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Background: Cognitive dysfunctions have been reported in multiple system atrophy
(MSA). However the underlying mechanisms remain to be elucidated. This study aimed
to explore the possible cerebral metabolism associated with domain-specific cognitive
performances in MSA.

Methods: A total of 84 patients were diagnosed as probable or possible MSA,
comprised of 27 patients as MSA with predominant parkinsonism (MSA-P) and 57
patients as MSA with predominant cerebellar ataxia (MSA-C). The comprehensive
neuropsychological tests and '8F-fluorodeoxyglucose ('8F-FDG) positron emission
tomography (PET) imaging were performed. Z-score was calculated to non-
dimensionalize and unify indicators of different tests in the domains of executive
function, attention, language, memory, and visuospatial function. Correlations between
specific Z-score and cerebral '8F-FDG uptake were analyzed using statistical parametric
mapping. The cognition-related metabolic differences between patients with MSA-P and
MSA-C were analyzed using the post-hoc test.

Results: Z-scores of the domains including attention, executive function, and language
correlated positively with the metabolism in the superior/inferior frontal gyrus and
cerebellum, but negatively with that in the insula and fusiform gyrus (p < 0.001).
No significant differences in neuropsychological performances and frontal metabolism
were found between patients with MSA-P and MSA-C. Only lower metabolism in the
cerebellum was observed in MSA-C.

Conclusion: Metabolic changes in the frontal lobe and cerebellum may participate
in the cognitive impairments of patients with MSA. Nevertheless, cognitive and
corresponding metabolic differences between the two subtypes of MSA still need
more exploration.

Keywords: cognitive impairment, '8F-fluorodeoxyglucose, fronto-striatal dopamine signaling, cerebellum,
multiple system atrophy
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INTRODUCTION

Multiple system atrophy (MSA) is a sporadic, adult-onset
neurodegenerative disorder, with the classical clinical presence of
progressive autonomic failure, parkinsonism, and/or cerebellar
ataxia (Wenning et al,, 1997; Stefanova et al., 2009; Fanciulli
and Wenning, 2015). Although dementia is a non-supporting
item according to the second consensus statement on the
diagnosis of MSA (Gilman et al, 2008), accumulating data
showed great evidence for possible cognitive decline in MSA.
Specifically, nearly half of the patients with MSA presented with
cognitive impairments in some epidemiological data, with a
broad spectrum of injury (Brown et al., 2010; Stankovic et al.,
2014; Shen et al., 2021). At present, however, the underlying
mechanisms of cognitive impairments in MSA are still far from
being clearly understood. In the study of patients with MSA
with mild dementia and aphasia, atrophy and neuronal cell loss
were observed macroscopically and microscopically in the frontal
lobe (Konagaya et al., 1999). Subsequent studies have compared
the pathological burden degrees of glial cytoplasmic inclusions
(GCIs) and neuronal cytoplasmic inclusions (NCIs) between
MSA with normal cognition (MSA-NC) and MSA with cognitive
impairment (MSA-CI; Cykowski et al., 2015; Homma et al., 20165
Kogaetal., 2017; Jellinger, 2020; Miki et al., 2020). However, these
results were variable and uncertain, which might be partially
attributed to the small sample size.

The '8F-fluorodeoxyglucose (Y*F-FDG) positron emission
tomography (PET) imaging can reflect the cerebral metabolic
changes and disclose disease-specific alterations (Eckert et al.,
2005, 2008). In our previous report, MSA-CI exhibited lower
glucose metabolism in the left middle and superior frontal
lobe, compared with MSA-NC (Shen et al., 2021). Nevertheless,
the cerebral metabolic changes related to detailed cognitive
performances in MSA remain to be further explored. In
addition, the previous studies on comparisons of the profile and
severity of cognitive dysfunction between two MSA subtypes,
MSA with predominant parkinsonism (MSA-P) and MSA with
predominant cerebellar ataxia (MSA-C; Gilman et al., 2008)
remained limited and controversial (Kawai et al., 2008; Chang
et al., 2009; Santangelo et al., 2020). Therefore, the comparison
of cognition-related cerebral metabolism in different MSA
subtypes will be helpful to understand the intrinsic pathological
characteristics, which has not been reported earlier.

