61.80 + 9.62 F =8.544 <0.0017

Gender 25 M/28F 25 M/14F 16 M/25F 30 M/11F XZ =12.323 0.006*

Hypertension 21Y/32N 19Y/20 N 28Y/13 N 28Y/13 N ¥* =11.546 0.009°

Diabetes 9Y/44 N 10Y/29 N 13Y/28 N 8Y/33 N X2 = 3.276 0.351

Hyperlipemia 13Y/40 N 6Y/33 N 15Y/26 N 9Y/32 N XZ = 5.099 0.165

Coronary heart disease 10Y/43 N 11Y/28 N 10Y/31 N 13Y/28 N 2= 2244 0.523

Smoking 7Y/46 N 13Y/26 N 11Y/30 N 17Y/24 N ¥% = 10.094 0.018!

Drinking 8Y/45 N 15Y/24 N 14Y/27 N 19Y/22 N XZ =11.634 0.009"

Blood biochemical indexes* LDL (mmol/L) 2.65 + 0.70 2.77 + 0.62 2.58 + 0.61 2.74 £ 0.70 F = 0.398 0.755
HDL (mmol/L) 1.23 + 0.26 1.36 £ 0.31 1.43 +£0.37 1.42 £ 0.59 F =1.654 0.181
TG (mmol/L) 1.64 +1.09 1.52 £ 0.72 1.28 + 0.75 2.01 +£1.97 F =1.535 0.209
GLU (mmol/L) 5.92 + 3.24 5.06 + 1.24 6.09 £ 2.40 5.98 +1.79 F =0.989 0.401
HCY (pmol/L) 13.80 + 4.85 14.13 + 6.55 16.61 + 6.56 18.67 +10.82 F = 2.530 0.062
FFA (mmol/L) 0.54 £ 0.26 0.46 £+ 0.22 0.59 £ 0.27 0.57 £ 0.19 F =1.346 0.264
APOA (g/L) 1.22 + 0.18 1.27 £ 0.24 1.21 £ 0.23 1.35+ 0.34 F=1.821 0.148
APOB (g/L) 0.91 £0.23 1.01 £ 0.19 0.81 £0.28 0.97 £ 0.15 F =2.100 0.111
TC (mmol/L) 4.46 £ 0.99 5.09 £ 0.85 4.43 £1.30 5.00 + 0.87 F=1.736 0.171

f HC vs CSVD1, p < 0.001; HC vs CSVD2, p < 0.001.

$HC vs CSVD3, 32 = 6.438, p = 0.011; CSVD1 vs CSVD2, 2 = 5.031, p = 0.025; CSVD2 vs CSVD3, p = 0.011.

§ HC vs CSVD2, 2 = 7.614, p = 0.006; HC vs CSVD3, 32 = 7.614, p = 0.006.
IHC vs CSVD1, ¥ = 5.349, p = 0.021; HC vs CSVD3, 3% = 9.707, p = 0.002.

HC vs CSVD1, %2 = 6.543, p = 0.011; HC vs CSVD2, y2 = 4.681, p = 0.031; HC vs CSVD3, x2 = 11.025, p = 0.001.
* Normal range: LDL (2.07-3.3 mmol/L), HDL (1.03-1.85 mmol/L), TG (0.58-1.88 mmol/L), GLU (0-58 mmol/L), HCY (6-17 pmol/L), FFA (0.3 ~ 0.9 mmol/L), APOA

(<1.6 g/L), APOB (<1.2 g/L), TC (2.33-5.69 mmol/L).

* Number of subjects with blood biochemical indexes. LDL: HC (n = 38), CSVD1 (n = 20), CSVD2 (n = 25), CSVD3 (n = 28); HDL, HC (n = 38), CSVD1 (n = 20), CSVD2
(n =25), CSVD3 (n = 28); TG: HC (n = 38), CSVD1 (n = 22), CSVD2 (n = 26), CSVD3 (n = 29); GLU: HC (n = 37), CSVD1 (n = 22), CSVD2 (n = 25), CSVD3 (n = 29);
HCY: HC (n = 34), CSVD1 (n = 17), CSVD2 (n = 23), CSVD3 (n = 26); FFA: HC (n = 34), CSVD1 (n = 18), CSVD2 (n = 24), CSVD3 (n = 27); APOA: HC (n = 34), CSVD1
(n = 18), CSVD2 (n = 24), CSVD3 (n = 28); APOB: HC (n = 13), CSVD1 (n = 9), CSVD2 (n = 22), CSVD3 (n = 15); TC: HC (n = 13), CSVD1 (n = 7), CSVD2 (n = 21),

CSVD3 (n = 14).

