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Abstract
The cerebellum is known to influence cerebral cortical activity via cerebello-thalamo-cortical (CTC) circuits and thereby may be
implicated in the pathophysiology of multiple system atrophy (MSA). As the aim of this study, we investigated the abnormalities
of corticocerebellar functional connectivity (FC) in patients with two variants of MSA. Resting-state functional magnetic
resonance imaging (rs-fMRI) studies were obtained from 55 patients with MSA, including Parkinsonian (MSAp, n = 29) and
cerebellar (MSAc, n = 26) variants. We also examined a similar number of healthy controls (HC, n = 51). Seed-based connec-
tivity analysis was performed to assess alterations in CTC circuits. Relations between FC and clinical scores were assessed as
well. Compared with the HC group, diminished FC was evident from bilateral dentate nucleus (DN) to motor cortex, bilateral
basal ganglia, right cerebellum, default mode network (DMN), and limbic system in patients withMSAc. Patients withMSAp (vs
HC subjects) showed less FC from left DN to right putamen, DMN, and limbic systems. Reduced FCwas also demonstrated from
left DN to DMN in patients with MSAc (vs MSAp), as well as from right DN to right cerebellum, DMN, basal ganglia, motor
cortex, and limbic systems. In addition, the extent of FC from right DN to right cerebellum negatively correlated with Unified
Parkinson’s Disease Rating Scale-III scores in patients with MSA, while showing a positive association with Montreal Cognitive
Assessment scores. The FC of DN was similarly altered in patients with MSAc and MSAp, although right cerebellar and motor
cortical changes were more widespread in the MSAc group. There may be differing mechanisms of cerebellar functional activity
responsible for motor and cognitive impairment, which should be further investigated.
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Introduction

Multiple system atrophy (MSA) is a sporadic, adult-onset
neurodegenerative disease characterized by autonomic failure,
pyramidal signs, parkinsonism, and symptoms of cerebellar

ataxia. The parkinsonian (MSAp) and cerebellar (MSAc) sub-
types of MSA are primarily motor disorders with many symp-
toms in common (motor and non-motor) (Gilman et al. 2008).
However, MSAp is associated with more rapid functional de-
terioration, and the prognosis is poorer (Fanciulli and
Wenning 2015), underscoring the importance of clinically
separating these conditions. Studies have shown that abnor-
mal glial cytoplasmic inclusions (GCIs) within nigrostriatal
and/or olivopontocerebellar systems may indirectly contribute
to dysfunction of striato-pallido-thalamo-cortical (STC) and
cerebello-thalamo-cortical (CTC) pathways in patients with
MSA (Su et al. 2001). Still, the pathophysiologic underpin-
nings are unclear, offering no real basis as yet for differentiat-
ing these MSA variants.

Given its anatomic and functional connectivity (FC) to the
basal ganglia, forming part of the CTC circuit, the cerebellum
has become a major investigative focus in this setting
(Rosskopf et al. 2018; Wang et al. 2016; Wu and Hallett
2013). Findings of a semiquantitative postmortem analysis
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in patients with MSA (N = 100) have indicated that pathology
within the basal ganglia and cerebellum, rather than pontine
nucleus and inferior nucleus, seems to determine MSA sub-
type. Thus, the cerebellum may be pivotal in distinguishing
MSAp from MSAc (Ozawa et al. 2004). Cerebellar gray mat-
ter in particular has shown significant volume reduction in
patients with MSA, compared with healthy controls (HC);
and this reduction was more pronounced in the MSAc (vs
MSAp) subgroup (Minnerop et al. 2007). Moreover, Trace
(D) may qualify as a quantitative marker for microstructural
damage during the development ofMSA. Its reported levels in
cerebellum and in middle cerebellar peduncle were signifi-
cantly reduced in patients with MSAc, relative to MSAp and
HC group members (Pellecchia et al. 2011). In addition, a
single-photon emission computed tomography, (SPECT)
study has demonstrated a significant diminution in the cere-
bellar perfusion of patients with MSA (Cilia et al. 2005).
These findings suggest that the cerebellum is subject to more
extensive pathologic and microstructural alterations in the
MSAc vs MSAp) variant. Although few studies have ad-
dressed cerebellar function in the context of MSA, changes
in gray matter volume and perfusion undoubtedly influence
cerebellar activity and reflect its functional status. These ten-
tative differences in CTC circuitry and FC of MSA subtypes
therefore merit further investigation.

Resting-state functional magnetic resonance imaging (rs-
fMRI) is a powerful tool for mapping intrinsic cerebellar ac-
tivity that is widely used to assess movement disorders
(Biswal et al. 1995). The dentate nucleus (DN) is the largest
deep nucleus in the human cerebellum. Signals from cerebel-
lar outputs converge onto DN neurons, which then project to a
distinct region of thalamus and innervate a specific area of
cortex, thus completing the CTC circuit and influencing cor-
tical function (Bostan et al. 2010). Accordingly, the DN may
represent a region of interest (ROI) in exploring roles of the
cerebellum. The DN is actually a common focus in studies of
Parkinson’s disease (PD) and its subtypes, consistently impli-
cating compensatory cerebellar changes (Ballanger et al.
2008; Wu and Hallett 2013; Yu et al. 2007). A recent study
has documented greater FC between DN and posterior cere-
bellar lobes in tremor-dominant than in non-tremor-dominant
patients and in patients with PD than in HC subjects (Ma et al.
2015). However limited the studies of MSA may be in ad-
dressing cerebellar FC, MSA and PD exhibit the same dopa-
mine pathology and motor symptoms, and a regional homo-
geneity study has confirmed localized abnormalities of motor
cortical activity.

