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Abstract: Parkinson’s disease (PD) and the parkinsonian variant of multiple system atrophy (MSAp) are
neurodegenerative disorders that can be difficult to differentiate clinically. This study provides the first
characterization of the patterns of task-related functional magnetic resonance imaging (fMRI) changes
across the whole brain in MSAp. We used fMRI during a precision grip force task and also performed
voxel-based morphometry (VBM) on T;-weighted images in MSAp patients, PD patients, and healthy con-
trols. All groups were matched on age, and the patient groups had comparable motor symptom durations
and severities. There were three main findings. First, MSAp and PD had reduced fMRI activation in motor
control areas, including the basal ganglia, thalamus, insula, primary sensorimotor and prefrontal cortices,
and cerebellum compared with controls. Second, there were no activation differences among the disease
groups in the basal ganglia, thalamus, insula, or primary sensorimotor cortices, but PD had more extensive
activation deficits throughout the cerebrum compared with MSAp and controls. Third, VBM revealed
reduced volume in the basal ganglia, middle and inferior cerebellar peduncles, pons, and throughout the
cerebrum in MSAp compared with controls and PD, and additionally throughout the cerebellar cortex and
vermis in MSAp compared with controls. Collectively, these results provide the first evidence that fMRI
activation is abnormal in the basal ganglia, cerebellum, and cerebrum in MSAp, and that a key distinguish-
ing feature between MSAp and PD is the extensive and widespread volume loss throughout the brain in
MSAp. Hum Brain Mapp 36:1165-1179, 2015.  © 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Multiple system atrophy (MSA) is a neurodegenerative
disease of unknown etiology that is characterized clinically
by a variable combination of autonomic dysfunction, par-
kinsonism, and cerebellar ataxia. According to the consen-
sus statement on MSA, two subtypes can be distinguished
based on whether the predominant motor feature is par-
kinsonism (MSAp) or cerebellar ataxia [MSAc; Gilman
et al., 1999, 2008]. Due to their overlapping motor features
(i.e., bradykinesia, rest tremor, rigidity, and postural insta-
bility), MSAp and Parkinson’s disease (PD) are difficult to
distinguish, particularly in the early stages [Litvan et al.,
1997]. Although they have similar clinical presentations,
MSAp progresses more rapidly, responds poorly to dopa-
minergic therapy, and involves more profound disability
and a reduced lifespan compared with PD [Stefanova
et al., 2009]. At present, a definite diagnosis of MSAp or
PD relies on the presence of distinct neuropathological
signs [Gelb et al., 1999; Gilman et al., 1999, 2008; Troja-
nowski et al., 2007]. However, it is critical to understand
the functional and structural brain changes that occur in
these diseases during life so that objective diagnostic tests
can be developed, and disease progression and therapeutic
strategies can be monitored and evaluated.

Functional magnetic resonance imaging (fMRI) has been
used extensively to study brain activation in PD. A recent
meta-analysis of 21 motor task-based fMRI (and 3 H,O
positron emission tomography, PET) publications in PD
found that that activation was consistently reduced in the
putamen and increased in the superior parietal lobule
(SPL) of PD patients, but the direction of activation differ-
ences was heterogeneous in the primary motor cortex
(M1), presupplementary motor area (SMA), and inferior
parietal cortex (IPC) [Herz et al., 2013]. This mixed pattern
of results was found to be related in part to aspects of the
tasks, suggesting that it is important to use the same task
when comparing results between studies and groups. In
MSA, only one study, which used H}’O PET, has investi-
gated task-related functional brain changes [Payoux et al.,
2010]. It was shown that during joystick hand movements
MSA patients had reduced activation in the cerebellum
and increased activation in the SPL compared with con-
trols and PD, and reduced activation in the putamen and
increased activation in SMA compared with PD patients.
In contrast, PD patients had reduced activation in SMA
and superior parietal cortex and increased activation in
the cerebellum compared with controls. However, the
impact of MSAp on task-based fMRI is not clear, particu-
larly in comparison with PD patients.

Conversely, voxel-based morphometry (VBM) of T;-
weighted images has been used to assess macrostructural
changes in both MSAp and PD. VBM has revealed
reduced volume in the striatum, prefrontal cortex, and
cortical motor areas of early-stage MSAp compared with
controls and PD [Brenneis et al., 2003], and additionally in
the cerebellum, pons, thalamus, and parietal, occipital, and
temporal areas of later-stage MSAp compared with con-
trols [Minnerop et al., 2007; Tzarouchi et al., 2010]. In con-
trast, most VBM studies in cognitively intact PD have
reported no significant volumetric changes [Beyer et al.,
2007; Brenneis et al.,, 2003; Dalaker et al., 2010; Melzer
et al., 2012; Menke et al., 2014; Price et al., 2004; Prodoehl
et al., 2013; Tessitore et al., 2012] or reduced volume in
only a few areas that vary across studies [Camicioli et al.,
2009; Cordato et al., 2005; Martin et al., 2009; Nagano-Saito
et al.,, 2005; Pereira et al.,, 2012; Summerfield et al., 2005;
Tir et al., 2009]. To date, no studies in MSAp and only one
in PD have normalized VBM data to a cerebellum-specific
template [Camicioli et al.,, 2009], thus making it unclear
how the macrostructure of this important motor control
area is affected in these diseases.

The patterns of motor task-based fMRI changes across
the whole brain, and their relationship to macrostructural
changes, are unknown in MSAp and PD, but may reveal
important differences between the diseases. In this study,
multimodal MRI was used to test the hypothesis that
MSAp involves both functional and macrostructural
changes, whereas PD involves primarily functional
changes. To this end, we used fMRI to examine the blood
oxygen level-dependent (BOLD) signal in MSAp, PD, and
healthy controls during a precision grip force experiment
that has been shown to activate the motor circuitry of
healthy individuals [Spraker et al, 2007; Vaillancourt
et al., 2007] and reveal reduced activation in the same
areas of early-stage de novo PD patients [Prodoehl et al.,
2010; Spraker et al., 2010]. Next, we performed VBM on
T,-weighted MR images to assess differences in local gray
matter (GM) and white matter (WM) volumes between the
groups. Importantly, both the fMRI and VBM data from
the cerebellum were normalized using the spatially
unbiased infratentorial template [SUIT; Diedrichsen, 2006],
thus providing improved intersubject coregistration than
the standard normalization procedures.