Abbreviations: HC, healthy controls; CSVD1, CSVD subtype 1; CSVD2, CSVD subtype 2; CSVD3, CSVD subtype 3; M, male; F, female; Y, yes; N, no; LDL, low-density
lipoprotein; HDL, high-density lipoprotein; TG, triglyceride; GLU, glutamic acid; HCY, homocysteine; FFA, free fatty acid; APOA, apolipoprotein A; APOB, apolipo-

protein B; TC, total cholesterol.

0.05 corrected by permutation test with TFCE, absolute ES = 0.69).
Subtype 2 also showed increased CBF prominently in the left cerebrum,
including frontal, parietal, temporal lobe, and limbic systems (T =
5.5513, p < 0.05 corrected by permutation test with TFCE, absolute ES
= 0.34). In addition, subtype 2 were older (T = 4.115, p < 0.001) and
had higher possibility of hypertension (x> = 7.614, p = 0.006) and
drinking habbit (y? = 4.681, p = 0.031) compared with healthy controls.

Subtype 3 (n = 41) demonstrated widespread abnormalities in CBF
compared with healthy subjects (n = 53). Specifically, subtype 3
demonstrated decreased CBF mainly in the posterior part of the brain
(occipital, parietal and part of temporal lobe) and bilateral cerebrum (T
= 8.1432, p < 0.05 corrected by permutation test with TFCE, absolute
ES = 0.74). Subtype 3 demonstrated increased CBF in the anterior part

of the brain, including the frontal and temporal lobe (T = 6.8409, p <
0.05 corrected by permutation test with TFCE, absolute ES = 0.52).
Compared with healthy subjects, subtype 3 showed significant differ-
ences in age (T = -2.381, p = 0.019), gender (x> = 6.438, p = 0.011), the
proportions of subject with hypertension (x> = 7.614, p = 0.006),
smoking (x? = 9.707, p = 0.002) and drinking habits (3> = 11.025, p =
0.001).

Differences in the proportions of patients with MRI markers among
three CSVD subtypes are shown in Table 2. Notably, the three subtypes
differed in the proportions of patients with lacunes (p = 0.002), peri-
ventricular WMH (PVWMH) (p = 0.043) and total CSVD burden score
(p = 0.048). Specifically, subtype 1 differed from subtype 2 and subtype
3 in terms of the proportions of patients with lacunes and PVWMH.
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Fig. 2. Patterns of CBF identifying the three CSVD subtypes in comparison with healthy controls. Comparison of CBF map between healthy controls and (a) CSVD
subtype 1, (b) CSVD subtype 2, (c) CSVD subtype 3, and corresponding absolute effect size map.

Subtype 3 patients showed higher total burden than subtype 1.

3.4. Correlation analysis

Correlation analysis revealed that within each CSVD subtype, mean
CBF of brain regions with decreased CBF was negatively correlated with
mean CBF of brain regions with increased CBF (r =-0.629, p < 0.001 for
subtype 1, r =-0.813, p < 0.001 for subtype 2, and r = -0.875, p < 0.001
for subtype 3). In addition, CBF of brain regions with decreased CBF was
negatively correlated with total CSVD burden score in subtype 3 (r = —
0.324, p = 0.029) (Fig. 3). However, no significant correlations were
observed between CBF and total CSVD burden score in the other two
subtypes (r = — 0.260, p = 0.111 for subtype 1, and r = — 0.016, p =
0.923 for subtype 2).

