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Abstract.

Background: Cerebral small vessel disease (CSVD) has not been systematically studied in patients with multiple system
atrophy (MSA).

Objective: We sought to explore whether MSA patients suffer from a heavier CSVD burden relative to healthy individuals
and whether CSVD has a relationship with motor, cognitive, and emotional dysfunction in patients with MSA.

Methods: This study consecutively recruited 190 MSA patients and 190 matched healthy controls whose overall CSVD
burden and single CSVD imaging markers (including white matter hyperintensity (WMH), microbleeds, lacunes, and enlarged
perivascular spaces (EPVS)) were measured. Of the MSA patients, 118 completed multi-dimensional outcome assessments.
Spearman’s correlations and multivariable linear regressions were performed.

Results: We observed a greater burden of overall CSVD, WMH, and EPVS in MSA patients compared with controls, but not
for microbleeds and lacunes. Motor dysfunction and cognitive impairment were significantly worse in subjects with severe
CSVD than those with none-to-mild CSVD. In patients with MSA, the severity of CSVD burden was positively associated
with motor impairments as measured by the Unified Multiple System Atrophy Rating Scale-II (3 =2.430, p=0.039) and
Scale for the Assessment and Rating of Ataxia (3 =1.882, p=0.015). Of CSVD imaging markers, different associations with
MSA outcomes were displayed. WMH was associated with motor, cognitive, and emotional deficits, while the EPVS in the
centrum semiovale, basal ganglia, and hippocampus regions was correlated only with motor severity, anxiety, and cognition,
respectively. Similar findings were noted in MSA-cerebellar and MSA-parkinsonian patients.

Conclusions: Concomitant CSVD may be correlated with worse multi-dimensional dysfunction in patients with MSA.
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INTRODUCTION

Multiple system atrophy (MSA) is an adult-onset,
devastating, and fatal neurodegenerative disease
characterized by progressive autonomic dysfunction,
cerebellar impairment, and parkinsonism [1, 2]. The
pathologic hallmark is the cytoplasmic inclusions
formed in oligodendrocytes by the accumulation of
aggregated a-synuclein [1, 2], which qualifies MSA
as an a-synucleinopathy. Emerging evidence has
suggested that non-motor symptoms including cog-
nitive impairment, anxiety, and depression may be
the under-recognized features in MSA [3-6]. Mul-
tiple symptoms of cerebral small vascular disease
(CSVD) are documented to overlap with these symp-
toms of MSA. The mechanisms underlying CSVD
may include the destruction of the blood-brain bar-
rier (BBB) caused by endothelial cell dysfunction
and cerebral hypoperfusion resulting from autoreg-
ulation disorders, which may also be involved in the
pathophysiology of MSA [7-10]. Therefore, due to
the additive effect of the symptoms and a shared pos-
sible mechanism, it is reasonable to speculate that
CSVD may be related to MSA closely.

Recent studies mainly focused on single CSVD
markers and may have overlooked the effects of
overall CSVD burden and other neuroimaging mak-
ers. Previous studies reported a greater white matter
hyperintensity (WMH) burden in patients with MSA
compared with controls, but there were no signifi-
cant differences in lacunes [11, 12]. Microstructural
abnormalities of WMH in MSA were also con-
firmed by studies based on diffusion-tensor imaging
(DTI) [13, 14] and diffusion magnetic resonance
imaging (dMRI) [15, 16]. In addition to WMH
and lacunes, CSVD imaging markers also include
enlarged perivascular spaces (EPVS) and microb-
leeds [17]. However, they have not been clarified
in MSA patients, nor have the overall CSVD bur-
den. Moreover, few studies explored the relationship
between CSVD and MSA outcomes, only one study
from Japan recruited 16 MSA patients and explored
the microstructural white matter abnormalities and
clinical symptoms [18]. They found that DTI may
be useful for the severity assessment of motor
dysfunction, but they did not focus on non-motor
symptoms including cognitive impairment, anxiety,
and depression [18]. Accordingly, a comprehensive
investigation into whether and how various CSVD
neuroimaging features influence multiple functional
domains of MSA is an important issue that warrants
to be addressed.

The total CSVD score integrating four imaging
manifestations is created to capture the overall effect
of CSVD on the brain and has been used extensively
inclinical studies [ 19]. Herein, the first purpose of this
study is to explore whether patients with MSA and
healthy individuals differ in CSVD burden. The sec-
ond one is to investigate the impact of overall CSVD
burden and four separate CSVD imaging markers
(WMH, lacunes, EPVS, and microbleeds) on multi-
dimensional functional domains of MSA.