In this study, we aimed to detect the underlying cerebral
metabolic changes by 3F-FDG PET imaging related to
domain-specific cognitive dysfunctions in patients with
MSA. Furthermore, we compared the neuropsychological
performances and cognition-related brain metabolism between
the two subtypes of MSA preliminarily.

PARTICIPANTS AND METHODS

Subjects

A total of 84 patients diagnosed with probable or possible
MSA were recruited in the Department of Neurology, Huashan
Hospital, Fudan University between February 2012 and May

2019. The clinical diagnosis and categorization between MSA-
P and MSA-C were made according to the second consensus
statement on the diagnosis of MSA published in 2008 (Gilman
et al, 2008). Demographic information including age, age
at onset, sex, disease duration, and education degree were
systematically collected. All patients included neither had head
injury nor had other neurological or psychiatric diseases.

This study was approved by the Human Studies
Institutional Review Board, Huashan Hospital, Fudan
University. Written informed consents were obtained from
the participants before entering this study in accordance with the
Declaration of Helsinki.

Motor and Neuropsychological

Assessments

Motor disability was evaluated by the Unified Parkinson’s
Disease Rating Scale III (UPDRS III) in all participants in a
Med-Off state, which means that the patients were off anti-
parkinsonism drugs for more than 12 h. Global cognitive status
and cognitive dysfunction in five domains covering attention,
executive function, memory, visuospatial function, and language
were assessed using Mini-Mental State Examination (MMSE)
and a series of comprehensive neuropsychological tests, which
were as follows: attention by the Symbol Digit Modalities Test
(SDMT; Sheridan et al., 2006) and part A of Trail-Making Test
(TMT-A; Zhao et al., 2013); executive function by the part C
of Stroop Color-Word Test (CWT-C; Steinberg et al., 2005) and
part B of Trail-Making Test (TMT-B; Zhao et al., 2013); memory
function by the Auditory Verbal Learning Test (AVLT; Guo et al.,
2009) and delayed recall task of the Rey-Osterrieth Complex
Figure Test (CFT-delay recall) (Caffarra et al., 2002); visuospatial
function by copy task of Rey-Osterrieth Complex Figure Test
(CFT; Caffarra et al., 2002) and the Clock Drawing Test (CDT;
Ricci et al., 2016); and language ability by Animal Verbal Fluency
Test (AVFT) and Boston Naming Test (BNT; Lucas et al,
2005). To eliminate dimensional differences in tests and quantify
impairments of cognition, neuropsychological results of each test
of all patients were transformed into Z-score using the mean and
SD of the norm data from healthy controls of similar age and
education in the Shanghai area (Wu et al., 2018; Shen et al., 2021):
Z-score = (test score - mean score of norm data)/SD of norm data
(when data was a score) or Z-score = (mean time of norm data
- test time)/SD of norm data (when data were a time metrics)
(Wu et al.,, 2018). Z-score less than —1.5 was defined to be the
impairment in each test and Z-score of each cognition domain
was calculated using the average Z-score of two tests in the same
cognition domain.

18F_Fluorodeoxyglucose Positron
Emission Tomography Scan and Image

Processing

BE_fluorodeoxyglucose PET imaging was acquired in all patients
within 1 month before or after the clinical assessment in the
Huashan Hospital. Patients were instructed to be fasting for
at least 6 h in an off-drug state before the scan. Forty-five
minutes resting after injection of ¥ F-FDG (185 MBq), a short
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CT scan, and subsequent 10-min PET scan was performed by a
Siemens Biograph 64 PET/CT (Siemens, Munich, Germany) in
the three-dimensional (3D) mode in a dimly lit and quiet room.
Images were subsequently reconstructed using a 3D ordered-
subset expectation-maximization algorithm (4 iterations; 24
subsets; Gaussian filter, 2 mm; zoom, 3). Reconstructed images
had a matrix size of 168 x 168 x 148 and a voxel size of
2 x 2 x 1L.5mm?.