3.5. Gray and white matter volumetric differences

By group analysis between healthy controls and CSVD subtypes, we
discovered that the three subtypes did not differ in volumetric gray
matter patterns. In terms of white matter volumetric differences, CSVD
subtype 1 exhibited decreased white matter volume in the bilateral

retrosubicular area and right corpus callosum. CSVD subtype 2 showed
reduced white matter volume mainly in the right cerebrum, which was
consistent with decreased CBF. CSVD subtype 3 experienced widespread
white matter volume reduction in the bilateral cerebrum compared with
healthy controls (Supplementary Figure S8).

4. Discussion

In this study, via a novel semi-supervised clustering approach, we
identified three subtypes of CSVD with distinct CBF patterns. In addi-
tion, the three subtypes also demonstrated differences in clinical mea-
sures, MRI markers and white matter volumetric patterns. The overall
findings of this study are summarized in Fig. 4.

Cerebral small vessels including small arteries, arterioles, venules
and capillaries are vital for maintaining the cerebral blood flow (Ashby
and Mack, 2021). Therefore, dysfunctions of cerebral small vessels by
CSVD leads to the alterations of CBF (Wardlaw et al., 2013). Plausible
pathological mechanism is the impairment of brain blood barrier (BBB)
(Wong et al., 2019). Both BBB permeability and CBF regulation are
functional elements controlled in the neurovascular unit (Stanimirovic
and Friedman, 2012). The impairment of BBB, whether due to the
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Table 2
MRI markers for different CSVD subtypes.
MRI markers CSVD 1 CSVD 2 CSVD 3 Statistics p
(n =39 (n =41) (n =41)
Lacunes 5Y/34 N 19Y/22N  19Y/22N  y>=12.964  0.002'
White matter 15Y/24 N 23Y/18 N 21Y/20 N x*=2.638  0.267
lesions
PVWMH 6Y/33 N 15Y/26 N 16Y/25N ¥*=6.316 0.043
DWMH 13Y/26 N 16Y/25N  10Y/31 N x®=2.042  0.360
Total WMH 0.4872+ 07805+  0.6341+ KW =2802 0.246
score™” 0.6833 0.7910 0.6617
EVPS in the 34Y/5N 33Y/8N 37Y/4N > =1.688  0.430
basal ganglia
EVPS in the 30Y/9N 36Y/5N 35Y/6N ¥ =1.877 0.391
centrum
semiovale
Total EVPS 1.6410+ 1.6829+  1.7561 + KW =0.839 0.657
score”” 0.6277 0.6099 0.5376
CMB 10Y/29N  12Y/29N  14Y/27 N x?=0.699 0.705
CMB (<5) 7Y/32 N 10Y/31N  11Y/30N ¥*=0.941  0.625
CMB (>5) 3Y/36 N 2Y/39 N 5Y/36 N ¥ =1.473 0479
Total CMB 0.3333+  0.3415+ 04878+ KW=1.327 0515
score’” 0.6213 0.5749 0.7114
CSVD total 1.64 + 212 + 2.22 + KW =6.063  0.048°
burden”” 0.81 1.12 1.11

tCSVD1 vs CSVD2, y% = 10.695, p = 0.001; CSVD1 vs CSVD3, x* = 10.695, p =
0.001.

1 CSVD1 vs CSVD2, 2 = 4.641, p = 0.031; CSVD1 vs CSVD3, y2 = 5.602, p =
0.018.

§ CSVD1 vs CSVD3, U = 568.5, p = 0.018.

"Scores are rated according to the criterion listed in Supplementary Table S1.
Abbreviations: PVWMH, periventricular WMH; DWMH, deep WMH; Y, yes; N,
no; CSVD1, CSVD subtype 1; CSVD2, CSVD subtype 2; CSVD3, CSVD subtype 3.

change of basal plate, the injury of endothelia cells or astrocytes, is a
common term of many neurodegenerative diseases involving microcir-
culation pathology (Erdener and Dalkara, 2019).

However, previous findings in relation to the alterations of CBF in
CSVD patients were highly inconsistent (Shi et al., 2016; Stewart et al.,
2021). The heterogeneity of BBB permeability might account for the
inconsistent perfusion patterns to some extent (Rajani et al., 2019).
Variances of MRI imaging features including WMH, lacune, CMBs, and
EPVS among individuals may also account for the inconsistent perfusion
patterns (Wang et al., 2021). In addition, risk factors including hyper-
tension, smoking and drinking may influence brain perfusion (Yu et al.,
2020). The above factors highlight the complex hemodynamics of CBF in
the CSVD patients and lie foundation of CBF heterogeneity in CSVD
patients.