In this study, we used rs-fMRI to investigate cerebellar FC
alterations in patients with MSA, examining FC between DN
and regions of cortex or subcortical gray matter. We anticipat-
ed similarities and differences by disease subtype and expect-
ed that regional FC changes would correspond with clinically
oriented assessments.

Materials and methods

Participants

The Institutional Review Board of China Medical University
approved this investigation. Each subject granted informed
consent after detailed briefing on the study protocol. All par-
ticipants were right-handed, and none had contraindications
for rs-fMRI. HC group members had no neurologic illnesses
and no medical histories of neurosurgical procedures, sub-
stance abuse/dependence, endocrine disease, or thyroid
disorders.

A total of 55 patients with MSA (MSAp, 29; MSAc, 26)
and 51 HC subjects matched by age, sex, and educational
level were recruited between February 2016 and June 2017.
Using second consensus clinical criteria (Gilman et al. 2008),
patients were diagnosed as probable MSA by the Department
of Neurology at First Affiliated Hospital of China Medical
University, Shenyang, China. HC recruits were solicited
through community advertisement. All participants received
antiparkinson medication ~12 h prior to rs-fMRI studies (ie,
off-state scanning), and each underwent a battery of
neuropsychologic tests, including the Montreal Cognitive
Assessment (MoCA) and Hamilton Depression Scale
(HAMD-24). Patients were assessed clinically using the
Unified Parkinson’s Disease Rating Scale (UPDRS-III) and
staged via Hoehn and Yahr (H-Y) scale. HC candidates were
excluded if the MoCA score was <26 (<25 at 12-years sec-
ondary education level) or the HAMD-24 score was >8.

Rs-fMRI image acquisition

Imaging data were generated using a 3.0 T MRI scanner
(Magnetom Verio; Siemens, Erlangen, Germany) equipped
with a 32-channel head coil at the Radiology Department of
China Medical University. Subjects were awake but at rest,
with eyes closed. Immediately following the scans, we rou-
tinely confirmed that none of the patients had fallen asleep.

Images were acquired through single, short gradient-echo
echo-planar imaging sequences obtained in parallel and in
anteroposterior commissural plane. The parameters were as
follows: repetition time (TR), 2500 ms; echo time (TE),
30 ms; flip angle, 90°; slice number, 43; slice thickness,
3.5 mm without slice gap; field of view, 224 × 224 mm2; ma-
trix size, 64 × 64; and voxel size, 3.5 × 3.5 × 3.5 mm. Three-
dimensional T1-weighted images were obtained in sagittal
orientation, employing a high-resolution three-dimensional
sagittal magnetization-prepared rapid acquisition gradient
echo sequence at the following parameters: TR, 5000 ms;
TE, 2960 ms; field of view, 256 × 256 mm2; matrix size,
256 × 256; flip angle, 12°; slice number, 176; slice thickness,
1 mm; distance factor, 0.5; and voxel size, 1.0 × 1.0 × 1.0 mm.
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Rs-fMRI data preprocessing

In conjunction with proprietary software (SPM8; http://www.
fil.ion.ucl.ac.uk/spm), the Data Processing & Analysis for
Brain Imaging (DPABI) toolbox (http://rfmri.org/dpabi)
served to preprocess blood oxygen level dependent (BOLD)
data. Magnetic saturation effects were avoided by discarding
the first 10 images of each participant, processing the remain-
der as stipulated herein. Slice timing and head-motion correc-
tion were achieved by alignment with the first image of the
session overall. On this basis, the following imaging features
were grounds for exclusion: 1) >2.5 mm maximum displace-
ment in any x, y, or z direction; 2) mean frame-wise displace-
ment (FD, Jenkinson) > mean FD +2SD (standard deviation)
3) >2.5° of angular motion. Interactive reorientation and co-
registration of functional and T1-weighted images were then
performed as an optimization control measure. Information
generated by new-segment algorithms (grey matter, white
matter, and cerebrospinal fluid-tissue maps) was used for spa-
tial normalization by DARTEL technique (Ashburner 2007).
All images were spatially normalized to the DARTEL-
Montreal Neurological Institute (MNI) space and resampled
as 3 × 3 × 3 mm3 voxels. They were then smoothed using a
Gaussian filter (6 mm) at full width and half maximum
(FWHM). Subsequent preprocessing entailed removal of lin-
ear drift through linear regression and temporal band-pass
filtering (0.01–0.08 Hz). Linear regression of head-motion
parameters(mean FD, Jenkinson), global mean signals, white
matter signals, and cerebrospinal fluid signals was needed to
remove nuisance covariate effects (Biswal et al. 1995).

Defining regions of interest (ROIs)

Left and right DN ROIs were created using the
WFU_PickAtlas (http://www.ansir.wfubmc.edu) (Fig. 1).

ROIs were then resliced into the MNI space. The BOLD
time series of voxels within ROIs were averaged to generate
corresponding reference time series. Using normalized T1-
weighted high-resolution images, whole-brain masks were
created for participants individually and stripped using
BrainSuite2 (http://brainsuite.usc.edu). Only voxels within
these masks were subject to further analysis.

FC analysis

Individual voxel-wise FC levels in ROIs were computed using
DPABI software, extracting the average BOLD signal across a
time series between bilateral DN seed references and whole
brain in each subject. Correlation coefficients were ultimately
converted to z-values (Fisher transformation) to achieve nor-
mality. For each subject, time series activation in seed regions
served to predict activation elsewhere in the brain.