Positron emission tomography images were transformed
for further processing using the MRIcron tool (output
format: hdr/img). Then, images were processed by statistical
parametric mapping (SPM5) software operated in MATLAB
platform (Mathworks Inc., Sherborn, MA, United States).
First, the original images were spatially normalized to
normative stereotactic ~Montreal Neurological Institute
(MNI) space using default [1°0]-H20 PET template (Della
Rosa et al., 2014)". Second, they were smoothed through a
three-dimensional Gaussian filter with 10-mm full-width at
half-maximum (FWHM).

To compare the metabolic characteristics between MSA-P and
MSA-C, the two-sample t-test was used with age, sex, disease
duration, and UPDRS score as covariates according to the general
linear model at each voxel in SPM. To assess whether metabolic
characteristics in a specific brain region would correlate with
Z-score in each cognitive domain, the multiple regression model
established by us previously (Ge et al., 2015; Wu et al., 2018) was
applied first to detect clusters with peak threshold set at P < 0.001
over whole brain regions and extent threshold set as 120 voxels
(960 mm?) and further to highlight clusters survived after a
false discovery rate (FDR) correction at p < 0.05. In this step,
education degree and UPDRS III score were both included as
covariates to eliminate the effect of these factors. The differences
in global metabolic values were modeled by analysis of covariance
(ANCOVA) to minimize intersubject variability and improve
signal-noise ratios. Exact coordinates and corresponding brain
regions of detected clusters were ascertained through an
MNI-to-Talairach conversion using Talairach-Daemon software
(Research Imaging Center, University of Texas Health Science
Center, San Antonio, TX, United States). The SPM maps for
positive and negative correlations were superpositioned on a
standard T1-weighted MRI brain template. Then, the spherical
volume of interest (VOI) (4 mm radius) with the center of
the circle at the peak voxel of the cluster was constructed,
and metabolic value in each VOI was quantified using ScAnVP
software (Version 5.9.1; Center for Neuroscience, the Feinstein
Institute for Medical Research, Manhasset, NY, United States). To
eliminate the individual differences in global metabolic value, the
normalized regional cerebral metabolic rate of glucose (rCMRglc)
was calculated by the following formula: [VOI value/whole-brain
metabolism] x 100%.

Statistical Analysis

Differences in the demographic information, clinical
characteristics, and neuropsychological performances between
MSA-P and MSA-C were analyzed through Student’s t-test

'www.filion.ucl.ac.uk/spm/spm99.html

in continuous and normally distributed data. Pearson’s ¥2
test was used in categorical data. Mann-Whitney U test was
used in continuous and non-parametric data. The post-hoc
correlation analysis between Z-score in the specific cognitive
domain and normalized rCMRglc in each VOI was performed
through Pearson correlation and linear regression analyses.
In the post-hoc metabolic comparison between patients with
MSA-P and MSA-C, multiple comparisons via the Benjamini-
Hochberg procedure were performed to control the FDR.
Statistical analyses were performed using SPSS software (SPSS
for Windows, version 22.0; SPSS Inc., Chicago, IL, United States).
p < 0.05 was considered statistically significant.

RESULTS

Clinical Characteristics and
Neuropsychological Performances in
Patients With Multiple System Atrophy

Demographic, clinical, and detailed neuropsychological
information of the total 84 patients with MSA was depicted
in Table 1. The mean age at onset was 54.89 & 7.97 years, and
the mean disease duration was 26.80 & 20.69 months. Patients
with MSA were divided into two subtypes according to their
predominant clinical symptoms, including 27 patients with
MSA-P and 57 patients with MSA-C. No group differences
were found for age at onset and education, but differences
were observed in age, sex, disease duration, and UPDRS III
score (Table 1). Both subtypes had considerable and extensive
cognitive impairments in each domain represented by number
and percentage of impairment as follows: attention, MSA-P,
18(67%), MSA-C, 30(53%); executive function, MSA-P, 13(48%),
MSA-C, 32(56%); memory, MSA-P, 18(67%), MSA-C, 25(44%);
visuospatial function, MSA-P, 12(44%), MSA-C, 22(39%);
language, MSA-P, 10(37%), MSA-C, 21(37%). Compared with
patients with MSA-C, patients with MSA-P performed worse on
the attention domain, judging by a lower Z-score of attention
domain and two corresponding tests (SDMT and TMT-A)
(p < 0.05). However, this difference in attention performance
was not significant after adjusting age, sex, disease duration, and
UPDRS score factors.