MATERIALS AND METHODS
Participants and Assessments

A total of 42 individuals participated in this study
between 2007 and 2011: 14 patients with PD, 14 patients
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Figure I.

Experimental fMRI paradigm showing the (A) force-sensitive
fiber optic transducer and (B) visual displays that cued the par-
ticipants when to apply force to the transducer (green bar) and
when to rest (red bar). In the visually guided blocks, the green
target bar was in a different vertical position from trial to trial
and the white cursor bar moved upward in proportion to the
force amplitude (as shown). Note that the small white arrows
were not presented to the participants, but are shown here to
illustrate the movement of the white bar with applied force. The
task of the participant was to overlay the green bar on the
white bar. In the memory-guided blocks, the locations of the tar-
get and cursor bars were fixed, but the color of the target bar
still provided task cues. The participants were instructed to
press with a different amount of force on each trial. [Color fig-
ure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

with MSAp, and 14 healthy age-matched controls. The
patients were diagnosed by a movement disorders special-
ist using established criteria: PD based on United King-
dom PD Society Brain Bank criteria [Hughes et al., 2001]
and probable MSAp based on the American Academy of
Neurology and American Autonomic Society criteria [Gil-
man et al, 1999, 2008). The control participants were
recruited via advertisements and reported no history of
neuropsychiatric or neurological problems. All testing
occurred between the hours of 7:30 am and 12:30 pm, with
patients having withdrawn from anti-parkinsonian medi-
cations the night before the research evaluation. Support-
ing Information Table 1 lists the anti-parkinsonian

medications each patient was taking at the time of the
study. The mini-mental state examination [MMSE; Folstein
et al., 1975] was administered to all participants to screen
for general cognitive impairment, and the motor subsec-
tion of the unified Parkinson’s disease rating scale
(UPDRS-III) was administered to the patients to assess dis-
ease severity. Each participant provided written informed
consent for the procedures in this study, which were
approved by the local Institutional Review Board.

Force Control Apparatus

Participants produced force by pinching a custom-built
fiber optic transducer (Neuroimaging Solutions, Gainesville,
FL) with their hand (Fig. 1A). The force data were digitized at
125 Hz by a si425 Fiber Optic Interrogator (Micron Optics,
Atlanta, GA) and recorded in newtons by a program written
in LabVIEW (National Instruments, Austin, TX). The visual
displays were presented to the participants via a biofeedback
system that was mounted on the head coil. The screen had a
resolution of 640 X 480 pixels and a refresh rate of 60 Hz.

Experimental Design and Procedure

Before scanning, all participants completed training in
which they practiced the force tasks described below. At
the beginning of the training period, each participant’s
maximum voluntary contraction (MVC) was measured
using a Jamar hydraulic pinch gauge. The participants
produced a contraction of maximum force using a pinch
grip (thumb, index, and middle finger) on three consecu-
tive trials. Each trial was separated by approximately 30 s.
The mean MVC of the three trials was then calculated for
use in the experiment.

The block design fMRI experiment proceeded as follows:
30 s rest, 30 s visually guided force task, 12 s rest, and
30 s memory-guided force task. This sequence was
repeated four times and there was an additional 30-s rest
period following the final memory-guided block. Thus, the
scan lasted 7 min and 18 s. Throughout the scan, the par-
ticipants viewed a black screen with two horizontal bars: a
colored target bar positioned above a white cursor bar
(Fig. 1B). The color of the target bar served as the task cue;
it turned green to cue the participant to begin the force
pulse, and it turned red to cue the participant to release
the force pulse and rest. Patients performed the task using
their most affected hand, if applicable. For MSAp patients
who had symmetrical motor symptoms, the experimenter
selected randomly which hand was tested.

In each type of force block, the task was to produce 10,
2-s pulse-hold contractions of different amplitudes using
a pinch grip. Each pulse was followed by 1-s of rest. The
participants were instructed to reach the target quickly,
maintain force at the target amplitude while it remained
green, and then quickly decrease force when the target
became red. In the visually guided blocks, the white
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cursor provided feedback by moving vertically on the
screen according to the level of force applied to the trans-
ducer. The target bar was in a different vertical position
from trial-to-trial and the participants were instructed to
press the transducer so that the white cursor bar was
directly on top of the green target bar. Target force levels
varied between 5 and 25% MVC, with the average across
the 10 trials per block equal to 15% MVC. In the memory-
guided blocks, the color of the target bar continued to
serve as a task cue. However, the locations of the target
and cursor bars were fixed; they did not vary across trials
or with the application of force, respectively. The task
was to self-select and produce a series of force pulses that
varied in amplitude from trial-to-trial. The participants
were trained to vary their force levels randomly across tri-
als such that the average MVC per block was approxi-
mately 15%. In the rest blocks, the target bar was red and
the participants were instructed to fixate it without pro-
ducing force.

MRI Data Acquisition

All images were collected with a 3.0-T MR scanner
(3T94 Excite 2.0, General Electric Healthcare, Waukesha,
WI) using a quadrature volume head coil. Head move-
ment was minimized by foam padding within the coil and
scanner noise was attenuated using a combination of
earplugs and circumaural headphones. BOLD images were
acquired using a T,*-weighted single-shot gradient echo
echo-planar pulse sequence (TR=2,500 ms, TE =25 ms,
flip angle = 90°, matrix = 64 X 64, FOV = 200 mm?, 42 con-
tiguous axial slices, and slice thickness =3 mm). The size
of the functional voxels was 3.125 X 3.125 X 3 mm. The
most superior functional slice was aligned to the most
superior point in the brain. As such, the most inferior cere-
bellum was not captured in subjects with larger brains.
Following the functional scans, T;-weighted images of the
whole brain were acquired using a fast spoiled gradient
echo pulse sequence (TR=9 ms, TE=198 ms, flip
angle = 25°, matrix =256 X 256, FOV = 240 mm?, 120 con-
tiguous axial slices, and slice thickness = 1.5 mm).

Clinical and Demographic Data Analyses

Demographic data were compared between all three
groups using separate one-way ANOVAs, and clinical
data were compared between the two patient groups using
independent samples f-tests. All results were considered
significant at P < 0.05.