Statistical analyses

Various tests (one-way analysis of variance [ANOVA], chi-
square, Kruskal-Wallis, Mann-Whitney, and two-sample t-
test) were applied to assess demographic variables and clinical
data, using standard software (SPSS v21.0; IBM, Armonk,
NY, USA). Results were considered significant at p < 0.05.

FC data analysis relied on DPABI software. One-way
ANOVA, using mean FD (Jenkinson),age, and sex as covari-
ates, was engaged to examine FC differences among MSA-p,
MSA-c, and HC groups (AlphaSim correction, p < 0.01; left:
voxel size, 242; right: voxel size, 223). In post hoc analysis,
we explored between-group FC differences within a mask,
utilizing statistically significant ANOVA results and shared
similar covariates for multiple comparison correction in
ANOVA (MSA-p vs HC, MSA-c vs HC, MSA-p vs MSA-c;
AlphaSim correction, p < 0.01).

The Spearman rank-order correlation was invoked for pre-
liminary nonparametric analysis (via SPSS), investigating re-
lations between UPDRS-III, International Cooperative Ataxia
Rating Scale (ICARS), MoCA, and HAMD-24 scores, and
FC levels in MSA groups. Significance was set at p < 0.05.

Results

Demographic and clinical data

There were no significant group-wise differences in age [F =
1.84; p = 0.16]; sex (χ2 = 0.34; p = 0.56), or years of educa-
tion [F = 1.89; p = 0.16] (Table 1). As expected, the MSAp
and MSAc groups showed significantly lower MoCA scores
(χ2 = 91.53; p = 0.000*) and higher HAMD-24 scores (χ2 =
90.15; p = 0.000*) than the HC group, but were otherwise
similar. There were no significant differences in duration of

Fig. 1 Seed region in the cerebellar dentate nucleus. View of the
generated left and right (yellow) dentate nucleus superimposed to the
spatially unbiased atlas template of the cerebellum and brainstem
(Diedrichsen et al. 2009)
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illness (U = 318; p = 0.66), UPDRS-III score (U = 1.44; p =
0.26), or staging by H-Y scale (χ2 = 7.15; p = 0.15).

Functional connectivity among MSAp, MSAc, and HC
groups

Among the three groups, we found abnormalities in FC from
bilateral DN to cerebellar, cortical, and subcortical regions,
including right cerebellar VIII and Crus II, DMN (bilateral
dorsolateral prefrontal cortex, bilateral inferior parietal lobe,
bilateral precuneus, right middle temporal gyrus, bilateral cin-
gulate cortex, and bilateral angular gyrus), motor cortex (bi-
lateral precentral, bilateral postcentral, and bilateral supple-
mentary motor areas [SMA]), basal ganglia (bilateral puta-
men, bilateral caudate, and bilateral thalamus), and limbic
areas (bilateral insula, left parahippocampus, and bilateral hip-
pocampus) (Table 2, Fig. 2).

Post hoc FC comparisons

Relative to HC group members, patients with MSAc showed
extensively reduced FC from bilateral DN to right cerebellum
(cerebellar VIII and Crus II), basal ganglia (bilateral caudate,
right putamen, and bilateral thalamus), DMN (left dorsolateral
prefrontal cortex, left inferior parietal lobe, bilateral
precuneus, bilateral middle cingulate gyrus, bilateral middle
temporal gyrus, and left angular gyrus) and right insula.
Similarly, FC was diminished from left DN to DMN (right
dorsolateral prefrontal cortex, left postcentral gurus, right pa-
rietal inferior lobe, and right angular gyrus) and limbic areas
(right parahippocampus and right hippocampus), as well as
from right DN to left putamen, bilateral SMA, DMN (bilateral
precentral gyrus, left superior and inferior temporal gyrus, and
left superior parietal lobe), left middle occipital cortex, left
insula, and left amygdala (Table 3, Fig. 3).

Compared with the HC group, the MSAp group showed
reduction in FC from left DN to right putamen; right insula;
right parahippocampus; and right superior, middle, and infe-
rior temporal lobe (Table 4, Fig. 4).

In comparing MSA subtypes, the MSAc group showed
diminished FC from left DN to DMN (right superior frontal
gyrus, right frontal middle gyrus, bilateral precuneus, and
middle cingulate cortex) and from right DN to right cerebel-
lum (cerebellar VIII and Crus II), DMN (left superior frontal
gyrus, bilateral superior and middle temporal gyrus, right in-
ferior temporal gyrus, bilateral precuneus), basal ganglia (right
putamen, bilateral caudate, bilateral thalamus), left postcentral
gyrus, left SMA, and right insula (Table 5, Fig. 5).

Correlation between neuropsychologic assessment
and extent of FC

InMSA subtypes, an inverse correlationwas identified between
UPDRS-III scores and diminished right DN to right cerebellar
FC (r = −0.45; p = 0.000) (Fig. 6a); whereas the FC of right DN
to right cerebellum positively correlated with MoCA scores
(r = 0.33; p = 0.013) (Fig. 6b). Declines in FC from right DN
to cerebellum negatively correlated with ICARS scores (r =
−0.525; p = 0.000*) (Fig. 6c), but no significant associations
between HAMD-24 scores and extent of FC were evident.