The Regional Metabolism Correlating
With Cognitive Declines in Multiple
System Atrophy

Global metabolic values did not correlate with any Z-score in five
domains (regression analysis: absolute value r < 0.07, p > 0.40).
However, the positive and negative correlations between the
regional 'F-FDG metabolism and the cognitive Z-score in the
five domains were detected (Figure 1).

The brain regions correlated positively to the Z-score of the
separate cognitive domain were described as follows, respectively:
attention with left inferior frontal gyrus, left superior frontal
gyrus, left medial frontal gyrus, and right cerebellum (uvula and
cerebellar tonsil); executive function with left inferior frontal
gyrus, left middle frontal gyrus, left cerebellum (uvula), and right
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TABLE 1 | Demographic, clinical characteristics, and neuropsychological
performance in 84 patients with multiple system atrophy (MSA).

Total MSA (n = 84) MSA-P (n =27) MSA-C (n=57) p

Age (years) 57.12 (8.01) 59.89 (7.21) 55.81 (8.10) 0.028
Age at onset 54.89 (7.97) 57.08 (7.14) 53.85 (8.19) 0.082
(years)

Sex (male) 51 iR 40 0.010
MSA duration 26.80 (20.69) 33.70 (25.50)  23.53 (17.28) 0.034
(months)

Education 10.82 (3.19) 10.67 (3.33) 10.90 (3.14) 0.761
(years)

UPDRS Il 33.58 (15.42) 48.37 (156.80)  26.58 (9.02) <0.001
score_OFF

MMSE 26.43 (2.80) 26.48 (2.41) 26.40 (2.98) 0.906
Attention 48 (57%) 18 (67%) 30 (63%) 0.225
Z score —1.58 (1.62) —2.28 (1.90) —1.24 (1.37) 0.005
SDMT score 23.56 (13.09) 19.33 (12.36) 25.56 (13.04) 0.041
TMT-A time 90.73 (46.98) 111.19 (57.78)  81.04 (37.73) 0.018
Executive 45 (54%) 13 (48%) 32 (66%)  0.493
function

Z score —-1.10 (1.18) —-1.10 (1.32) —1.09 (1.12) 0.990
CWT-C score 41.30 (6.82) 43.26 (6.21) 40.37 (6.94) 0.069
TMT-B time 203.58 (80.81) 223.26 (101.01) 194.26 (68.31) 0.125
Memory 43 (51%) 18 (67%) 25 (44%)  0.051
Z score —1.12 (1.10) —1.32 (1.10) —1.03 (1.09) 0.260
AVLT

-Short delayed 3.99 (2.25) 3.63 (2.42) 4.16 (2.16) 0.317
recall

-Long delayed 3.77 (2.22) 3.56 (2.52) 3.88 (2.09) 0.539
recall

-cued recall 3.77 (2.42) 3.26 (2.47) 4.02 (2.38) 0.182
CFT-delay recall 11.71 (6.97) 10.30 (5.74) 12.39 (7.44) 0.201
Visuospatial 34 (40%) 12 (44%) 22 (39%) 0.610
function

Z score —1.42 (1.48) —1.39 (1.25) —1.43 (1.58) 0.897
CFT-copy score 27.74 (7.43) 26.93 (7.73) 28.12 (7.32) 0.494
CDT score 19.25 (7.10) 20.19 (6.82) 18.81 (7.24) 0.409
Language 31 (87%) 10 (37%) 21 (37%)  0.986
Z score —1.05 (1.08) —0.95 (0.97) —-1.11 (1.13) 0.534
AVFT score 13.37 (4.44) 13.15 (4.54) 13.47 (4.43)  0.756
BNT score 21.57 (4.37) 22.30 (4.26) 21.23 (4.42) 0.298

Data are shown in mean (SD) or number (%) of impairment or N. p-value represents
the significance level of t-test performed for each item between patients with
MSA-P and MSA-C. MSA-R, MSA with predominant parkinsonism; MSA-C, MSA
with predominant cerebellar ataxia; UPDRS, Unified Parkinson’s Disease Rating
Scale; MMSE, Mini-Mental State Examination; SDMT, Symbol Digit Modalities Test;
TMT, Trail Making Test; CWT-C, Stroop Color-Word Test C; AVLT, Auditory Verbal
Learning Test; CFT, the Rey-Osterrieth Complex Figure Test; CDT, Clock Drawing
Test; AVFT, Animal Verbal Fluency Test; BNT, Boston Naming Test.