In order to overcome the high heterogeneity of CBF in CSVD patients,
we used a novel semi-supervised machine learning method named
HYDRA. HYDRA develops a novel non-linear learning algorithm for
integrated binary classification and subpopulation clustering, and it
uniquely excavates cluster illness effects by modelling differences from
healthy controls instead of clustering patients directly (Varol et al.,
2017). Unsupervised clustering algorithms like k-means clustering
cluster patients according to their similarity, which are easy to confound
inter-individual diversity and variability irrelevant to the disease (Varol
et al., 2017; Chand et al., 2020). On the contrary, HYDRA can identify
inherent disease subtypes by removing the influence of confounding
variations introduced by age, gender, scanner, and other factors, and can
effectively find the optimal number of subtypes by varying the number
of hyperplanes (Varol et al., 2017). In addition, the present three sub-
types with distinct CBF patterns clustered by HYDRA were robust to
different feature definition strategies, and permutation test against null
hypothesis, which proved that the current subtypes had high
reproducibility.

A consensus has formed that CSVD is associated with reduced CBF
(Wardlaw et al., 2013). However, recent meta-analyses which reviewed
cross-sectional studies have questioned the simple relationship between
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CSVD and CBF (Shi et al., 2016; Stewart et al., 2021). The current study
clarified that although reduced CBF was associated with all three sub-
types of CSVD patients, the three subtypes of CSVD also exhibited
increased CBF in certain brain regions. A previous meta-analysis has
found large heterogeneity of CBF in the temporal lobe in CSVD patients
(Shi et al., 2016), which was supported by the present findings. Here, we
found that decreased CBF in the temporal lobe only occurs in a pro-
portion of CSVD patients (CSVD subtype 1, about 32 % in this study). In
subtype 1, the increased CBF was consistent with a study reporting
higher CBF with white matter diseases (Kraut et al., 2008). Previous
meta-analysis has also demonstrated the least heterogeneity of brain
perfusion in the occipital lobe as relevant studies have found more
decreased patterns than increased patterns of CBF in the occipital lobe
(Shi et al., 2016; Fu et al., 2014). In line with previous findings, the
current results revealed that both subtype 2 and 3 exhibited decreased
CBF in the occipital lobe, only subtype 1 demonstrated a slight
increasing of CBF in the right occipital lobe. Furthermore, relevant
studies have reported conflicting results of the CBF in the frontal and
parietal regions in CSVD (Fu et al., 2014; Kuwabara et al., 1996), which
was in accord with different perfusion patterns in the three CSVD sub-
types in this study. A previous study has observed abnormally higher
CBF in several brain regions including the right inferior temporal gyrus,
right fusiform gyri, right anterior cingulate, left superior temporal gyrus,
and left middle temporal gyrus (Kraut et al., 2008). The present findings
regarding CSVD alterations in CSVD subtype 1 and subtype 2 could give
the abnormal increasing of CBF a possible explanation. It was also worth
mentioning that CSVD subtype 3 exhibited decreased CBF in the pos-
terior part of the brain (the territory of vertebral artery and basilar-
artery), and increased CBF in the anterior part of the brain (the territory
of carotid artery), indicating that cerebral hypoperfusion of CSVD sub-
type 3 might originate from bilateral vertebral arteries insufficiency.