METHODS

Study population

We consecutively recruited MSA patients at the
Department of Neurology of Huashan Hospital from
August 2019 to February 2022. All patients were
diagnosed with clinically probable MSA according to
the Movement Disorder Society Criteria [20], includ-
ing a combination of core clinical features (rigorously
autonomic dysfunction, poorly levodopa responsive
parkinsonism or cerebellar ataxia), and no unsup-
porting features. Patients were further classified
as MSA-parkinsonian type (MSA-P) and MSA-
cerebellar type (MSA-C) based on the predominant
motor phenotype. Importantly, FDG-PET and DAT-
PET were performed to further discriminate it from
Parkinson’s disease (PD) and Lewy body dementia.
For FDG-PET, MSA patients had low metabolism in
the putamen (posterior), pons, and cerebellum, which
can be used to distinguish it from PD and Lewy body
dementia [21]. If the DAT-PET was normal, it can
help to rule out PD and MSA-P [22]. Genetic testing
was administered to differentiate it from spinocere-
bellar ataxia if necessary. All the MSA patients
included in this study had their clinical diagnosis ver-
ified by follow-up every 6 months and by the recently
updated diagnostic criteria [2], if not, the patient
was excluded. For assessing CSVD neuroimaging
manifestation, only patients who performed cranial
MRI examinations were included in our analysis.
For the control group, we randomly selected age-
and sex-matched healthy subjects who visited the
Medical Examination Center of Shanghai Fifth Peo-
ple’s Hospital for routine medical evaluation with
available cranial MRI and blood examinations. All
the subjects with central nervous system infections,
head trauma, other neurodegenerative disorders (e.g.,
PD, Lewy body dementia, spinocerebellar ataxia,
Alzheimer’s disease), other major neurological disor-
ders, major psychological diseases, severe systemic
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diseases (e.g., cancer), and family history of genetic
diseases were excluded.

This study was approved by the regional ethical
committees of Huashan Hospital and Shanghai Fifth
People’s Hospital (approval number: KY2020-116,
KY2020-065 for Huashan Hospital, and 2021-
211 for Shanghai Fifth People’s Hospital). Written
informed consent was obtained from all participants
or authorized representatives. All research proce-
dures adhered to the tenets of the Declaration of
Helsinki.

Clinical assessment

Fasting venous blood samples were used to
measure triglyceride, total cholesterol, low-density
lipoprotein (LDL), high-density lipoprotein (HDL),
and homocysteine. Baseline demographic character-
istics related to age, sex, smoking status, and comor-
bid conditions such as diabetes and supine hyperten-
sion were obtained after admission through face-to-
face interviews by the neurologists. Supine hyperten-
sion was defined as a supine systolic blood pressure
>140 mmHg or a diastolic blood pressure >90
mmHg. Orthostatic blood pressure was evaluated at
the bedside, and defined as a sustained reduction of
systolic blood pressure of at least 30 mmHg or dias-
tolic blood pressure of 15 mmHg within 3 minutes
of standing. Sleep disorders were evaluated by inter-
view, including rapid eye movement sleep behavior
disorder (RBD), and sleep-related breathing disor-
ders (nocturnal stridor and obstructive sleep apnea).

MSA outcomes assessment

Motor dysfunction duration was uniformly defined
as the time interval from the onset of motor
symptoms to enrollment. Unified Multiple System
Atrophy Rating Scale-II (UMSARS-II), Scale for the
Assessment and Rating of Ataxia (SARA), and Inter-
national Cooperative Ataxia Rating Scale (ICARS)
were used to measure motor function. The Mini-
Mental State Examination (MMSE) and Montreal
Cognitive Assessment (MoCA) were performed to
assess cognitive function. Hamilton Anxiety Rat-
ing Scale (HAMA) and Hamilton Depression Rating
Scale (HAMD) were performed to assess anxiety
and depression respectively. Composite Autonomic
Symptom Score (COMPASS) 31 questionnaire was
used to assess the severity of autonomic dysfunction.
The evaluation of the scales for multi-dimensional
dysfunction in patients with MSA was completed

by one physician specializing in movement disorders
independently.

Neuroimaging assessment

The maximum interval between clinical assess-
ments and imaging scans was 7 days. Neuroimaging
examinations were performed on a 3.0 T MRI
scanner (GE, USA) with a standard 8-channel
HRBRAIN coil. MRI protocol was the same for
patients with MSA and healthy controls, includ-
ing the full sequence of cranial MRI such as
axial T2-weighted sequences, fluid-attenuated inver-
sion recovery (FLAIR), Tl-weighted sequences,
diffusion-weighted imaging (DWI), and axial
susceptibility-weighted imaging (SWI). The spe-
cific parameter information for MRI acquisition was
shown in Supplementary Methods. Individual imag-
ing features of CSVD were observed strictly by
neuroimaging standards [17]. The Fazekas scale was
used for periventricular and deep WMH evaluation.
Lacunes were defined as lesions with a diameter
of 3-15mm and a signal similar to cerebrospinal
fluid but with a surrounding rim of hyperintensity
on FLAIR images. Microbleeds were defined as
rounded or ovoid hypointensity foci with a diam-
eter of 2-5mm on SWI images (less than 10 mm
maximally in diameter). EPVS was differentiated
from lacunes in size because EPVS was smaller
than 3 mm and had no surrounding rim on FLAIR
images, in addition, the EPVS was rated in the basal
ganglia (BG-EPVS), centrum semiovale (CS-EPVS),
hippocampus (H-EPVS), and midbrain (M-EPVS)
manually based on the different semi-quantitative
scales. BG-EPVS and CS-EPVS were defined by 1
grade (the number is 0-10), 2 grade (the number is
11-25), and 3 grade (the number >25) [23]. H-EPVS
were rated based on the slices where the midbrain
and para hippocampal gyrus were visible [24]. The
sum of the left and right hippocampus EPVS >7 was
defined as 1 score, representing the extensive bur-
den, and 0 scores presented a non-extensive burden
[25]. M-EPVS was rated according to the presence or
not, 1 score represented presence, and 0 represented
absence.