Force Data Analyses

Prior to analyses, a low pass Butterworth filter at 30 Hz
(fourth-order dual pass) was applied to the force data.
The data from each participant were then inspected

visually and four time-points were marked on each pulse
[Spraker et al., 2010]: Point 1 marked the onset of force;
Points 2 and 3 marked the beginning and end of steady-
state force, respectively; and Point 4 marked the offset of
force. Based on these points, four dependent variables
were calculated for each pulse. Mean steady-state force
amplitude was calculated as the mean force output
between points 2 and 3. Force duration was calculated by
subtracting the time value of Point 1 from Point 4. The
rate of change of force during the rise and relaxation
phases was calculated by averaging the first derivative of
force between Points 1 and 2 and Points 3 and 4, respec-
tively. Next, these variables were averaged across the 40
pulses for each task and participant. The standard devia-
tion of the mean steady-state force amplitudes was calcu-
lated across the 10 pulses in each block, and then
averaged across all four blocks for each task. Each of the
above calculations was performed by custom algorithms
in MATLAB (MathWorks, Natick, MA). We counted the
number of pulses produced for each block and then cal-
culated the mean number of pulses produced per block
for each task and participant. Each dependent variable
was analyzed using a repeated measures ANOVA with
task (visually guided, memory-guided) as the within-
subjects factor and group (MSAp, PD, control) as the
between-subjects factor. Pairwise Bonferroni post hoc
tests were performed where significant differences were
found between groups. Alpha was set at 0.05.

fMRI Preprocessing and Analyses

All fMRI data preprocessing and analyses were per-
formed using analysis of functional neuroimages (AFNI,
http:/ /afninimh.nih.gov/afni/) except for the normaliza-
tion of the cerebellum, which was performed using SUIT
[Diedrichsen, 2006] within statistical parametric mapping
(SPM8, Wellcome Department of Cognitive Neurology,
London, UK; http://www.filion.ucl.ac.uk/spm/).

The methodology described below to analyze the fMRI
data was consistent with previous research [Coombes
et al., 2012; Spraker et al., 2010, 2012]. Four functional vol-
umes were collected prior to the start of the experiment to
allow for magnetization to stabilize. The datasets of partic-
ipants who used their left hand during the force tasks
were flipped in the left-right plane prior to processing.
Thus, we refer to the left side of the brain images as con-
tralateral to the hand producing force and the right side as
ipsilateral to the hand producing force. Slice timing and
motion-corrected individual datasets were normalized by
dividing the instantaneous signal in each voxel at each
point in the time series by the mean signal in that voxel
across each scan. Next, a Gaussian filter (full-width at
half-maximum, FWHM, of 4 mm) was applied to the data
to account for intersubject variability in brain anatomy in
the group-level analyses. The functional data were
regressed to a simulated hemodynamic response function
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for the task sequence (3Ddeconvolve). The dependent vari-
able at this level of the analysis was the estimated f-coeffi-
cient of the regressed time series and its associated t-
statistic. The six head motion parameters (three rotations
and three translations) calculated during preprocessing
were included in the general linear model as regressors of
no interest.

Before the group analyses of the whole-brain data, each
participant’s anatomical and functional data were coregis-
tered and transformed to the ICBM-152 Montreal Neuro-
logical Institute (MNI) template using the automated
function in AFNI. Because intersubject registration of the
cerebellum is suboptimal using this function [Diedrichsen,
2006], we used a separate normalization process for these
data. Specifically, we used the SUIT toolbox [Diedrichsen,
2006] within SPM8 to normalize each participant’s anatom-
ical scan to the infratentorial template, and then used the
resultant deformation maps to normalize the correspond-
ing functional scans. The cerebellar data were then trans-
ferred to AFNI for statistical analysis.

On both the normalized whole-brain and cerebellar
datasets, we performed three separate voxel-wise mixed-
effects ANOVAs with group as the between-subjects factor
and task (visually guided, memory-guided) as a repeated
factor. The group factor compared the BOLD signal
between the MSAp and PD groups, control and MSAp
groups, and control and PD groups. Given that there were
no significant interactions between task and group, the
reported data were collapsed across task. All functional
data were corrected for Type I error using a Monte Carlo
simulation (3dClustSim). Regions displaying activation
had to meet a threshold of P <0.005 and cluster size of 324
puL (P <0.05, corrected). Voxels were considered clustered
if their faces, edges, or corners touched (i.e., third-nearest
neighbor method). Anatomical guidelines from previously
published literature were used to help label each activa-
tion cluster in the cerebrum [Mayka et al., 2006], basal
ganglia [Prodoehl et al., 2008], and cerebellum and brain-
stem [Diedrichsen et al., 2009; Naidich et al., 2009].

VBM Preprocessing and Analyses

Whole-brain VBM preprocessing and analyses were
implemented in a series of six steps. In general, we fol-
lowed the new segment procedure with enhanced prepro-
cessing methods and modeling parameters [Pereira et al.,
2010]. All steps were performed in SPM8 unless otherwise
noted. First, in Freesurfer (http://surfer.nmr.mgh.harvard.
edu/) the T;-weighted images of each participant were
skull-stripped using the hybrid watershed algorithm and
bias-corrected using nonparametric nonuniform intensity
normalization. Second, a mask was generated using AFNI
to remove cerebral spinal fluid from the T;-weighted
images to minimize tissue misclassification during seg-
mentation. Third, the preprocessed images were coregis-
tered to the WM template provided in SPM8 to ensure

that the brain origins were set to the anterior commissure
prior to tissue segmentation. Fourth, new segment was
used to segment the T;-weighted images with the follow-
ing modified parameters: bias regularization =10,
FWHM = 150 mm cutoff, and nonuniformity correction = -
OFF. Fifth, Dartel was used to normalize the images. Spe-
cifically, GM and WM were segmented and aligned to
each other via rigid body transformation. A study-specific
template based on the GM and WM images of all the par-
ticipants was calculated and then each participant’s images
were warped to the corresponding tissue type in the tem-
plate using nonlinear transformation. The study-specific
template was normalized to MNI space using affine trans-
formation, and the resultant transformation parameters
were applied to the nonlinearly warped individual partici-
pant data. The normalized GM and WM images were
modulated (Jacobian-scaled) to preserve the initial vol-
umes and then smoothed using an isotropic 8-mm FWHM
Gaussian kernel. Finally, the local GM and WM volumes
were compared separately between the MSAp and PD
groups, MSAp and control groups, and PD and control
groups using a two-sample t-test in AFNI. Total GM and
WM volumes for each participant were included as covari-
ates in their respective analyses.