cerebellum (pyramis and inferior semilunar lobule); language
with left superior frontal gyrus, left middle frontal gyrus, left
cerebellum (pyramis and uvula), and right cerebellum (tuber,
pyramis, cerebellar tonsil, and declive); memory with inferior
frontal gyrus; and visuospatial function with left cerebellum
(pyramis) (Figure 1 and Table 2).

However, the brain regions associated negatively with the
Z-score of the separate cognitive domain were shown as follows,

respectively: attention with right fusiform gyrus and right insula;
executive function with right fusiform gyrus and right inferior
temporal gyrus; language with left anterior cingulate, right
middle temporal gyrus, and right fusiform gyrus; and memory
with right fusiform gyrus and right inferior occipital gyrus
(Figure 1 and Table 3).

Moreover, the post-hoc correlations between the Z-score in
separate cognition domain and the normalized rCMRglc in each
significant brain region were calculated, with the correlation
coeflicients listed in Tables 2, 3. The scatterplots and relationships
of cognition and metabolic value in 11 representative regions are
shown in Figure 2.

Cognition-Related Regional Metabolism

in Two Subtypes of Multiple System
Atrophy

Compared with patients with MSA-C, increased metabolism
mainly in the bilateral cerebellum while decreased metabolism in
bilateral putamen was observed in MSA-P, with no difference in
frontal gyrus (Supplementary Table 1).

Considering the unadjusted cognitive differences in the
attention domain between MSA-P and MSA-C, the comparisons
of regional metabolism in attention-related areas mentioned
above between two subtypes are presented in Figure 3 and
Table 4. However, no significant metabolic intergroup differences
were observed in the left inferior frontal gyrus, superior
frontal gyrus, medial frontal gyrus, right fusiform gyrus, right
postcentral gyrus, and right insula. Only the metabolism in
the right cerebellum (including uvula and cerebellar tonsil) was
significantly lower in patients with MSA-C than patients with
MSA-P after adjustment for confounders and post-hoc correction
for multiple comparisons.

In addition, correlations between metabolism and the
cognitive Z-score in the five domains separately in two subtypes
are shown in Supplementary Tables 2, 3. Cognition in patients
with MSA-C correlated positively with metabolism in the frontal
lobe and cerebellum, negatively with that in the fusiform gyrus
and insula, whereas the clusters correlated with cognition in
patients with MSA-P were limited to the cerebellum (positively)
and temporal lobe (negatively).

DISCUSSION

In this study, there were three main findings. First and most
importantly, lesions in the domains of attention, executive
function, and language (Z-scores) correlated positively with
the metabolism in the frontal gyrus and cerebellum and
negatively with the insula and fusiform gyrus. Second, the
attention function tended to be more severely impaired in MSA-
P than in MSA-C, though significance did not sustain after
adjusting confounders. Third, among all the attention-related
brain regions, there was only lower metabolism of the cerebellum
in MSA-C than in MSA-P.

8F_fluorodeoxyglucose PET imaging can detect cerebral
glucose metabolism and offer us some hints for mechanisms
in neural hubs or networks behind cognitive impairments in
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FIGURE 1 | Representative images showing correlations between Z-score of each cognitive domain and '8F-fluorodeoxyglucose ('8F-FDG) metabolism in patients
with multiple system atrophy (MSA). Positive relationships are displayed with a red-yellow scale while negative relationships are displayed using a blue-green scale.
Both are overlaid on a structural magnetic resonance image (MRI) brain template. White arrows show the representative brain regions. The thresholds of the color
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patients with MSA. In our analysis, metabolism in the frontal
gyrus and cerebellum showed a great correlation with the severity
of cognitive impairments in attention, executive function, and
language domains.