The total CSVD score was calculated as fol-
lows, with 1 point being awarded for each of these
features: periventricular Fazekas score=3, or deep
Fazekas score >2, for WMH; 1 or more lacunes; 1 or
more microbleeds; and grade 2-3 for BG-EPVS [19].
Therefore, the total CSVD score was stratified from
0 to 4. The patients were further classified into three
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groups for comparison. Group 1, none-to-mild CSVD
(burden score 0-1), Group 2, moderate CSVD (bur-
den score =2), and Group 3, severe CSVD (burden
score 3—4). All CSVD evaluations were determined
by at least two neuroimaging specialists.

Statistical analysis

Statistical analyses were performed using R ver-
sion 4.1.2. For demographic and clinical features,
continuous variables with normal distribution were
presented as mean =+ standard deviation, and those
with abnormal distribution were presented as median
(interquartile range). Student #-test or ANOVA for
normally distributed continuous parameters and
Wilcoxon or Kruskal-Wallis test for abnormal
distribution continuous parametric variables were
used when appropriate. Categorical variables were
expressed as frequency (percentage) and the x> test
or Fisher exact test was used.

Potential confounders affecting the motor or non-
motor outcomes of MSA were evaluated under the
univariate linear regression model, and variables sig-
nificantly correlated with the outcome (p < 0.05) were
further added as covariates in corresponding mul-
tivariable linear regression models to examine the
associations of overall and separate CSVD burden
with MSA multi-dimensional dysfunction. Spear-
man’s correlation was applied to assess the relevance
of CSVD burden with MS A outcomes and motor dys-
function duration. Subgroup analysis stratified by age
was further performed. The heatmap and forest plots
were used to visualize the distribution of correlation
effects via the ‘heatmap’ and “forest plot’ R packages,
respectively. A two-tailed p < 0.05 was considered to
be statistically significant. To account for multiple
testing, a more conservative significance level based
on Bonferroni correction was applied when neces-
sary.

RESULTS

Baseline population characteristics

In the present study, 190 MSA patients (155 MSA-
C and 35 MSA-P) and 190 age- and gender-matched
healthy controls were included (Supplementary Fig-
ure 1). Demographic characteristics of patients with
MSA and controls are illustrated in Table 1. Com-
pared with the healthy controls, there was a heavier
CSVD burden in patients with MSA (p=0.009).
Among MSA patients, 66 cases (49.25%) had none-

to-mild CSVD load, 43 cases (32.09%) had moderate
CSVD load, and 25 cases (18.66%) had severe
CSVD load (Fig. 1A). Regarding healthy controls,
the numbers were 90 (67.16%), 31 (23.13%), and 13
(9.70%), respectively. For separate imaging features
of CSVD, the distributions of lacunars, microbleeds,
and BG-EPVS did not differ significantly between
groups (p>0.05). WMH Fazekas scores in MSA
patients were generally higher than those in healthy
controls, no matter in periventricular (p=0.002)
or in deep white matter (p=0.047). In addition,
patients with MSA more frequently had extensive H-
EPVS (39.47% vs. 25.79%, p =0.005) and M-EPVS
(41.05% vs. 27.37%, p=0.005) burden compared to
healthy controls.

There was no statistical difference in the distribu-
tion of overall CSVD burden and separate imaging
features between MSA-P and MSA-C, except for
CS-EPVS and microbleeds. Compared with MSA-C,
MSA-P patients disposed to have a heavier CS-EPVS
load and more frequency of microbleeds (Supple-
mentary Table 2).

Group comparisons of demographic profiles and
MSA outcomes stratified by CSVD severity

Table 2 compares the demographic and outcome
features stratified by CSVD severity. Of the 118 MSA
patients, 58 had a none-to-mild overall CSVD bur-
den, 39 had a moderate overall CSVD burden, and
21 had a severe overall CSVD burden. The median
of motor dysfunction duration (months) was 17, 24,
and 24 correspondingly. The education level in our
study was relatively low, the median was 9 for 3
groups. With the increase in severity of CSVD bur-
den, the UMSARS-II (p <0.001), SARA (p <0.001),
and ICARS (p=0.002) scores ascended gradually
(Table 2, Figs. 1B, and Fig. 2). The same trend was
also found for MSA-C (Supplementary Table 3) and
MSA-P (Supplementary Table 4). Regarding cog-
nitive function, the MMSE score and MoCA score
descended gradually for all MSA patients (Table 2)
and MSA-C patients (Supplementary Table 3), but
only the p-value for the MoCA score reached sta-
tistical significance in all MSA patients (p =0.033,
Table 2).