Discussion

To our knowledge, this was the first published study to ex-
plore FC alterations of DN in the twomotor subtypes ofMSA.
There are several major findings as a result. First, FC declines
fromDN to regions of cortex or subcortical gray matter appear
similar for both MSAc and MSAp variants in terms of basal
ganglia, DMN, and limbic systems, although more

Table 1 Demographic and
clinical characteristics Characteristics (Mean ± SD) Control (n = 51) MSAp (n = 29) MSAc (n = 26) F/χ2 P value

age(years) 64.8 ± 3.77 62.41 ± 8.87 65.3 ± 6.88 1.84 0.16

Gender(male:femal) 23:28 13:16 14:12 0.34 0.56

Education 11.90 ± 2.55 10.76 ± 3.36 10.84 ± 3.99 1.89 0.16

Disease duration N 3.28 ± 2.10 3.50 ± 1.58 318 0.32

UPDRS- III score N 37.21 ± 21.22 31.29 ± 16.47 319 0.33

Hoehn and Yahr N 2.69 ± 1.17 2.62 ± 1.09 357 0.74

MOCA score 26.73 ± 1.31 21.04 ± 4.08 21.24 ± 4.51 91.53 0.000*

HAMD score 1.94 ± 2.58 11.41 ± 5.85 10.58 ± 8.38 90.15 0.000*

ICARS N 26.08 ± 12.73 45.14 ± 18.12 31.16 0.000*

SD standard deviation, MSA multiple system atrophy, MSAp MSAparkinsonian variant, MSAc MSAcerebellar
variant, HC healthy controls, UPDRS-III Unified Parkinson’s Disease Rating Scale, MoCA Montreal Cognitive
Assessment, HAMD Hamilton Depression Scale

ICARS: International Cooperative Ataxia Scale Rating; 0.000*: values less than 0.000; p < 0.05 was considered
statistically significant
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Table 2 Brain regions with bilateral DN FC differences among the MSAp, MSAc, and HC groups

Brain regions Hem Voxels MNI coordinate t value BA

X Y Z

Left dentate nucleus

Cerebellum_VIII (aal) R 120 30 −60 −56 9.28 NA

Cerebellum_Crus II (aal) R 109 44 −65 −42 12.07 NA

Superior frontal gyrus (aal) L/R 134/221 −20/20 45/44 39/41 7.59/8.73 BA9

Middle frontal gyrus (aal) L/R 286/394 −35/25 32/40 39 7.93/7.12 BA46

Superior temporal gyrus (aal) R 322 61 −44 14 9.96 BA22

Middle temporal gyrus (aal) R 453 54 −3 −21 14.63 BA21

Inferior temporal gyrus (aal) R 245 56 −12 −25 8.13 BA20

Superior parietal lobe (aal) L/R 30/86 −36/37 −67/−57 52/55 6.02/8.01 BA40

Inferior parietal lobe (aal) L/R 265/171 −39/43 −56/−57 53/51 9.00/9.93 BA40

Precuneus (aal) L/R 447/443 −6/5 −63/−53 50/39 8.59/11.39 NA

Middle cingulum cortex (aal) L/R 162/101 −8/3 −34/−42 43/40 9.41/7.12 NA

Insula (aal) R 222 36 15 −12 15.36 BA48

Angular (aal) L/R 156/304 −51/51 −65/−58 27 7.28/11.95 BA39

Thalamus (aal) L/R 95/125 −12/13 −18/−21 12 9.89/8.19 NA

Putamen (aal) R 122 25 3 5 11.01 NA

Caudate (aal) L/R 59/102 −13/12 14/12 11/10 8.20/9.43 NA

ParaHippocampal (aal) R 96 24 −11 −25 9.48 BA36

Hippocampus (aal) R 63 24 −12 −19 7.43 BA35

Supply motor area (aal) R 34 9 −25 55 5.36 BA4

Right dentate nucleus

Cerebellum_Crus II_R (aal) R 288 45 −69 −42 13.92 NA

Cerebellum_VIII_R (aal) R 171 24 −63 −56 9.53 NA

Superior frontal gyrus (aal) L/R 190/26 −17/21 16/7 59/50 7.13/6.20 BA8

Middle frontal Gyrus (aal) L 314 −28 29 47 5.43 BA9

Superior temporal gyrus (aal) L/R 87/226 −58/56 −11/−33 11/16 7.55/9.19 BA48

Middle temporal gyrus (aal) L/R 126/216 −57/60 −44/−40 14/12 5.46/8.57 BA22

Inferior temporal gyrus (aal) L/R 226/131 −45/45 −11/−15 −36/−32 11.35/13.17 BA20