Cerebellar VBM preprocessing was performed in SPM8
and statistical analyses were performed in AFNI. First, the
T,-weighted image from each subject was coregistered
with the SPM8 WM template to set the origin to the ante-
rior commissure. Second, whole-brain GM and WM seg-
mentation maps were generated for each participant and
the cerebellum was isolated from the whole brain. Third,
each individual’s cerebellum was warped to the SUIT tem-
plate and a deformation map was created. The GM and
WM segmentation maps were resampled to SUIT space
using the deformation map. The normalized GM and WM
images were modulated (Jacobian-scaled) to preserve the
initial volumes. The resultant GM and WM maps were
analyzed between the MSAp and PD groups, control and
MSAp groups, and controls and PD groups using two-
sample t-tests in AFNI. Total cerebellar GM and WM vol-
umes were included in their respective analyses as covari-
ates. For both the whole-brain and cerebellum analyses,
areas of volumetric variation had to meet a statistical
threshold of P < 0.005 and a minimum cluster size of 1,611
voxels for GM and 1,358 voxels for WM (P <0.05,
corrected).

RESULTS
Clinical and Demographic Data

Table I summarizes the clinical and demographic char-
acteristics of each group. MMSE scores were not available
for one PD patient and two controls who were tested
before this measure was included in the study. Of the
remaining 39 participants, all scored 24 or above on the
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TABLE I. Group demographic and clinical characteristics

Variable MSAp PD Control
Sex (male/female) 8/6 10/4 9/5
Age (years) 64.6 = 9.0 64.0 = 8.7 619 = 84
Handedness (right/left) 12/2 13/1 13/1
Dominant hand tested (yes/no) 8/5 6/8 10/4
MVC (N) 56.2 = 24.3 69.7 + 16.9 702 + 195
MMSE 274+ 23 293 £ 1.0 28.7 = 1.7
Symptom duration (years) 6.5 £ 27 59 =55 N/A
UPDRSHIII - total 36.4 = 13.0 29.6 = 5.3 N/A
UPDRSHIII - axial 13.7 = 6.3 6.1 *24 N/A

MMSE, mini-mental state examination; MSAp, parkinsonian variant of multiple system atrophy; MVC, maximum voluntary contraction;
PD, Parkinson’s disease; UPDRS-III, motor subsection of the unified Parkinson’s disease rating scale.

Data shown are sums or mean *+ SD.

MMSE (no cognitive impairment), except one MSAp
patient who scored 22 (mild cognitive impairment) [Tom-
baugh and McIntyre, 1992]. Across all three groups, there
were no significant differences in age (Fp30=0.37,
P =0.690) or MVC (Fp39=2.11, P =0.135), and the MSAp
and PD groups did not differ significantly in motor symp-
tom duration (f1565=0.39, P=0.699) or total UPDRS-III
scores (f17.14 = 1.81, P =0.089).

Force Data

Figure 2 shows the force output from a representative
control, MSAp, and PD participant on one block of the
visually and memory-guided tasks. The group means
and standard deviations for each of the force variables
averaged across task are presented in Supporting Infor-
mation Table 2. There were no significant interactions
between task and group for any of the force variables
(all Ps>0.439). The mean number of pulses per block
did not differ significantly between the tasks
(F1,39=0.19, P=0.668) or groups (F,39=1.03, P=0.368).
The effect of group on mean steady-state force ampli-
tude was not significant between the groups (F; 39 =2.03,
P=0.145), but was significant between the tasks
(F139=7.25, P=0.010), with higher mean force ampli-
tude in the memory-guided task than the visually
guided task. There was a between-group difference in
mean rate of force increase (F39=4.95, P=0.012) and
decrease (Fs39=12.72, P <0.001). Post hoc tests showed
that MSAp was slower than controls in reaching steady-
state force amplitude (P=0.010) and MSAp and PD
were both slower than controls in releasing force from
the steady-state amplitude back to baseline (P <0.010).
Mean force duration differed between the groups
(F230=7.49, P=0.002), with MSAp and PD producing
longer pulses than controls (P <0.044). There was also
an effect of task on mean force duration (F;z9=4.39,
P =0.043); participants produced longer pulses during
the visually guided task than the memory-guided task.
The standard deviation of the mean steady-state force

amplitudes differed between the groups (Fz39=3.69,
P =0.034), such that MSAp was less variable than con-
trols (P =0.040). There was also an effect of task on
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Force output from a representative control, MSAp, and PD par-
ticipant on one block of the visually and memory-guided tasks.
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Figure 3.

Whole-brain fMRI and VBM gray matter results for controls ver-
sus PD, controls versus MSAp, and MSAp versus PD. fMRI differ-
ences are shown in blue, VBM in red, and areas of overlap in
yellow. VBM differences shown reflect gray matter volume
decreases in MSAp compared with controls and PD. fMRI differ-
ences reflect decreased activation in MSAp and PD compared

standard deviation of the mean steady-state force ampli-
tude (Fi30=16.65, P<0.001); participants were more
variable on the memory-guided task than the visually
guided task.

fMRI

Figure 3 displays the between-group results from the
whole-brain fMRI analyses. MSAp and PD had reduced
BOLD activation bilaterally in the basal ganglia, thalamus,
and insula, as well as in the ipsilateral orbitofrontal cortex
and contralateral M1, S1, and dorsal premotor area (PMd)
compared with controls (Table II and Supporting Informa-

with controls and PD compared with MSAp. Significant at
P < 0.05, corrected. See Supporting Information Table 5 and text
for information about group differences in cortical white matter
volume. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

tion Table 3). In addition, PD was hypoactive in bilateral
pre-SMA, ventral premotor area (PMv), hippocampus, and
occipital, cingulate, temporal, and prefrontal cortices, con-
tralateral inferior and SPLs, and ipsilateral M1, S1, and
PMd (Supporting Information Table 3). When MSAp and
PD were compared directly, PD had decreased activation
in bilateral prefrontal, occipital, and parietal cortices, con-
tralateral hippocampus and temporal cortex, and ipsilat-
eral pre-SMA, PMd, and PMv (Table III).