As for CSVD neuroimaging makers, with the
presence of WMH, microbleeds, and lacunes, the
UMSARS-II score displayed an increased tendency
(Fig. 1B), and statistical significance was found for
WMH (p=0.014) and microbleeds (p=0.002), but
not for lacunes (p=0.433). Besides, only the CS-
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Table 1
Demographic characteristics and CSVD neuroimaging features of MSA patients and healthy controls
Characteristics MSA patients Healthy Controls P
MSA-C (n=155) MSA-P (n=35) Total (n=190) n=190
Demographic characteristics
Age (y) 57.75+7.52 62.00+7.44 58.54 £7.66 59.59+£9.78 0.243
Male (n, %) 92 (59.35%) 22 (62.86%) 114 (60.00%) 114 (60.00%) 1.000
Vascular risk factors
Smoking (n, %) 24 (15.58%) 3 (8.57%) 27 (14.29%) 41 (21.58%) 0.064
Drinking (r, %) 23 (14.94%) 5(14.29%) 28 (14.81%) 19 (10.00%) 0.155
Hypertension (n, %) 33 (21.29%) 5 (14.29%) 38 (20.00%) 40 (21.05%) 0.799
Diabetes (1, %) 21 (13.55%) 5(14.29%) 26 (13.68%) 35 (18.42%) 0.209
Blood tests
Total cholesterol (mmol/L) 4.39 (3.66, 4.88) 4.41(3.96,5.13) 4.39 (3.71,4.93) 4.35(3.70, 5.20) 0.905
HDL (mmol/L) 1.17 (0.99, 1.45) 1.17 (0.94, 1.42) 1.17 (0.99, 1.43) 1.11 (0.96, 1.32) 0.050
LDL (mmol/L) 2.73+0.79 2.80+0.78 2.74+£0.78 2.86 £0.87 0.170
Triglyceride (mmol/L) 1.26 (0.91, 1.62) 1.34 (0.84, 1.85) 1.27 (0.89, 1.66) 1.31 (0.96, 1.89) 0.071
Homocysteine (umol/L) 10.30 (8.40, 12.70) 10.94 (9.00, 12.30) 10.40 (8.40, 12.70) 11.30 (9.80, 14.40) <0.001
MRI findings
Lacunes (n, %) 122 (78.71%) 27 (77.14%) 149 (78.42%) 133 (70.00%) 0.061
BG-EPVS (n, %) 0.199
1 grade (count <10) 128 (82.58%) 28 (80.00%) 156 (82.11%) 165 (86.84%)
2 grade(count=11-25) 23 (14.84%) 5 (14.29%) 28 (14.74%) 17 (8.94%)
3 grade (count >25) 4 (2.58%) 2 (5.71%) 6 (3.16%) 8 (4.21%)
CS-EPVS (n, %) 0.042
1 grade (count <10) 101 (65.16%) 17 (48.57%) 118 (62.11%) 134 (70.53%)
2 grade (count=11-25) 42 (27.10%) 10 (28.57%) 52 (27.37%) 48 (25.26%)
3 grade (count >25) 12 (7.74%) 8 (22.86%) 20 (10.53%) 8 (4.21%)
H-EPVS (n, %) 0.005
0 score (non-extensive burden) 96 (61.94%) 19 (54.29%) 115 (60.53%) 141 (74.21%)
1 score (extensive burden) 59 (38.06%) 16 (45.71%) 75 (39.47%) 49 (25.79%)
M-EPVS (n, %) 0.005
0 score (absence) 95 (61.29%) 17 (48.57%) 112 (58.95%) 138 (72.63%)
1 score (presence) 60 (38.71%) 18 (51.43%) 78 (41.05%) 52 (27.37%)
WMH score (n, %)
Periventricular-WMH 0.002
0 score 40 (25.81%) 9 (25.71%) 49 (25.79%) 78 (41.05%)
1 score 78 (50.32%) 14 (40.00%) 92 (48.42%) 60 (31.58%)
2 score 30 (19.35%) 9 (25.71%) 39 (20.53%) 35 (18.42%)
3 score 7 (4.52%) 3 (8.57%) 10 (5.26%) 17 (8.95%)
Deep-WMH 0.047
0 score 75 (48.39%) 12 (34.29%) 87 (45.79%) 114 (60.00%)
1 score 48 (30.97%) 14 (40.00%) 62 (32.63%) 47 (24.74%)
2 score 22 (14.19%) 4 (11.43%) 26 (13.68%) 20 (10.53%)
3 score 10 (6.45%) 5 (14.29%) 15 (7.89%) 9 (4.74%)
Patients with SWI n=111 n=23 n=134 n=134
Microbleeds (n, %) 26 (23.42%) 12 (52.17%) 38 (28.36%) 45 (33.58%) 0.355
Severity of CSVD burden (n, %) n=111 n=23 n=134 n=134 0.009
None-to-mild (CSVD score 0-1) 58 (52.25%) 8 (34.78%) 66 (49.25%) 90 (67.16%)
Moderate (CSVD score 2) 34 (30.63%) 9 (39.13%) 43 (32.09%) 31 (23.13%)
Severe (CSVD score 3—4) 19 (17.12%) 6 (26.09%) 25 (18.66%) 13 (9.70%)

The p-value was a comparison of total MSA patients and the healthy control population. For continuous variables, Student #-test for normally
distributed parameters (Age and LDL) and Wilcoxon test for non-normally distributed parametric variables (the remaining continuous
variables other than Age and LDL) were used. For categorical variables, x> test or Fisher exact test was used. BG-EPVS, enlarged perivascular
spaces in the basal ganglia; CS-EPVS, enlarged perivascular spaces in the centrum semiovale; CSVD, cerebral small vessel disease; HDL,
high-density lipoprotein; H-EPVS, enlarged perivascular spaces in the hippocampus; LDL, low-density lipoprotein; M-EPVS, enlarged
perivascular spaces in the midbrain; MRI, magnetic resonance imaging; MSA, multiple system atrophy; WMH, white matter hyperintensity.