Supply motor area (aal) L/R 156/80 −3/7 23/19 51/56 5.81/8.00 BA6

Superior parietal lobe (aal) L 68 −35 −65 51 6.76 BA7

Inferior parietal lobe (aal) L 330 −40 −51 52 11.07 BA40

Middle Occipital lobe (aal) L 153 −37 −86 12 6.89 BA19

Middle Cingulum cortex (aal) L/R 42/54 −9/9 17/23 42/39 6.78/8.36 BA32

Insula (aal) L/R 93/202 −38/47 −12/−9 −3/7 11.50/7.91 BA48

Precuneus (aal) L/R 288/166 −3/1 −57/−52 42/35 6.45/6.50 NA

Angular (aal) L 63 −43 −60 51 7.99 BA39

Putamen (aal) L/R 33/145 −32/28 −11/10 −2/−6 8.07/8.33 BA48

Thalamus (aal) L/R 122/144 −8/12 −22/−26 7/4 6.77/10.73 NA

Caudate (aal) L/R 81/100 −9/10 8/11 11/13 11.00/8.86 NA

Precentral (aal) L/R 36/177 −43/44 11/−8 49/55 7.41/6.55 BA9

Postcentral (aal) L/R 61/119 −50/43 −29/−11 56/36 5.76/5.77 BA1

ParaHippocampal (aal) L 41 −22 −13 −25 8.45 BA36

Hippocampus L/R 31/19 −25/27 −7/−6 −25/−26 6.03/5.30 BA36

R right, L left, Hem Hemisphere, BA Brodmann area
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widespread changes of right cerebellum, DMN, basal ganglia,
motor cortex, and limbic systems are more typical of patients
withMSAc. Such findings improve our understanding of sim-
ilarities and differences in clinical symptoms related to MSA
subtypes. Furthermore, observed differences in BOLD signals
largely suggest that cerebellar functional activity differs in
these patient groups. The second major discovery is that di-
minished FC from left DN to right cerebellum negatively cor-
relates with UPDRS-III scores and positively correlates with
MoCA scores in both patient groups. The cerebellum is thus
variably implicated in motor and cognitive deficits experi-
enced by patients with MSA.

Pathologic studies have previously demonstrated that GCIs
within the olivopontocerebellar system lead to CTC circuit
dysfunction, a feature more apparent in patients with MSAc
(Wenning et al. 1997). An increasing number of such studies
also indicate that in patients with MSA, both primary and
supplementary motor cortex is involved (Lantos 1998; Su
et al. 2001; You et al. 2011). The cerebellum is particularly
important for preparation and execution of movements
(Purzner et al. 2007) and for their accurate timing (Dreher
and Grafman 2002), given its intimate functional connections
(via CTC circuits) to areas of cerebral motor cortex. Hence,
dysfunction of CTC circuitry is a factor as well in deteriorating
motor performance.

The DN is the largest site for bilateral hemispheric conver-
gence of cerebellar information, which cerebral cortex then
receives. Consequently, abnormalities of DN FC impose
changes in output of cerebellar information (Middleton and

Strick 2000). During the present study, our patients with
MSAc exhibited disruption of FC from bilateral DN to basal
ganglia (bilateral putamen, bilateral caudate nucleus, and bi-
lateral thalamus), motor cortex (bilateral postcentral gyrus,
bilateral SMA, and bilateral precentral gyrus), and right cere-
bellum, compared with HC subjects. These results are consis-
tent with earlier pathologic research findings and implicate the
cerebellum (via CTC circuits) in the motor impairment of
patients with MSAc (Su et al. 2001). Aside from past empha-
sis on nigrostriatal GCIs, which are prominent in the basal
ganglia of patients with MSAp (Ozawa et al. 2004; Su et al.
2001), other imaging studies have identified putaminal atro-
phy and iron deposition as presumptive biomarkers for differ-
entiatingMSA subtypes (Lee et al. 2015). However, we found
significantly less FC fromDN to basal ganglia in patients with
MSAp, suggesting dysfunction of the STC loop. In patients
with MSAc, it is the olivopontocerebellar (rather than
nigrostriatal) system that is profoundly degenerative. Even
so, both systems may be affected as the disease advances.
Most patients in our study qualified as early and middle
stages, perhaps explaining why we observed diminished
DN-to-cerebellum FC in the MSAc group only.

A growing body of evidence suggests that the cerebellum is
involved not only in movement coordination (França et al.
2017; O'Callaghan et al. 2016; Sokolov et al. 2017; Wu and
Hallett 2013) but also in regulation of cognitive function.
Indeed, the cerebellum may be divided into cognitive- and
motor-specific functional subregions (Sokolov et al. 2017).
Although movement disorders are cardinal symptoms of pa-
tients with MSA, cumulative data indicate that cognitive im-
pairment exists in both MSA subtypes (Barcelos et al., 2017;
Kawai et al. 2008; Stankovic et al. 2014). According to our
results, DN-to-cerebellum FC negatively correlates with
UPDRS-III and ICARS scores but positively correlates with
MoCA scores in patients with MSA. Many earlier studies
have fostered the concept that enhanced resting-state cerebel-
lar activity in patients with PD compensates for the dysfunc-
tional STC circuits brought on by dopaminergic decline (Liu
et al. 2013; Ma et al. 2015; Sen et al. 2010). However, it is
unclear whether altered DN-to-cerebellum FC is compensato-
ry or pathologic in this setting. Recently, it has been reported
that in patients with PD, resting-state FC may be affected by
dopaminergic drugs (O'Callaghan et al. 2016). Although the
present investigation entailed off-state examinations, some ef-
fects of anti-Parkinson medications may have persistent in our
patients, for whom the average disease duration was
3.39 years. FC may have been improved as a result, while still
falling below that of the HC group. Despite overlap in many
PD- and MSA-related symptoms (motor or non-motor in na-
ture), disease progression is more rapid, and life expectancy is
shorter in patients with MSA (Wenning et al. 1994).
Furthermore, it is generally acknowledged that the pathologic
underpinnings of these two diseases are not identical. MSA is

Fig. 2 Brain maps showing FC difference between the MSAp, MSAc
and HC groups.. Differences were considered significant at p < 0.01
(AlphaSim correction). The left side of the image corresponds to the
left side of the brain in axial orientation. Slice coordinates according to
the MNI space are shown in the upper left corner of the slices, indicating
the Z-axis in axial orientation
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Table 3 Brain regions with significant FC differences between the MSAc and HC groups