The between-group differences from the cerebellar fMRI
analyses are shown in Figure 4. Compared with controls,
MSAp was hypoactive in the vermis, bilateral lobule VI/
crus I, and ipsilateral lobules I-IV/V and crus II/lobule
VIIb, and hyperactive in contralateral lobules I-IV (Table
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TABLE Il. Group fMRI activation differences in controls versus MSAp

Peak MNI coordinate

Cluster No. Side Region(s) Size (mm°) x y z F-value Direction
Cortex
Cluster 1 Con Caudate* 459 -14 20 2 35.86 MSAp < C
Cluster 2 Ipsi Putamen®, thalamus, GPe, GPi 1,890 28 -6 8 30.79 MSAp < C
Cluster 3 Con Thalamus*, putamen, GPe, GPj, 3,618 —-14 —-10 8 28.85 MSAp < C
STN, amygdala, insula
Cluster 4 Ipsi Caudate* 810 12 14 -12 24.95 MSAp < C
Cluster 5 Con Putamen* 513 -18 12 —10 21.74 MSAp < C
Cluster 6 Ipsi Orbitofrontal cortex* 540 18 36 —12 21.54 MSAp < C
Cluster 7 Ipsi Thalamus*, STN 567 10 —24 0 18.95 MSAp < C
Cluster 8 Con Caudate”, putamen, GPe 756 —-20 12 12 18.23 MSAp < C
Cluster 9 Con PMd*, Ml 567 —32 —10 48 18.02 MSAp < C
Cluster 10 Con S1* 432 —48 -36 54 17.71 MSAp < C
Cluster 11 Ipsi Insula*, putamen 405 34 2 6 17.10 MSAp < C
Cerebellum
Cluster 1 Con Lobules I-IV*, V 360 -20 —-36 -19 34.66 C <MSAp
Cluster 2 Ipsi Lobule VI*, crus I 1,600 32 —60 -31 25.93 MSAp < C
Cluster 3 Ipsi/Median Crus II*, lobule VIIb/Vermis crus II 3,320 6 —-78 —43 24.20 MSAp < C
Cluster 4 Ipsi Lobules I-IV*, V 336 10 —50 —-21 19.40 MSAp < C
Cluster 5 Ipsi Lobule VI¥, crus 1 336 16 —74 -21 19.16 MSAp < C
Cluster 6 Median Vermis VI* 400 4 —68 -17 16.21 MSAp < C
Cluster 7 Con Lobule VI*, crus I 528 —34 -70 —-23 15.82 MSAp < C

Con, contralateral; GPe, external globus pallidus; GPi, internal globus pallidus; Ipsi, ipsilateral; M1, primary motor cortex; MSAp, par-
kinsonian variant of multiple system atrophy; PD, Parkinson’s disease; PMd, dorsal premotor area; S1, primary somatosensory cortex;
STN, subthalamic nucleus. All clusters signficant at P < 0.05, corrected.

Region at peak coordinate is noted with an asterisk.

II). PD had reduced activation in the vermis, lobules I-1V,
VI, crus I, crus II/lobule VIIb, and ipsilateral lobule V and
dentate region compared with controls (Supporting Infor-
mation Table 3). When the disease groups were compared
directly, MSAp had reduced activation in ipsilateral crus II
and increased activation in contralateral lobules I-IV and
VI (Table III).

VBM

The between-group whole-brain GM results are shown
in Figure 3 and reported in Supporting Information Table
4. MSAp had reduced GM volume in the contralateral cau-
date, putamen, and occipital cortex, ipsilateral dorsome-
dial prefrontal cortex, and bilateral pre-SMA, SMA,
middle cingulate cortex, and temporal cortex compared
with controls. There were no significant differences in GM
volume between PD and controls. Compared with PD,
MSAp had reduced GM volume in bilateral pre-SMA,
SMA, and cingulate, frontopolar, occipital, and temporal
cortices, contralateral caudate and putamen, and ipsilateral
SPL.

The cerebellar GM areas that differed significantly
between the groups are shown in Figure 4 and listed in
Supporting Information Table 4. Compared with controls,
MSAp had reduced GM volume in bilateral lobules V and

VIIb, vermis, and ipsilateral lobules I-1V, VI, VIIIa, IX, and
crus I and II. There were no group differences in cerebellar
GM volume between controls and PD or MSAp and PD.

Supporting Information Table 5 lists the WM areas that
differed significantly between the groups. In the cerebrum,
MSAp had reduced WM volume in contralateral dorsome-
dial/frontopolar prefrontal cortex, ipsilateral temporal
pole, and bilateral occipital cortex, and increased WM vol-
ume in contralateral motor cortex (i.e., PMv, M1, PMd)
compared with controls. There were no significant differ-
ences in cortical WM between PD and controls or MSAp
and PD. In the cerebellum analyses, MSAp had reduced
WM volume bilaterally in the vicinity of the dentate, mid-
dle cerebellar peduncle, inferior cerebellar peduncle, and
pons compared with controls and in the vicinity of the
dentate, middle cerebellar peduncle, pons, and contralat-
eral inferior cerebellar peduncle compared with PD (Fig.
5). There were no significant differences in cerebellar WM
volume between PD and controls.

Overlap Between fMRI and VBM

The whole-brain analyses revealed overlapping GM vol-
ume and fMRI activation reductions in the contralateral
caudate and putamen of MSAp compared with controls
(Fig. 3). In the cerebellum analyses, MSAp had reduced
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TABLE Ill. Group fMRI activation differences in MSAp versus PD