EPVS burden was significantly correlated with the
UMSARS-II score (p<0.001), rather than the BG-
EPVS, H-EPVS nor M-EPVS burden (p=0.356,
p=0.458, and p=0.487 respectively). Regarding

cognitive function, patients with greater H-EPVS bur-
den performed worse in MMSE and MoCA scores
(Fig. 2). Moreover, patients with greater WMH bur-
den showed higher SARA (p=0.007) scores as well
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Fig. 1. Proportions of CSVD burden and comparisons of UMSARS-II scores in different groups. A) Distributions of CSVD burden between
patients with MSA and healthy individuals. The histogram shows the proportions of overall CSVD (none-to-mild, moderate and severe)
and separate CSVD (WMH, microbleeds, lacunes and EPVS) burden in different diagnostic groups. *indicates that the CSVD load of MSA
group differs from that of healthy controls. B) Comparisons of UMSARS-II scores across different CSVD burden groups. X-axis means is
as follows: For overall CSVD burden, 1 represents none-to-mild CSVD (burden score 0-1), 2 represents moderate CSVD (burden score =2),
and 3 represents severe CSVD (burden score 3—4). For WMH, 0 represents absence, and 1 represents presence. For microbleeds, 0 represents
absence, and 1 represents presence. For lacunes, O represents absence, and 1 represents presence. For BG-EPVS and CS-EPVS, 1 represents
1 grade (the number is 0-10), 2 represents 2 grade (the number is 11-25), and 3 represents 3 grade (the number >25). For H-EPVS, 0
represents non-extensive burden (the number <7), and 1 represents extensive burden (EPVS >7). For M-EPVS, 0 represents absence, and
1 represents presence. BG-EPVS, enlarged perivascular spaces in the basal ganglia; CS-EPVS, enlarged perivascular spaces in the centrum
semiovale; CSVD, cerebral small vessel disease; H-EPVS, enlarged perivascular spaces in the hippocampus; M-EPVS, enlarged perivascular
spaces in the midbrain; MSA, multiple system atrophy; UMSARS-II, Unified Multiple System Atrophy Rating Scale-1I; WMH, white matter
hyperintensity.
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Table 2
Group comparisons of demographic profiles and MSA outcomes stratified by the severity of CSVD burden
None-to-mild Moderate Severe p
(CSVD score 0-1) (CSVD score 2) (CSVD score 3-4)
Characteristics n=>58 n=39 n=21
Demographic characteristics
Age (y) 54.41+£6.58 60.13 £6.62 65.33£5.92 <0.001
Motor dysfunction duration (months) 17 (12, 24) 24 (12, 30) 24 (12, 30) 0.294
Male (n, %) 33 (56.90%) 26 (66.67%) 18 (85.71%) 0.058
Education (y) 9.00 (6.75, 12.00) 9.00 (5.00, 9.00) 9.00 (0.72, 12.00) 0.143
Smoking (n, %) 11 (18.97%) 5(12.82%) 7 (33.33%) 0.191
Drinking (n, %) 9 (15.52%) 7 (17.95%) 8 (38.10%) 0.095
Supine hypertension (1, %) 6 (10.34%) 9 (23.08%) 9 (42.86%) 0.007
Diabetes (n, %) 5 (8.62%) 10 (25.64%) 5(23.81%) 0.059
Orthostatic hypotension (1, %) 28 (48.28%) 29 (74.36%) 12 (57.14%) 0.038
RBD (n, %) 46 (79.31%) 32 (82.05%) 19 (90.48%) 0.622
Sleep-related breathing disorders (n, %) 28 (48.28%) 23 (58.97%) 17 (80.95%) 0.036
Blood tests
Total cholesterol (mmol/L) 4.52+0.93 4.46+0.95 3.98+0.83 0.064
HDL (mmol/L) 1.28 £0.40 1.21+£0.28 1.08 +0.26 0.075
LDL (mmol/L) 2.81+£0.80 2.77+0.84 2.40+0.67 0.127
Triglyceride (mmol/L) 1.03 (0.88, 1.63) 1.37 (0.86, 1.76) 1.29 (0.90, 1.82) 0.457
Homocysteine (pumol/L) 9.80 (8.10, 12.33) 10.90 (8.60, 12.60) 12.00 (9.35, 14.65) 0.045
MSA outcomes
UMSARS-IT 10.00 (7.75, 13.73) 14.00 (10.00, 18.00) 16 (13.00, 23.00) <0.001
SARA 10.00 (7.00, 12.15) 13.50 (10.31, 16.50) 15.21 (11.75, 19.75) <0.001
ICARS 20.00 (15.38, 29.24) 29.00 (23.59, 38.00) 36.00 (19.50, 43.00) 0.002
COMPASS31 28.09 (12.77, 41.08) 34.31 (18.12, 47.25) 23.76 (15.40, 50.38) 0.158
MMSE 26.00 (22.00, 27.00) 25.00 (22.00, 27.00) 22.00 (19.00, 27.00) 0.133
MoCA 18.17£6.08 15.71£5.63 14.56 £6.87 0.033
HAMA 6.00 (3.00, 13.00) 10.00 (6.00, 19.00) 8.00 (3.50, 13.00) 0.019
HAMD 4.33 (2.00, 8.00) 7.00 (4.00, 13.00) 4.00 (2.00, 9.50) 0.032