The lower metabolism in the frontal gyrus of patients with
MSA with worse cognition might suggest the disruption of
frontostriatal dopamine signaling. The prefrontal cortex, as a
key hub in the executive network, is associated with working
memory and selective attention (Elliott, 2003; Gratwicke et al.,
2015). Dopamine released from the substantia nigra and ventral
tegmental area modulates prefrontal D2 receptors and facilitates
cognitive flexibility (Floresco and Magyar, 2006). In previous
neuropathology studies, there was a significant loss of neurons
in the frontal cortex in patients with MSA with executive
dysfunction compared with those with normal executive function
(Salvesen et al., 2017). Analogously, (Fiorenzato et al., 2017)
found that MSA-CI had focal volume reduction in the left

middle frontal lobe compared with MSA-NC through voxel-
based morphometry. Particularly, the study by Chang et al. (2009)
showed that memory scores were well associated with prefrontal
lobe atrophy. In addition, our hypothesis of striatofrontal
differentiation in patients with MSA-CI was supported by the
finding from FDG study by Kim et al. (2017), in which the glucose
metabolism in the striatum was the most powerful determinant
to metabolism in the frontal gyrus in the patients with MSA but
not in healthy controls. Considering all these studies together, we
believed that the frontostriatal network was involved in cognitive
dysfunction in patients with MSA.

Besides the well-known motor function, the cerebellum
is also involved in maintaining the functions of working
memory, language, and social cognition. As previously reported,
cerebellar lesions could lead to executive dysfunctions, deficits
in visuospatial processing, and linguistic skills, termed cerebellar
cognitive affective syndrome (Schmahmann and Sherman, 1998;
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TABLE 2 | Brain regions in the 84 patients with MSA exhibiting positive correlations between the Z-score of cognitive domains and regional brain metabolism adjusting
for education and Unified Parkinson’s Disease Rating Scale (UPDRS) score.

Domains Regions BA MNI coordinate Z max Cluster size (mm?3) Pearson correlation
coefficient
X y z

Attention Left Inferior Frontal Gyrus # 45 —56 18 4 4.97 2,936 0.5612
Left Superior Frontal Gyrus 8 —14 28 52 4.43 3,184 0.4160
Left Superior Frontal Gyrus 6 -8 24 58 3.94 3,184 0.4183
Left Medial Frontal Gyrus 6 —6 42 40 3.23 3,184 0.2747
Right Uvula (Cerebellum) # / 30 72  -36 4.55 3,600 0.3190
Right Cerebellar Tonsil (Cerebellum) / 14 -58 42 3.71 3,600 0.1943

Executive function Left Middle Frontal Gyrus # 6 —22 0 54 4.37 1,632 0.4857
Left Inferior Frontal Gyrus 47 —-36 30 -20 4.10 1,312 0.4578
Left Uvula (Cerebellum) / -28 —-68 36 3.67 1,280 0.3073
Right Pyramis (Cerebellum) # / 28 —-68 -38 5.09 5,296 0.4758
Right Inferior Semi-Lunar Lobule (Cerebellum) / 24 —-64 50 3.48 5,296 0.3136

Language Left Middle Frontal Gyrus iR —-32 38 —-20 3.60 1,064 0.2883
Left Superior Frontal Gyrus 1 -38 46 —16 3.45 1,064 0.2330
Left Pyramis (Cerebellum) # / -22 74 42 4.19 3,168 0.3997
Left Uvula (Cerebellum) # / -30 -80 -36 4.46 3,168 0.3793
Right Tuber (Cerebellum) # / 34 —-66 —36 4.81 5,208 0.4574
Right Pyramis (Cerebellum) # / 26 —-72 -38 4.70 5,208 0.4547
Right Cerebellar Tonsil / 6 -56  -50 4.19 5,208 0.3801
Right Declive (Cerebellum) / 34 —-66 —14 4.05 960 0.4508

Memory Left Inferior Frontal Gyrus a7 —36 28 —22 3.75 1,000 0.4088

Visuospatial function  Left Pyramis (Cerebellum) / -28 —-66 36 3.60 1,160 0.3240

Statistical threshold: p < 0.001. # indicates the cluster survived after FDR correction, p < 0.05. Pearson correlation coefficient evaluates correlations between Z-score in
cognitive domain and normalized rCMRglc. BA, Brodmann area; MNI, Montreal Neurological Institute; and UPDRS, Unified Parkinson’s Disease Rating Scale Il.