Peak MNI coodinate

Cluster No. Side Region(s) Size (mm®) X y z F-value Direction
Cortex
Cluster 1 Ipsi PMd* 351 36 6 42 28.78 PD <MSAp
Cluster 2 Ipsi Inferior parietal lobule* 540 54 —40 42 28.72 PD <MSAp
Cluster 3 Con Supramarginal gyrus*, angular gyrus 432 —56 —48 32 28.12 PD <MSAp
Cluster 4 Ipsi Pre-SMA* 864 12 14 48 27.18 PD <MSAp
Cluster 5 Con Middle temporal gyrus*, V5 567 —48 —60 12 24.37 PD <MSAp
Cluster 6 Con Hippocampus* 351 —18 —34 6 23.35 PD < MSAp
Cluster 7 Con Middle occipital gyrus*, inferior 918 —36 —88 2 22.86 PD <MSAp
occipital gyrus (V3v/V4)
Cluster 8 Con Angular gyrus* 459 —48 —58 32 22.44 PD < MSAp
Cluster 10 Con Dorsolateral prefrontal cortex* 405 —32 30 30 21.40 PD <MSAp
Cluster 11 Ipsi Angular gyrus*, inferior parietal lobule 378 46 —66 36 21.11 PD <MSAp
Cluster 12 Con Angular gyrus*, inferior parietal lobule, 324 —32 —48 36 20.93 PD <MSAp
superior parietal lobule
Cluster 13 Ipsi Middle occipital gyrus* 486 34 -82 6 19.27 PD <MSAp
Cluster 14 Con Calcarine gyrus (V1/V2)* 324 —26 —96 0 18.99 PD <MSAp
Cluster 15 Ipsi PMv* 486 46 0 18 18.46 PD < MSAp
Cluster 16 Ipsi Dorsolateral prefrontal cortex* 324 36 32 24 17.44 PD <MSAp
Cluster 17 Ipsi Fusiform gyrus* 351 34 —54 -6 15.69 PD <MSAp
Cluster 18 Ipsi Frontopolar cortex* 378 36 50 2 14.47 PD <MSAp
Cluster 19 Ipsi Middle occipital gyrus*, V5 324 52 —-72 2 14.21 PD <MSAp
Cluster 20 Con Inferior parietal lobule* 324 =50 —42 56 14.18 PD <MSAp
Cluster 21 Con Inferior temporal gyrus* 324 —44 —58 —12 14.15 PD <MSAp
Cerebellum
Cluster 1 Con Lobules I-IV* 984 —16 —36 -20 26.06 PD <MSAp
Cluster 2 Con Lobule VI* 456 —34 —54 —30 15.15 PD <MSAp
Cluster 3 Ipsi Crus II* 480 22 —86 —42 14.72 MSAp <PD

Con, contralateral; Ipsi, ipsilateral; M1, primary motor cortex; MSAp, parkinsonian variant of multiple system atrophy; PD, Parkinson’s
disease; PMd, dorsal premotor area; PMv, ventral premotor area; S1, primary somatosensory cortex, SMA, supplementary motor area.

All clusters signficant at P < 0.05, corrected.
Region at peak coordinate is noted with an asterisk.

GM and activation primarily in ipsilateral lobule VI, but
also in lobules I-V, VIIb, vermis VI, and crus II compared
with controls (Fig. 4). When compared with PD, MSAp
had reduced GM and increased activation in an area of
the contralateral middle temporal gyrus (V5; Fig. 3).

DISCUSSION

This study provided three main findings to support our
hypothesis that MSAp involves both functional and macro-
structural brain changes, whereas PD involves primarily
functional changes. First, MSAp and PD had reduced
BOLD fMRI activation in the basal ganglia, thalamus,
insula, primary sensorimotor and prefrontal cortices, and
cerebellum compared with controls. Second, there were no
fMRI differences between MSAp and PD in the basal gan-
glia, thalamus, insula, or primary sensorimotor cortices,
but PD had more activation deficits throughout associative
motor, prefrontal, parietal, occipital, and temporal areas

compared with MSAp and controls. Third, MSAp had
extensive volume loss in areas including the basal ganglia,
cerebrum, middle and inferior cerebellar peduncles, and
pons compared with controls and PD, and additionally in
the cerebellar cortex and vermis compared with controls.
There were no significant volumetric reductions in PD
compared with controls. Collectively, these results provide
the first evidence that fMRI activation is abnormal in the
basal ganglia, cerebellum, and cerebrum in MSAp, and that
a key distinguishing feature between MSAp and PD is the
widespread volume loss throughout the brain in MSAp.
Given the established pattern of pathology in the basal
ganglia of PD and MSAp, it was important to assess func-
tional differences in these nuclei. Previous research using
PET has revealed reduced striatal presynaptic uptake and
binding, glucose metabolism, and postsynaptic binding in
both MSAp and PD [Bohnen et al., 2006, Ghaemi et al.,
2002], but greater metabolic and postsynaptic binding
reductions in MSAp compared with PD [Ghaemi et al.,
2002]. A recent H}0O PET study also revealed reduced
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Cerebellar fMRI and VBM gray matter differences in controls
versus PD, controls versus MSAp, and MSAp versus PD. fMRI
differences are shown in blue, VBM in red, and areas of overlap
in yellow. Note that the only VBM differences were decreases in
MSAp compared with controls. fMRI differences reflect

putaminal metabolism in MSAp compared with PD, but
not controls, during a joystick hand movement task
[Payoux et al., 2010]. Given that the joystick task did not
activate the putamen in MSAp, PD, or controls, it may not
be optimal for investigating between-group differences in
this region. In this study, we used a precision grip force
task that has revealed reduced fMRI activation in the basal
ganglia of PD across multiple previous studies [Prodoehl
et al., 2010; Spraker et al., 2010]. Here we showed that
MSAp and PD had reduced activation bilaterally in the
caudate, putamen, external globus pallidus, and internal
globus pallidus, and additionally in the subthalamic
nucleus of PD. There were no significant differences
between MSAp and PD in the basal ganglia, providing the
first evidence using fMRI that these nuclei are similarly
underactivated in both diseases during a precision grip
force task.