A total of 118 MSA patients with complete data on overall CSVD burden and outcome assessments were compared here. For continu-
ous variables, ANOVA for normally distributed parameters (Age, Total cholesterol, HDL, LDL, and MoCA) and Kruskal-Wallis test for
non-normally distributed parametric variables (Motor dysfunction duration, Triglyceride, Homocysteine, UMSARS-II, SARA, ICARS,
COMPASS31, MMSE, HAMA, and HAMD) were used. For categorical variables, Xz test or Fisher exact test was used. COMPASS31,
Composite Autonomic Symptom Score 31; CSVD, cerebral small vessel disease; HAMA, Hamilton Anxiety Rating Scale; HAMD, Hamil-
ton Depression Rating Scale; HDL, high-density lipoprotein; ICARS, International Cooperative Ataxia Rating Scale; LDL, low-density
lipoprotein; MMSE, Mini Mental State Examination; MoCA, Montreal Cognitive Assessment; MSA, multiple system atrophy; RBD, rapid
eye movement sleep behavior disorder; SARA, Scale for the Assessment and Rating of Ataxia; UMSARS-II, Unified Multiple System

Atrophy Rating Scale-II.

as lower MMSE (p=0.002) and MoCA (p =0.008)
scores.

Associations between the overall CSVD burden
and multi-dimensional outcomes in MSA

Spearman’s correlation analysis showed signif-
icant correlations between the severity of CSVD
burden and UMSARS-II, SARA, and ICARS scores,
with Bonferroni-adjusted p-value being 0.009,
<0.001, and 0.038, respectively (Fig. 3A). With the
increase of CSVD burden, the motor dysfunction
(reflected by UMSARS-II and SARA) gradually
worsened no matter in univariate regression models
(B=3.432, p=0.001; B=2.682, p<0.001, respec-
tively) or multivariate linear regression models

after adjusting for confounding factors (3 =2.430,
p=0.039; B=1.882, p=0.015, respectively) (Sup-
plementary Table 5). Accordingly, higher motor
dysfunction score was correlated with higher CSVD
burden. Despite a higher CSVD burden tended to
be associated with lower cognitive scores (MMSE:
p=0.056; MoCA: p=0.010), the association was
not statistically significant in the multivariate regres-
sion model. In addition, no significant associations
were found between overall CSVD burden and psy-
chological assessment scores (HAMA and HAMD)
(Supplementary Table 5). We explored the correla-
tions between CSVD burden with outcomes features
based on MSA subtypes, the same relationships
were still demonstrated in MSA-C (Supplemen-
tary Table 6) and MSA-P patients (Supplementary
Table 7).
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Fig. 2. Comparisons of motor and cognitive scores across different CSVD burden groups. X-axis means is as follows: For overall CSVD
burden, 1 represents none-to-mild CSVD (burden score 0-1), 2 represents moderate CSVD (burden score =2), and 3 represents severe CSVD
(burden score 3—4). For WMH, 0 represents absence, and 1 represents presence. For CS-EPVS, 1 represents 1 grade (the number is 0-10),
2 represents 2 grade (the number is 11-25), and 3 represents 3 grade (the number >25). For H-EPVS, 0 represents non-extensive burden
(the number <7), and 1 represents extensive burden (EPVS >7). CS-EPVS, enlarged perivascular spaces in the centrum semiovale; CSVD,
cerebral small vessel disease; H-EPVS, enlarged perivascular spaces in the hippocampus; ICARS, International Cooperative Ataxia Rating
Scale; MMSE, Mini Mental State Examination; MoCA, Montreal Cognitive Assessment; SARA, Scale for the Assessment and Rating of

Ataxia; WMH, white matter hyperintensity.

Associations between CSVD neuroimaging
makers and multi-dimensional outcomes in MSA

We further explored the associations of CSVD
neuroimaging features with the severity of motor or
non-motor outcomes in patients with MSA. EPVS
burden in different regions was related to different
multi-dimensional outcomes (Fig. 3B and Supple-
mentary Tables 8—11). Specifically, in the centrum
semiovale, a higher EPVS burden was significantly
associated with a higher SARA score (3=1.558,
p=0.046). In the hippocampus, a higher EPVS bur-
den tended to be associated with lower MMSE

(»=0.023) and MoCA (p =0.004) scores. In the basal
ganglia, a negative correlation was found between
EPVS and HAMA score (p=0.023).

The WMH scores were associated with motor
impairment, cognition dysfunction, and mood dis-
orders in multivariate linear regression models.
Specifically, a higher WMH burden was positively
correlated with UMSARS-II, SARA, and HAMA
scores (p=0.003, p=0.049, and p=0.013 respec-
tively), but negatively correlated with MoCA score
(B=-0.676, p=0.027) (Fig. 3B and Supplementary
Table 12). As for the lacunes and microbleeds, their
correlations with MSA outcomes were weak, and no
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Fig. 3. Associations of CSVD burden with multi-dimensional motor and non-motor scales in MSA. A) Results of Spearman’s correlation
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adjusted p values). B) Results of multivariable linear regressions were shown in the forest plot. BG-EPVS, enlarged perivascular spaces in the
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the centrum semiovale; CSVD, cerebral small vessel disease; HAMA, Hamilton Anxiety Rating Scale; HAMD, Hamilton Depression Rating
Scale; H-EPVS, enlarged perivascular spaces in the hippocampus; ICARS, International Cooperative Ataxia Rating Scale; M-EPVS, enlarged
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statistical difference was found (Fig. 3B and Supple-
mentary Tables 13 and 14).