TABLE 3 | Brain regions in the 84 patients with MSA exhibiting negative correlations between the Z-score of cognitive domains and regional brain metabolism adjusting
for education and UPDRS score.

Domain Regions BA MNI coordinate Z max Cluster size (mm?) Pearson correlation coefficient
X y z

Attention Right Fusiform Gyrus 20 58 -34 -32 4.42 3,256 —0.4717
Right Fusiform Gyrus 37 60 —52 —-28 3.60 3,256 —0.3563
Right Fusiform Gyrus 19 50 —72 —22 3.26 3,256 —0.2992
Right Postcentral Gyrus 2 42 —-28 32 3.92 3,032 —0.4284
Right Insula 13 40 —-10 26 3.80 3,032 —0.4841
Right Insula 13 38 —22 28 3.60 3,032 —0.4676

Executive function Right Fusiform Gyrus 20 56 —36 —-32 4.56 4,464 —0.4900
Right Inferior Temporal Gyrus 37 62 —48 —28 3.84 4,464 —0.4225

Language Left Anterior Cingulate 24 0 24 -8 3.72 1,024 —0.3978
Right Middle Temporal Gyrus / 54 -38 —6 4.03 1,728 —0.4089
Right Fusiform Gyrus 20 58 —42 -32 3.90 1,128 —0.3894
Right Fusiform Gyrus 37 60 —52 —-28 3.50 1,128 —0.3344
Right Fusiform Gyrus 20 50 -30 —-34 3.20 1,128 —0.3349

Memory Right Fusiform Gyrus 19 46 -80 —22 4.43 2,824 —0.4503
Right Inferior Occipital Gyrus 17 24 —100 —18 3.33 2,824 —0.3420

Statistical threshold: p < 0.001. None of the clusters survived after FDR correction, p < 0.05. Pearson correlation coefficient evaluates correlations between Z-score in

the cognitive domain and normalized rCMRglc. BA, Brodmann area; MINI, Montreal Neurological Institute.

Buckner, 2013). In study by Kawabata et al. (2019) with
resting-state fMRI, it was reported that Addenbrooke’s
Cognitive Examination-Revised scores correlated strongly
with functional connectivity between the cerebellum and the

medial prefrontal/anterior cingulate cortices. All these studies
indicated extensive disruptions in fronto-cerebellar networks
in patients with MSA. In this study, we found the reduced
metabolism in the frontal lobe and cerebellum associated with
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FIGURE 2 | Scatterplots showing correlations between Z-score of each cognitive domain and normalized regional glucose metabolic activities for the significantly
correlated regions in the post-hoc analysis. Each blue-filled circle represents one patient with Z-score of specific cognitive domain and regional cerebral metabolic
rate of glucose (rCMRglc) in certain brain region. R-value means the correlation coefficients. rCMRglc, regional cerebral metabolic rate of glucose.

severer cognitive injury, possibly supported by the role of reported, some studies suggested the patients with MSA-P
cerebellum degeneration in cognitive impairments. showed more deteriorated cognitive functions (Kawai et al,

Furthermore, the cognitive impairments in MSA-P and MSA-  2008; Li et al, 2021), some found patients with MSA-C
C were evaluated and compared in this study. As previously performing worse on specific cognitive tests (Chang et al., 2009;
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FIGURE 3 | Differences of normalized rCMRglc in representative attention-related regions between two subtypes of patients with MSA. The error bars represent SD.
**p < 0.0001; *p < 0.01; "p > 0.05. *CMRglc, regional cerebral metabolic rate of glucose; MSA-P, multiple system atrophy with predominant parkinsonism;
MSA-C, multiple system atrophy with cerebellar ataxia.

TABLE 4 | Differences of regional brain metabolism in attention-related areas between patients with MSA with predominant parkinsonism (MSA-P) and MSA with
predominant cerebellar ataxia (MSA-C).