Traditional studies of CSVD have been conducted before determining
subtypes on the basis of perfusion patterns, these studies commonly
revealed overlapping relationships between CSVD clinical symptoms
and CBF (Chen et al., 2021; Jann et al., 2021; Yu et al., 2020). In the
current study, associations between clinical symptoms and CSVD were
assessed after determining the CSVD subtypes, and several common risk
factors between healthy controls and CSVD patients were found,
including age, proportion of subjects drinking alcohol. In addition,
healthy controls and some subtypes of CSVD patients differed in the
proportion of subjects having hypertension and smoking cigarette.
Ageing is a common risk factor for cerebral vascular diseases due to the
fact that cerebral microvasculature is exceptionally vulnerable to
changes due to ageing (Shaaban et al., 2019). Previous studies found
associations between age and decreased CBF (Chen et al., 2011; Yuetal.,
2020). Hypertension, smoking cigarette, drinking alcohol are also
common risk factors for CSVD clinically as several studies have found
associations between these risk factors and CSVD severity (Cannistraro
et al., 2019; Moniruzzaman et al., 2020). However, we found that only
drinking alcohol is a risk factor for all CSVD patients, while hypertension
and smoking cigarette are risk factors for certain CSVD subtypes. In
addition, we found that healthy controls and different CSVD subtypes
differed in gender ratios, furthermore, the three different subtypes
differed in gender ratios. Gender-related alterations in CBF have been
reported in the healthy (Chen et al.,, 2011). Ambarki et al. have
demonstrated that females tend to have higher CBF values than males
(Ambarki et al., 2015). Therefore, it was supposed that the differences in
gender might contribute to the heterogeneity of CSVD.

Among the three CSVD subtypes observed in the present study,
subtype 2 and 3 patients experience higher possibility of lacunes and
PVWMH compared with subtype 1. Lacunes and WMH are two common
MRI markers of CSVD patients (Xin et al., 2019). Zhang et al. have re-
ported that an increased pericarotid fat density is associated with the
presence of lacunes, and may be linked to CSVD (Zhang et al., 2021). A
previous cross-sectional study has provided evidence which linked
lacunes and WMHs to a common pathogenesis of CSVD (Yu et al., 2021).
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Fig. 3. Associations between CBF and clinical measures in the three CSVD subtypes. (a) CBF in the regions with decreased CBF compared with healthy controls (HCs)
is negatively associated with CBF in the regions with increased CBF compared with HCs in (a) subtype 1, (b) subtype 2, (c) subtype 3. (d) CBF in the regions with
decreased CBF compared with HCs is negatively associated with total CSVD burden score in subtype 3. The light red regions indicate 95% confidence interval.

In addition, CSVD subtype 2 and subtype 3 also showed higher possi-
bility of PVWMH but not deep WMH (DWMH) compared with subtype 1.
Both cross-sectional and longitudinal studies have demonstrated that
decreased CBF was related to PVWMH rather than DWMH (Promju-
nyakul et al., 2018; ten Dam et al., 2007), which was consistent with our
findings. However, whether the development of PVWMH and DWMH
differs in mechanisms still remain unanswered. In short, the three sub-
types of CSVD differed in the possibility of lacunes and PVWMH, and
lacunes and PVWMH were two critical markers contributing to the
severity of CSVD since subtype 2 and 3 showed wider alterations of CBF,
and higher total burden score compared with subtype 1.

All the three subtypes of CSVD showed plausible compensatory
phenomenon in cerebral perfusions. The dynamics of regional CBF are
complex and regionally specific. The decreased CBF across the three
CSVD subtype resulted in reduced resting cerebral cortical activity.
However, the brain needs to maintain the cortical activity, which would
require increased blood flow to balance the metabolic demands (Kraut
et al.,, 2008). Therefore, each subtype showed both increased and
decreased CBF across the entire brain, and significant associations be-
tween perfusions in brain regions with increased and decreased CBF
were observed across all three subtypes. In addition, only within CSVD
subtype 3, total burden score was negatively correlated with CBF, which
was in contradiction with previous results (Yu et al., 2020). The
inconsistent result may be due to the fact that total CSVD burden score is
a general indicator of the disease (Yu et al., 2020). However, some
markers such as lacunes and WMH may contribute more to the alter-
ations of CBF, while other markers may play limited roles in CBF

changes. In this sense, the association between total CSVD burden score
and CBF alterations may be weakened.