Brain region Hem Voxels MNI coordinate t value BA

X Y Z

Left Dentate nucleus

MSAc-HC

Cerebellum_VIII_R (aal) R 120 30 −64 −56 −3.76 NA

Cerebellum_Crus II_R (aal) R 109 45 −63 −42 −4.62 NA

Superior frontal gyrus (aal) L/R 134/220 −16/20 42/46 43/39 3.97/−3.78 BA9

Middle frontal gyrus (aal) L/R 286/394 −38/39 30/38 37/34 −4.83/−4.20 BA46

Superior temporal gyrus (aal) R 303 52 −42 17 −3.71 BA42

Middle temporal gyrus (aal) L/R 65/449 −51/52 −64/−56 24/16 −4.00/−3.45 BA21

Inferior temporal gyrus (aal) R 245 52 −14 −24 −3.55 BA20

Parietal inferior lobe (aal) L/R 265/165 −53/44 −30/−57 46/52 −4.53/−4.36 BA2/BA39

Precuneus (aal) L/R 436/442 −6/5 −56/−52 48/37 −3.85/−4.54 NA

Middle cingulum gyrus (aal) L/R 162/101 −8/10 −38/−48 44/36 −4.46/4.30 NA

Angular (aal) L/R 156/304 −46/51 −61/−60 34 −3.45/−4.22 BA39

Insula (aal) R 200 43 −7 13 −4.23 NA

Rolandic_Oper_R (aal) R 138 42 −1 14 −4.12 BA48

Thalamus (aal) L/R 121/92 −10/14 −23/−22 11/7 −3.50/−3.27 NA

Putamen (aal) R 121 29 10 −3 −3.84 BA48

Caudate (aal) L/R 44/102 −10/14 11/10 9/10 −4.27/−4.97 NA

ParaHippocampal(aal) R 91 20 −8 −28 −3.64 BA36

Hippocampus (aal) R 54 24 −13 −20 −3.46 BA35

Postcentral (aal) L 42 −52 −29 54 −3.41 BA2

Right Dentate nucleus

MSAc-HC

Cerebellum_Crus II_R (aal) R 287 40 −65 −46 −3.92 NA

Cerebellum_VIII_R (aal) R 171 31 −64 −58 −3.55 NA

Superior frontal gyrus (aal) L 190 −16 16 61 −3.36 BA8

Middle frontal gyrus (aal) L 313 −54 −63 22 −3.51 BA39

Superior temporal gyrus (aal) L/R 84/219 50/−59 −23/−49 16/19 −4.13/−3.44 BA48/BA22

Middle temporal gyrus (aal) L/R 123/210 −59/60 −52/−42 20/12 −3.42/−4.32 BA22/BA42

Inferior temporal gyrus (aal) L/R 224/131 −46/45 −14/−12 −34/−33 −4.48/−4.42 BA20

Parietal superior lobe (aal) L 68 −33 −53 58 −3.19 BA40

Parietal inferior lobe (aal) L 328 −43 −52 50 −4.43 BA40

Middle occipital cortex (aal) L 153 −30 −85 22 −3.19 BA19

Middle cingulum gyrus (aal) L/R 42/54 −6/9 −41/−15 51/50 −3.59/−3.40 NA

Precuneus (aal) L/R 279/166 −3/3 −51/−52 46/36 −4.11/−3.10 BA23

Insula (aal) L/R 93/279 −38/40 −8/−6 7/6 −3.40/−4.00 BA48

Putamen (aal) L/R 33/145 −27/23 0/7 −5/1 −3.14/−4.65 BA48

Caudate (aal) L/R 81/100 −12/14 11/10 10/7 −5.26/−4.13 NA

Thalamus (aal) L/R 121/137 −9/13 −23/−26 7/1 −3.37/−4.38 NA

ParaHippocampal (aal) L 41 −22 −7 −27 −3.76 BA36

Amygdala (aal) L 22 30 0 −13 −3.62 BA34

Angular (aal) L 63 −54 −64 26 −3.37 BA39

Precentral (aal) L/R 36/177 −44/39 11/−11 46/58 −3.67/−4.04 BA6

Postcentral (aal) L/R 56/119 −54/43 −15/−8 50/34 −2.98/−3.52 BA4

Supply Motor Area (aal) L/R 156/80 −6/6 17/19 56/58 −3.91/−4.36 BA6

R right, L left, Hem Hemisphere, BA Brodmann area

Brain Imaging and Behavior (2019) 13:1733–1745 1739



characterized by accumulations of -synuclein fibrils and GCIs
in oligodendrocytes, whereas neuronal cytoplasmic Lewy
bodies are hallmarks of PD. On the other hand, both MSA
and PD represent -synuclein diseases (Dickson 2012).
Previous FC studies conducted in patients with PD have con-
cluded that cerebellar damage spawns regulatory dysfunction
of motor and cognitive functions through compensatory
mechanisms (Liu et al. 2013;Ma et al. 2015). InMSA, distinct
functional disturbances are attached to various early patholog-
ic changes. Thus, the negative correlation resulting from our
analysis may signify differences in cerebellar functional activ-
ity that warrant further research. Remarkably, we did find
significant correlations between abnormal right DN-to-

cerebellum FC patterns and ICARS scores, which is not nec-
essarily surprising. As MSA evolves, one-third to one-half or
more of all patients will present with cerebellar signs
(Wenning et al. 1996). Although the ICARS was primarily
designed to address pure cerebellar disorders (Trouillas et al.
1997), it has proved more useful than the UPDRS for
extracting and rating the severity of cerebellar signs in patients
with MSA (Tison et al. 2002). Shifts in both ICARS scores
and UPDRS assessment further confirm that abnormal cere-
bellar function may figure prominently inMSA-related move-
ment impairment.