Subgroup and complementary analysis

Next, we explored the relationship between CSVD
burden and multiple outcomes in different age
subgroups (Supplementary Table 15). Similar but
slightly weakened results were obtained, and the
results indicated that the observed associations in
the primary analysis were not driven by age. More-
over, no association was found between CSVD
neuroimaging features and motor dysfunction dura-
tion (Supplementary Table 16).

DISCUSSION

By thoroughly exploring the relationship between
CSVD and MSA, we had several main findings.
First, patients with MSA had a greater CSVD burden
relative to healthy individuals, and no statistical dif-
ference was found in the distribution of overall CSVD
burden between MSA-P and MSA-C. Second, motor
dysfunction and cognitive impairment were signif-
icantly worse in subjects with severe CSVD than
in those with a none-to-mild CSVD burden. Third,
the overall CSVD severity was closely related to
motor dysfunction in patients with MSA, no mat-
ter in MSA-C or MSA-P. Among CSVD imaging
markers, WMH had a close relationship with motor,
cognitive, and emotional deficits, while the EPVS
in the centrum semiovale, basal ganglia, and hip-
pocampus regions was correlated only with motor
severity, anxiety, and cognition, respectively. Taken
together, concomitant CSVD may be correlated with
worse multi-dimensional dysfunction in patients with
MSA, and different CSVD imaging markers may play
distinct roles in MSA outcomes.

This study ascertained the distinction between
overall CSVD burden and CSVD imaging mark-
ers that existed between MSA patients and healthy
subjects. In our findings, 18.66% of MSA patients
had severe CSVD burden, while in patients with
PD (another a-synucleinopathy), the prevalence was
21.35% [26]. Both prevalences were higher than
that in healthy controls (9.70%), indirectly verifying
that these two a-synuclein diseases were frequently
complicated by CSVD neuroimaging manifestations.
This view was also confirmed in clinicopathologi-
cal and autopsy studies [27-29]. In terms of CSVD
imaging markers, we found patients with MSA had
more severe WMH, but no significant differences

were found in lacunes compared with healthy people.
The result was in line with previous studies which had
relatively small sample sizes and conducted cerebral
MRI using a 1.5 T device [11, 12]. Several studies
based on DTI[13, 14] and dMRI [15, 16] have indeed
demonstrated the microstructural abnormalities of
WMH in MSA. It is worth noting that in our study,
39.47% of MSA patients had an extensive EPVS bur-
den in the hippocampus, higher than the previously
reported 26.14% in patients with hypertension [30].
In the midbrain, the burden of EPVS accounted for
41.05%, more severe than that in the healthy con-
trols. Interestingly, no statistical difference was found
in the distribution of overall CSVD burden between
MSA-P patients and MSA-C patients. Only 35 MSA-
P (18.42%) were included in our study, the ratio is
similar to a study from Japan (the ratio was 18.18%)
[11, 12], so future studies need to include more MSA-
P patients to verify our findings. In a word, given that
these CSVD markers have been rarely investigated in
MSA patients, their prominent CSVD burden needs
to be validated in more studies.

To our knowledge, we are the first to show that
motor dysfunction and cognitive impairment were
significantly worse in MSA patients with severe
CSVD than those with none-to-mild CSVD. In addi-
tion, the overall CSVD severity may be related to
worse motor dysfunction in patients with MSA.
These findings were largely consistent with those of
previous studies in the PD field [31, 32], so we spec-
ulate that CSVD may affect motor dysfunction in
a-synucleinopathies by extensively destroying mul-
tiple brain pathways. Future studies with functional
imaging or neurotransmitter biomarkers are needed to
test this hypothesis. We found no correlation between
the overall CSVD severity and non-motor domains
(cognitive function, depression, and anxiety), which
was different from the results in patients with PD
[26, 32]. This indicated the default network dysfunc-
tion of MSA was different from PD [13]. In addition,
the enrolled MSA patients were relatively younger
may partially explain the results. Nevertheless, we
presented the first preliminary evidence of the rela-
tionship between CSVD severity and MSA outcomes,
a future direction that warrants to be deeply explored.