Domains Regions BA MNI coordinate MSA-P MSA-C P p?
X y z (n=27) (n =57)

Attention Left Inferior Frontal Gyrus 45 —56 18 4 1.26 (0.13) 1.32(0.14) 0.065 0.959
Left Superior Frontal Gyrus 8 —-14 28 52 1.81 (0.10) 1.83(0.12) 0.314 0.965
Left Superior Frontal Gyrus 6 -8 24 58 1.79 (0.09) 1.82 (0.10) 0.175 0.981
Left Medial Frontal Gyrus 6 -6 42 40 1.75(0.08) 1.77 (0.09) 0.458 0.965
Right Uvula (Cerebellum) / 30 —72 —-36 1.48 (0.24) 1.26 (0.19) <0.0001 <0.0001
Right Cerebellar Tonsil (Cerebellum) / 14 —58 —42 1.47 (0.13) 1.26 (0.18) <0.0001 <0.0001
Right Fusiform Gyrus 20 58 —34 -32 1.20(0.18) 1.24 (0.18) 0.325 0.055
Right Fusiform Gyrus 37 60 —52 -28 1.12(0.17) 1.17 (0.18) 0.315 0.055
Right Fusiform Gyrus 19 50 —72 —22 1.29 (0.19) 1.31 (0.19) 0.532 0.115
Right Postcentral Gyrus 2 42 —28 32 1.10 (0.10) 1.08 (0.09) 0.303 0.965
Right Insula 13 40 —10 26 1.08 (0.08) 1.03 (0.08) 0.005 0.202
Right Insula 13 38 —22 28 1.05 (0.10) 0.99 (0.10) 0.008 0.223

Data are shown in mean (SD) of normalized rCMRglc in each attention-related region in patients with MSA-P and MSA-C. p-value represents the significance level of t-test
performed for normalized rCMRglc in each attention-related region between patients with MSA-P and MSA-C. @p-value represents the significance level for normalized
rCMRglc in each attention-related region between patients with MSA-P and MSA-C after adjustment for age, sex, disease duration, and UPDRS score and application
of the post-hoc correction for multiple comparisons. MSA-F, multiple system atrophy with predominant parkinsonism; MSA-C, multiple system atrophy with predominant

cerebellar ataxia; BA, Brodmann area; MINI, Montreal Neurological Institute.

Barcelos et al., 2018), while the rest showed no difference (Siri
et al, 2013; Santangelo et al., 2020). In our study, patients
with MSA-P performed poorly in the domain of attention, to
a weak degree that did not survive after adjusting confounding
factors. Therefore, we could not make any definite conclusion
on the differences in cognitive dysfunctions between two MSA
subtypes so far.

Among attention-related brain regions in this study, we found
regional metabolism in the superior/inferior/medial frontal
gyrus showing no difference between MSA-P and MSA-C, but
metabolism in the cerebellum was lower in MSA-C. Kawai
et al. (2008) found cerebellar hypoperfusion in MSA-C, and
hypoperfusion in right putamen in MSA-P when comparing
brain perfusion between MSA-P and MSA-C. Given significant
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differences in motion spectrum between MSA-P and MSA-C,
the metabolic pattern in putamen and cerebellum was essentially
distinct. Therefore, there is not enough evidence to support
whether hypermetabolism in the cerebellum in MSA-P could
explain the unadjusted difference of attention performance
between two types of MSA. More studies with rigorous design
are needed to answer this question.

Our study had several strengths. First, our study sample
size was relatively large compared with the previous reports.
Second, the neuropsychological tests applied in this study were
comprehensive to cover the five domains. However, several
limitations should also be admitted. Partial volume effect (PVE)
correction was not performed due to the incomplete data of
MRI. In future studies, rigorous results performed based on PVE
correction in newly recruited patients are warranted. Moreover,
the demographic information of patients with MSA-P and MSA-
C was mismatched, and the sample size of MSA-P was relatively
small in our study. Further study with a more paired and more
complete population is needed to confirm the neuropsychological
and metabolic comparisons between the two groups. In addition,
double-dipping problem causing selective bias was another
limitation. It derived from performing MSA-P and MSA-C
comparison after extracting metabolic values from statistically
significant regions. We hope that another independent data set
in the future could confirm our results.

CONCLUSION

The frontal lobe and cerebellum participated in the pathogenesis
of cognitive impairments in MSA in this '3F-FDG PET
imaging study. Longitudinal studies with specific radioligands
are needed to clarify the unique role of dopaminergic
deficiency and misfolded protein burden in the development of
cognition decline in MSA.
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