The DMN seems to exhibit a high metabolic rate and em-
bodies higher cognitive functions, such as action, cognition,
emotion, interoception, and perception (Andrews-Hanna et al.
2010; Buckner et al. 2008). Several resting-state FC studies
have shown that the cerebellum participates in higher-order
networks of this sort (Buckner et al. 2011; Habas et al. 2009;
Krienen and Buckner 2009). In the present study, disrupted
FC from DN to DMN (posterior cingulate cortex, medial

Fig. 3 Brain maps for FC difference between the MSAc and HC groups.
Blue color denotes decreased FC in MSAc than HC group. Differences
were considered significant at a threshold of p < 0.01, corrected via
AlphaSim correction. The left side of the image corresponds to the left
side of the brain in axial orientation; slice coordinates according to the
MNI space are shown in the upper left corner of the slices, indicating Z-
axis in axial orientation

Table 4 Brain regions with
significant FC differences
between the MSAp and HC
groups

Brain regions Hem Voxels MNI coordinate t value BA

X Y Z

Left Dentate nucleus

MSAp<Normal

Insula (aal) R 122 36 15 −12 −4.70 BA48

Superior Temporal gyrus (aal) R 115 55 −45 17 −2.88 BA22

Middle Temporal gyrus (aal) R 76 50 −12 −12 −3.32 BA22

Inferior temporal gyrus (aal) R 23 61 −8 −26 −3.12 BA21

Putamen (aal) R 58 32 0 12 −3.99 BA48

ParaHippocampal (aal) R 34 27 −12 −26 −424 BA36

R right, L left, Hem Hemisphere, BA Brodmann area

Fig. 4 Statistical parametric map showing the significant differences in
the DN FC between two groups: MSAp and HC. The threshold for
display was set to P < 0.01, AlphaSim corrected; Slice coordinates
according to the MNI space are shown in the upper left corner of the
slices, T-value scale is to the right of the image
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prefrontal cortex, inferior parietal lobe, and bilateral
temporoparietal regions) was apparent in both patient groups,
although not in HC subjects. Consistent with previous studies,
these outcomes suggest that diminished DN connectivity

incites FC network neuromodulation and may contribute to
the fundamental pathology of MSA. (Liu et al. 2013;
O'Callaghan et al. 2016). Synchronous deactivation of
cerebellum-to-DMN FC may explain the overlapping clinical
symptoms in both patient groups. However, another study has
described an augmentation of FC from left DN to DMN in
patients with MSAp (vs HC subjects) (Franciotti et al. 2015)
that may reflect differing participant characteristics, such as
H-Y stage and sample size.

Depression, anxiety, and mild cognitive deficits are com-
mon symptoms and may precede the onset of motor impair-
ment in patients with MSA (Benrud-Larson et al. 2005;
Colosimo 2011; Ghorayeb et al. 2002). There is evidence that
the limbic system (not cerebellum alone) is important in reg-
ulating emotion and cognition (Shao et al. 2015). In compar-
ing each MSA patient group (MSAc or MSAp) with HC sub-
jects, we encountered disrupted FC fromDN to limbic system,
inc lud ing amygda la , insu la , h ippocampus , and
parahippocampal gyrus. Of note, no significant associations
between HAMD-24 scores and extent of FC were apparent.
One possible explanation is that the limbic system supports a
variety of functions, including emotion, behavior, motivation,
long-term memory, and olfaction. HAMD-24 scoring helps
gauge the severity of depression, but it is not directed at limbic
functions as a whole (Chang et al. 2009; Lee et al. 2016).
Underlying cerebellum-to-limbic FC must, therefore, be ex-
plored using a more detailed assessment scale. Still, These
results herein suggest that limbic and cerebellar involvement

Table 5 Brain regions with significant FC differences between the MSAc and MSAp groups

Brain regions Hem Voxels MNI coordinate t value BA

X Y Z

Left dentate nucleus
MSAc-MSAp

Superior frontal gyrus (aal) R 123 20 34 50 −2.99 BA9
Middle frontal gyrus (aal) R 67 32 30 50 −3.04 BA9
Precuneus (aal) L/R 372/260 −8/6 −66/−64 50/46 −2.75/−3.49 BA7
Middle cingulum cortex (aal) L/R 85/44 −6/3 −38/−38 41/36 −2.54/−2.67 BA23

Right dentate nucleus
MSAc-MSAp

Cerebellum_Crus II (aal) R 242 45 −66 −39 −5.35 NA
Cerebellum_VIII (aal) R 72 15 −71 −52 −3.62 NA
Superior frontal gyrus (aal) L 74 −14 21 58 −2.49 BA8
Superior temporal gyrus (aal) L/R 36/147 −59/57 −43/−37 21/17 −2.98/−2.95 BA42
Middle temporal gyrus (aal) L/R 64/86 −58/58 −38/−45 6/11 −2.78/−2.89 BA22
Inferior temporal gyrus (aal) R 46 45 −15 −32 −3.80 BA20
Inferior parietal lobe (aal) L 225 −40 −49 55 −3.90 BA40
Precuneus (aal) L/R 239/144 −5/5 −65/−56 42/42 −3.86/−2.87 BA7
Rolandic_Oper_R (aal) R 205 45 −12 17 −3.25 BA48
Insula (aal) R 85 40 −7 7 −3.73 BA48
Thalamus(aal) L/R 115/108 −8/10 −18/−23 11/7 −3.95/−3.89 NA
Putamen (aal) R 67 31 2 1 −2.77 BA48
Caudate (aal) L/R 28/45 −8/12 4/6 12/11 −3.17/−3.55 NA
Postcentral (aal) L 24 −52 −26 55 −3.15 BA3
Supply motor area (aal) L 127 −10 17 61 −3.33 BA6