Several mechanisms may underlie the correlation
between CSVD and MSA. First is the dysfunc-
tion of neuro-glia-vascular unit. Capillary endothelial
cells and pericytes interact with astrocytes, oligo-
dendrocytes, and microglia, which together form
the neuro-glia-vascular unit. Research in humans
has identified that the BBB destruction mediated by
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endothelial dysfunction may trigger reduced cere-
brovascular reactivity, impaired blood flow, and
interstitial fluid drainage, thereby initiating or exac-
erbating the development of CSVD [33-35]. BBB
impairment was involved in the pathogenesis of MSA
simultaneously [36]. Evidence has confirmed that in
patients with MSA, BBB impairment was correlated
with clinical severity [10] and the rate of disease
progression [9]. Therefore, MSA and CSVD shared
the BBB impairment mechanism. The second is
hypoperfusion resulting from cerebral autoregulation
disorders [8], which is one of the main pathogene-
ses of CSVD [33]. Patients with MSA and PD had
significant cerebral self-regulation disorders [37],
which were thought to be related to neurogenic ortho-
static hypotension [37]. Previous studies have shown
that decreased orthostatic blood pressure was signifi-
cantly and independently correlated with CSVD in
patients with MSA [11, 12] and patients with PD
[11, 38]. Our study confirmed the results by showing
that postural hypotension was associated with CSVD
burden independently after adjusting for various tra-
ditional risk factors (Supplementary Table 17), which
suggested that the dynamic changes in cerebral per-
fusions caused by orthostatic hypotension may be
predisposing factors for CSVD in patients with a-
synucleinopathies [11, 12, 38]. Furthermore, supine
hypertension, as a risk factor of CSVD, can cause
complex pathological alterations to the cerebral small
vessels, compromising the structural and functional
integrity of the cerebral microcirculation, such as pro-
moting microvascular rarefaction, BBB impairment
and neuro-glia-vascular unit uncoupling, impairing
cerebral blood supply eventually [39]. These patho-
logical changes may in turn impair the structure
and function of multiple brain pathways in MSA.
Third, oligodendrocytes in MSA may be vulnerable
to cerebral hypoperfusion, as in basic research, oligo-
dendrocytes were indeed very sensitive to ischemic
insults [40, 41]. Therefore, the two-hit hypothesis
for vascular dysfunction or CSVD may also apply
to MSA, that is, vascular dysfunction or CSVD may
have a “double hit” effect on brain health by accel-
erating neurodegeneration (hit two) in addition to
impairing brain perfusion, function and pathways
mediated by multiple focal ischemic or hypoxic
micro-injuries (hit one). This hypothesis requires
testing in future studies.

Our results highlighted the different roles of four
single markers of CSVD in MSA. A previous study
reported that microstructural abnormalities of WMH
may be associated with motor dysfunction in MSA

patients [18]. In contrast, it is unclear whether the
comorbidity of WMH affects non-motor functions
and whether other CSVD markers affect adverse out-
comes in patients with MSA. In a relatively large
MSA cohort, we extended former studies by show-
ing the close associations between WMH and motor,
cognitive and emotional dysfunction, which was in
agreement with the findings in PD [26]. Secondly,
consistent with previous WMH studies [11, 12],
no association between CSVD neuroimaging fea-
tures and motor dysfunction duration was observed,
implying that motor dysfunction duration may not
aggravate the CSVD burden. Besides, we found that
EPVS burden in different regions affected different
functional domains. The EPVS in the hippocampus
tended to be correlated with cognitive impairment, as
previously revealed in Alzheimer’s disease or hyper-
tension populations [30]. Patients with higher EPVS
count in the hippocampus were found to show worse
performance in verbal reasoning [30], which may
be related to the functional connection between the
hippocampus and medial prefrontal lobe [42—44]. In
addition, in the centrum semiovale, EPVS was asso-
ciated with motor function exclusively, while in the
basal ganglia, EPVS was significantly associated with
anxiety. These results were different from previous
publications on PD that EPVS in these two regions
(centrum semiovale and basal ganglia) was associated
with cognitive function [26, 45]. Relevant large-scale
research is necessary.

It is noteworthy that the perivascular space has
been proposed to be part of the glial lymphatic sys-
tem in the brain, and proved to play a key role in
the material exchange process between cerebrospinal
fluid and brain parenchyma, therefore, EPVS is con-
sidered to be a pathological feature of glial lymphatic
system dysfunction [46]. We found that EPVS bur-
den in different regions affected different functional
domains for MSA patients, inferring that the fluid and
toxin clearance in different regions may be involved
in different brain functions. In the future, multi-
center studies with large samples need to confirm
this point. WMH has been proposed to be associated
with vascular pathologies such as arterial sclerosis
and regional hypo-perfusion, and EPVS may be asso-
ciated with neuro-glia-vascular unit dysfunction and
BBB destruction [33]. Studying the specific patho-
physiological mechanisms underlying the course of
MSA will be a daunting task ahead.

The strengths of this study include the rela-
tively large sample size, the comprehensive cerebral
imaging evaluations, and multidimensional outcome
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assessments. However, some limitations existed.
First, the cross-sectional study design limited us to
explore the effects of CSVD on disease progression
in MSA. Well-characterized longitudinal studies are
required in the future. Second, we only carried out
semi-quantitative scoring of CSVD imaging mark-
ers and lacked quantitative evaluation such as WMH
volumes. Third, the diagnosis of MSA was made
according to the consensus criteria for probable MSA,
whereas a “definite” MSA diagnosis required a post-
mortem autopsy.

Collectively our findings suggest clinicians should
be aware that the comorbidity of CSVD is correlated
with worse multidimensional dysfunction in patients
with MSA, and CSVD imaging markers play dis-
tinct roles in MSA outcomes. In the meantime, the
early appearance of WMH and extensive H-EPVS
burden may reflect the onset of cognitive decline in
the course of MSA, and in-depth neuropsychological
assessments should be considered for the patients.
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