CSVD is characterized by progressive cerebral white matter changes
due to chronic low perfusion and loss of autoregulation (Han et al.,
2019). In the current study, voxel-wise comparisons of gray and white
matter volumes demonstrated less gray matter volume alterations, but
more white matter volume reductions in CSVD, which was consistent
with the previous consensus that CSVD was associated with white matter
abnormalities (Liu et al., 2020; Wang et al., 2021). In addition, subtype 2
and subtype 3 experienced similar patterns of white matter volume loss,
but exhibited distinct patterns of cerebral circulation, which highlighted
the heterogeneity of cerebral perfusion in CSVD.

The three subtypes of the current study may further contribute to
individualized treatment of CSVD in the future. Recently, photo-
biomodulation therapies such as red to near-infrared light treatment
have been shown as efficient methods for disorders such as stroke and
brain trauma, which can help the brain repair itself by stimulating
neurogenesis, upregulating BDNF synthesis, and encouraging synapto-
genesis (Iglesias-Rey and Castillo, 2020). Irradiation location is a critical
factor for the photobiomodulation therapies (Salehpour et al., 2018). So
far, several approaches including transcranial photobiomodulation
therapy, intranasal photobiomodulation therapy, brain photo-
biomodulation via oral cavity have been proposed to delivery light to
different parts of the brain (Hamblin, 2018). These therapies targeting to
specific brain regions of each subtype identified by the current results
may enhance the therapeutic effect of CSVD. In addition, the three
subtypes of CSVD differs in clinical profiles. Therefore, controlling
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CSvD 1

*Lower possibility of PVWMH
*Decreased CBF in the left temporal
lobe and increased CBF in the right
parietal and occipital lobe

*The proportion of male
patients are lower than
that of female subject

(M<F)

*Decreased CBF mainly in the
right hemisphere of the brain and
increased CBF prominently in the

age

+Clinical measures:
possibility of diabetes,
hyperlipemia, coronary
heart disease, smoking
and drinking.

*MRI markers: possibility
of WML, DWMH, EVPS
and CMB

*Demographic measures:

*Higher possibility of Lacunes
*Higher possibility of PVWMH,

*The proportion of male
patients are higher than
that of female subject

(M>F)

*Higher total
CSVD burden
score

*Widespread decreased CBF
mainly in the posterior part of
the brain and increased CB
in the anterior part of the
brain

*CBF associated negatively
with total CSVD burden
score

Fig. 4. Summary of the three CSVD subtypes.

relevant clinical profiles may be beneficial to certain subtypes. For
instance, controlling blood pressure may be more effective to subtype 2
and 3, smoking cessation may be more beneficial to subtype 1 and 3.

The present findings suggest several challenges for future research.
Firstly, the three subtypes of CSVD may exhibit different perfusion tra-
jectories over time, which may further lead to differences in clinical and
imaging manifestations including hypertension, lacunes, WMHs. How-
ever, due to the cross-sectional nature of the current study, differences in
longitudinal trajectories cannot be assessed. Longitudinal data are
needed to address how CBF changes over time and relates to changes in
clinical phenotypes over time in different CSVD subtypes. Secondly, the
moderate sample size may weaken the interpretation of the current
findings. A larger sample with the current approach might result in a
different clustering solution, which should be a main focus in the future.
Thirdly, due to limited conditions, clinical measures including hyper-
tension, smoking, drinking were all binary, which may hinder the clin-
ical interpretation. Future studies should pay attention to the collection
of clinical information.

5. Conclusion

In summary, we uncovered three markedly distinct perfusion sub-
types of CSVD. Subtype 1 showed decreased CBF in the left temporal
lobe and increased CBF in the right parietal lobe, right precuneus, right
postcentral gyrus, and right occipital lobe. Subtype 2 exhibited reduced
CBF in the right hemisphere of the brain, and increased CBF in the left
cerebrum. While subtype 3 demonstrated decreased CBF in the brain
posterior regions and increased CBF in the brain anterior regions. The
three subtypes of CSVD patients also differed in terms of gender, total
CSVD burden, proportions of subjects with lacunes, PVWMH and whiter
matter patterns. The three subtypes demonstrated differences in the
associations between CBF and clinical measures, which could contribute
to the understanding of CSVD pathology, and also to the precision
clinical care that accounts for the biological heterogeneity in the diag-
nosis and treatment of CSVD.
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