R right, L lef, Hem Hemisphere, BA Brodmann area

Fig. 5 Significant differences in left and right DN functional connectivity
between MSAp and MSAc patients. Significant thresholds were
corrected using AlphaSim correction and set at p < 0.01. Note that the
left side corresponds to the right hemisphere
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may account for non-motor symptoms, such as emotional and
cognitive processing changes, found in the two variants of
MSA.

In patients with MSAc (vs MSAp), more widespread al-
terations of FC were observed in limbic areas, accurately
reflecting the ongoing pathology (Wenning et al. 1994).
Other studies have also shown that extensively altered FC
in the limbic system is uncommon in patients with shorter
courses of MSA (Wang et al. 2017; Yao et al. 2017) but
unequivocal in those with more protracted illness
(Brenneis et al. 2003; Piao et al. 2001). One previous study
has reported that the volume of insular gray matter declined
in patients with MSAp and mean disease duration <5 years
(Shao et al. 2015). Pathologic research has further docu-
mented temporal lobe atrophy in conjunction with GCIs,
with neuronal cytoplasmic inclusions confined to limbic
system, especially in cases of long-term MSA (Piao et al.
2001; Shibuya et al. 2000). However, our patient population
was in relatively early stages of the disease (average disease
duration: MSAp, 3.28 years; MSAc, 3.50 years). Although
previous efforts have routinely focused on structural and
pathologic changes, FC alterations may precede such mor-
phologic developments (Brenneis et al. 2003; Tir et al.
2009; Wenning et al. 1994).

At present, there have been three other published stud-
ies of subcortical network FC in patients with MSA: 1)
Chou et al. (Chou et al. 2015) found significant changes
in cerebellum-to-cerebrum FC networks after repetitive
transcranial magnetic stimulation; 2) Rosskopf et al.
(Rosskopf et al. 2018) demonstrated a hyperconnective
pontocerebellar network but a hypoconnective DMN;
and 3) Yao and colleagues et (Yao et al. 2017) reported

declines in FC networks from bilateral cerebellar DN to
frontal or motor cortex in patients with MSAp. In our
investigation, aimed at cerebellum-to-cortex FC abnor-
malities due to MSA, both MSAp and MSAc variants
were marked by functional network deficits. The
Rosskopf study seemed more focused on cortical FC net-
work dysfunction, whereas we explored DN connectivity
a b n o rm a l i t i e s a n d s u b s e q u e n t F C n e t w o r k
neuromodulatioIn this regard, the study by Yao was more
aligned, but itis still debatable whether the cerebellum
plays a compensatory or pathologic role in patients with
MSA. Our findings, as well as the corroborative cerebellar
pathology, indicate that the FC of networks is altered in
patients with MSA.

Asymmetric pathologic change is not unique in patients
with MSA or PD (Brenneis et al. 2007; Brenneis et al. 2003;
Tir et al. 2009). Asprevious studies have revealed, increased
vulnerability of the right hemisphere todopaminergic dener-
vation may contribute to such asymmetries (Sullivan and
Szechtman 1995). In our study, FC deficits were more pro-
nounced from left DN to right cerebral cortex; and FC from
right DN to cerebral cortex was unaltered in patients with
MSAp (relative to controls) The fact that primary reciprocal
connections between the cerebral cortex and the cerebellar
hemispheres are contralaterally organized (Brodal 1979), it
is reasonable that the abnormal left DN-based FC network
we witnessed may further contribute to hemispheric
asymmetries within the realm of MSA.. However, the concept
pathophysiologic lateralization in patients with MSAp has yet
to be verified.

The present study has two major limitations. Our enroll-
ment included patients with probable MSA, based on the

Fig. 6 Correlations between FC
and motor and cognition scores. a
UPDRS-III scores were
negatively correlated with
impaired connectivity between
the right DN and right cerebellum
in the MSA group. b MoCA
scores were positively correlated
with impaired connectivity
between the right DN and right
cerebellum in the MSA group. c
Scatter plot of ICARS scores and
impaired functional connectivity
(FC) between the right dentate
nucleus (DN) and right
cerebellum
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most stringent clinical criteria for diagnosis, but autopsy
confirmation was lacking. Consequently, a bias in candidate
selection cannot be excluded. Second, The cumulative ef-
fects of anti-Parkinson medications may also linger, affect-
ing brain function, so future studies of this nature should
involve drug-naïve patients.

In summary, our data suggest that patients with MSAp and
MSAc share a diminution in FC from DN to basal ganglia,
DMN, and limbic structures, whereas more widespread alter-
ations of motor cortex and right cerebellum are largely con-
fined to those with MSAc. These findings may improve our
understanding of similarities and differences surrounding both
disease subtypes. They also provide compelling evidence that
the cerebellum is pivotal in the evolution ofMSA, particularly
with respect to MSAc. In general, however, the respective
mechanisms of cerebellar functional activity accounting for
motor and cognitive impairment may not be the same.
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