In the cerebrum, we observed reduced activation in con-
tralateral M1 of PD compared with controls, which is con-
sistent with previous fMRI research [Buhmann et al., 2003;
Herz et al, 2013; Prodoehl et al.,, 2010; Spraker et al.,
2010]. We extended these findings by showing that the
same effect occurs for MSAp compared with controls, and
that there was no difference between MSAp and PD in
M1. However, PD did differ significantly from controls
and MSAp in several areas of the association cortex. In
particular, there was reduced activation in bilateral IPC,
dorsolateral prefrontal cortex, occipital cortex, temporal
cortex, SPL, and ipsilateral pre-SMA, PMd, and PMv of
PD compared with MSAp. The reduced activation in
occipital area V5 of PD may reflect deficits in processing

z=-31

MSAp vs PD SUIT template

a. ”’/ Lobules I-IV

Lobule V

decreased activation in PD and MSAp compared with controls.
See Table lll for the directions of activation differences between
MSAp and PD. Significant at P<0.05, corrected. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Lobule VI

Crus |

Vermis

Crus

the dynamic feedback in the visually guided task. Previous
research in healthy individuals has shown that V5 is acti-
vated during motor tasks involving visual feedback
[Coombes et al., 2011; Debaere et al., 2004]. Moreover, PD
patients exhibit deficits in visual motion processing [Trick
et al., 1994] and reduced V5 activation in response to vis-
ual motion, such as optic flow [Putcha et al., 2014]. Despite
the greater cortical atrophy in MSAp compared with PD,
which is discussed later, the current results suggest that
MSAp patients are able to activate the remaining cortical
tissue to a greater extent than PD, perhaps due to compen-
sation, to complete the precision grip force task success-
fully. An important next step will be to determine whether
there comes a point when atrophy is so prominent in
MSAp that activation deficits emerge.

Another study that examined task-related functional
changes in MSAp using H°O PET during joystick move-
ments only found two cortical areas that differed between
MSAp and PD, namely increased activation in the superior
parietal cortex and SMA of MSAp [Payoux et al.,, 2010]. It
is important to note that a recent meta-analysis of motor
task-based fMRI and H;SO PET studies found that, while
activation differed consistently in the pre-SMA, SPL, and
IPC between PD and controls, the direction of these differ-
ences did not [Herz et al., 2013]. As such, relative increases
and decreases in the cerebrum may depend on the task
used, which may explain the more extensive differences
observed in this study. Although there are no prior task-
based fMRI studies in MSAp, resting-state fMRI in MSA
has shown reduced regional homogeneity of the spontane-
ous BOLD fluctuations in areas including left M1, posterior
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C vs MSAp

MSAp vs PD

dentate
region

Figure 5.

Cerebellar and brainstem VBM white matter differences in con-
trols versus PD, controls versus MSAp, and MSAp versus PD.
MSAp had reduced volume in the vicinity of the dentate nucleus,
middle cerebellar peduncle (MCP), inferior cerebellar peduncle
(ICP), and pons compared with controls and PD. There were no

cingulate cortex, prefrontal cortex, and right inferior parie-
tal lobule compared with controls [You et al., 2011].

PET research has shown that the cerebellum is a node in
the abnormal metabolic patterns of both MSAp and PD
[Poston et al., 2012], with cerebellar FDG metabolism
decreased in MSAp and increased in PD. Consistent with
these findings, H’O PET during a joystick hand move-
ment task revealed reduced activation in the bilateral cere-
bellum of MSA compared with controls and PD, and
increased activation in the ipsilateral cerebellum of PD
compared with controls [Payoux et al., 2010]. Previous
motor task-based fMRI studies have also reported
increased cerebellar activation in PD patients chronically
treated with levodopa [Yu et al.,, 2007], but no significant
increases or reductions in early-stage de novo patients
[Spraker et al, 2010]. Increased cerebellar activation in
more severely affected PD is commonly considered to be a
compensatory mechanism in response to the dysfunctional
basal ganglia [Lewis et al.,, 2013; Wu and Hallett, 2013].

volumetric differences in the cerebellar white matter between
PD and controls. Significant at P < 0.05, corrected. [Color figure
can be viewed in the online issue, which is available at wileyonli-
nelibrary.com.]

In this study, we observed reduced activation in the bilat-
eral cerebellum of moderate PD patients compared with
controls. Several of the areas we found to be reduced in
PD (i.e., lobules V, VI, VIIb, vermis VI, crus I/II) have
been shown previously to scale with the rate and ampli-
tude of force production in healthy individuals [Spraker
et al., 2012]. In MSAp, there was reduced activation pri-
marily ipsilateral to the hand producing force compared
with controls, as well as an area of increased activation in
contralateral lobules I-IV/V. When compared with PD,
MSAp had increased activation in contralateral lobules I-
IV and VI and decreased activation in ipsilateral crus II. If
cerebellar activation in PD is compensatory for basal gan-
glia dysfunction, then it is possible that compensation has
yet to occur in the cohort studied here. To gain a better
understanding of cerebellar function in MSAp and PD, it
will be necessary to study the same cohorts of patients
longitudinally using the same task and cerebellar-specific
normalization procedures.
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The widespread atrophy in MSAp and preserved brain
volume in PD are largely consistent with the literature. In
the basal ganglia, we found reduced GM volume in the
putamen and caudate of MSAp compared with controls
and PD. Pathologically, the putamen is one of the most
severely affected structures in MSAp, with the caudate
exhibiting mild to moderate cell loss and/or gliosis
[Ozawa et al., 2004; Wenning et al., 1997]. Volume-based
MRI studies have also found atrophy in these areas [Bau-
drexel et al., 2013; Brenneis et al.,, 2003; Ghaemi et al.,
2002; Messina et al., 2011; Minnerop et al.,, 2007; Schulz
et al., 1999; Shigemoto et al., 2013; Tir et al., 2009; Tzarou-
chi et al., 2010]. In PD, we did not find significant volume
loss in the striatum, which is consistent with pathology
[Dickson, 2012] and previous volumetric MRI studies [Cor-
dato et al., 2005; Ghaemi et al., 2002; Melzer et al., 2012;
Messina et al.,, 2011; Paviour et al., 2006; Schulz et al.,
1999; Tir et al., 2009].

Pathological changes in the cerebrum of MSAp are most
consistent and severe in motor areas such as M1 and SMA
[Dickson, 2012; Mochizuki et al., 2008; Papp and Lantos,
1994; Spargo et al., 1996; Su et al., 2001]. VBM has revealed
reduced volume in cortical motor areas of MSAp [Brenneis
et al., 2003; Minnerop et al., 2007; Tir et al., 2009; Tzarou-
chi et al.,, 2010], and suggests that cortical atrophy is more
prominent in the later stages of disease [Brenneis et al.,
2007]. Consistent with these findings, we found volume
loss throughout the cerebrum, including motor areas, in
MSAp patients who had probable disease diagnoses and
mean symptom onset durations of over 6 years. There was
also increased WM volume in contralateral M1 of MSAp
compared with controls, which may reflect a reduction in
adjacent GM. In PD, pathological changes in the cerebrum
are not evident until the later stages of disease, starting in
temporal and paralimbic areas and eventually reaching
primary sensory and premotor areas [Braak et al., 2004]. In
general, VBM has shown either no significant cortical
differences between cognitively intact PD patients and
controls [Beyer et al., 2007; Brenneis et al., 2003; Camicioli
et al., 2009; Dalaker et al., 2010; Melzer et al., 2012; Menke
et al., 2014; Price et al., 2004; Prodoehl et al., 2013; Tessi-
tore et al., 2012], or reduced volume in a few areas that
differ across studies [Cordato et al., 2005; Martin et al.,
2009; Nagano-Saito et al., 2005; Pereira et al., 2012; Sum-
merfield et al., 2005; Tir et al., 2009]. Moreover, the studies
that reported cortical atrophy in PD tended to have older
participants (70s) than those that found no differences,
including this study.

In MSAp, there are pathological changes in the pons,
cerebellar vermis and hemispheres, and middle cerebellar
peduncle [Ozawa et al., 2004; Papp et al., 1989; Wenning
et al., 1996, 1997], which have been corroborated by VBM
[Minnerop et al., 2007; Shigemoto et al., 2013; Tzarouchi
et al,, 2010]. In addition to observing volumetric reduc-
tions in these areas, this study found reduced WM volume
in the dentate nucleus region and inferior cerebellar
peduncle, which is not supported by postmortem or previ-

ous VBM research. Nevertheless, atrophy has been
reported in the dentate using conventional MRI [Schrag
et al., 2000], and myelin pallor has been described in the
inferior cerebellar peduncle [Konagaya et al., 1999]. The
current results suggest that both sources of afferent input
to the cerebellum, namely the middle and inferior cerebel-
lar peduncles, undergo degenerative changes in MSAp. In
PD, we showed that the pons and cerebellum were pre-
served, which is consistent with previous VBM studies
[Beyer et al., 2007, Brenneis et al., 2003; Cordato et al.,
2005; Dalaker et al.,, 2010; Martin et al.,, 2009; Messina
et al., 2011; Nagano-Saito et al., 2005; Price et al., 2004; Pro-
doehl et al., 2013; Summerfield et al., 2005; Tessitore et al.,
2012; Tir et al.,, 2009]. However, there is some evidence
that cerebellar GM volume is reduced in pharmacologi-
cally treated tremor-dominant compared with nontremor-
dominant PD patients [Benninger et al., 2009], as well as
in older PD patients (70s) when the data are normalized to
a cerebellum-specific template [Camicioli et al., 2009].
Interestingly, we found reduced cerebellar GM volume in
MSAp compared with controls, but not in MSAp com-
pared with PD, or PD compared with controls. This pat-
tern suggests that there may be reduced cerebellar GM
volume in PD that did not reach significance. Further
research is needed to determine whether macrostructural
changes in the cerebellum of PD are related to subtype
and/or age.

Previous behavioral work using precision grip force
tasks have found that MSAp and moderate PD patients
produce longer pulses and are slower to increase to and
decrease from the target amplitude than controls, but do
not differ from controls in mean MVC, force amplitude, or
number of pulses [Neely et al., 2012]. Early-stage de novo
PD patients also have been shown to produce longer
pulses and take longer to reach the target force amplitude
and release back to baseline than controls [Spraker et al.,
2010]. Our results are consistent with these findings, with
the exception that the PD patients were not significantly
slower reaching the target force amplitude than controls. It
is possible that releasing force is a more robust measure
than increasing force when examining bradykinesia in PD
[Corcos et al., 1996]. Although mean force duration dif-
fered between the patient and control groups, this is
unlikely to account for the fMRI results. Previous research
has shown that force duration is correlated positively with
BOLD signal volume in the lateral cerebellum and several
regions of the basal ganglia and motor cortex in healthy
individuals [Vaillancourt et al.,, 2004]. However, the
patients groups in this study produced longer pulses and
generally had reduced fMRI activation in these regions
compared with the control group.

There are a few limitations of this study that are impor-
tant to highlight. First, patients were diagnosed using
probabilistic criteria by a specialist in movement disorders.
Although this provides the highest level of diagnostic
accuracy during life [Hughes et al., 2002], it is possible
that our results may differ if diagnoses were based
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retroactively on definite criteria (i.e., neuropathological
confirmation). Second, patients were tested following an
overnight withdrawal from anti-parkinsonian medications.
Given the long half-life of certain medications (e.g., aman-
tadine), some patients may not have been completely in
the off medication state during the session. Nevertheless,
it is unlikely that this affected the group results since com-
parable numbers of MSAp and PD patients were taking
these medications (see Supporting Information Table 1).
Moreover, the moderate PD patients in this study showed
similar behavioral and fMRI deficits as early-stage de novo
PD patients [Spraker et al., 2010]. Third, group differences
in local brain volume were assessed across the whole brain
using VBM. In terms of subcortical areas, research has
shown that current VBM procedures are suitable for
detecting volumetric differences in the caudate and puta-
men, but not the globus pallidus [Focke et al., 2014]. This
may explain, in part, why we did not observe reduced pal-
lidal volume in MSAp, despite the fact that this area
exhibits mild to severe pathology in most MSAp patients
[Ozawa et al., 2004; Wenning et al., 1997].

In summary, this study provided the first characteriza-
tion of task-based fMRI changes across the whole brain in
MSAp. We showed that MSAp and PD had similar fMRI
changes compared with controls in the bilateral basal gan-
glia, thalamus, and insula, ipsilateral cerebellum, and con-
tralateral M1/S1 and PMd during a precision grip force
task, but that PD had additional activation reductions in
the contralateral cerebellum and throughout the cerebrum.
We also confirmed using VBM that there is widespread
atrophy in the basal ganglia, thalamus, cerebrum, cerebel-
lum, and pons in MSAp, and relatively preserved local
brain volume in PD, which is a key distinguishing feature
between the diseases. Collectively, fMRI and VBM
revealed that the caudate, putamen, and cerebellar and
occipital cortices have overlapping functional and macro-
structural changes in MSAp. Future research using a
multimodal neuroimaging approach is needed to further
elucidate the complex patterns of functional and structural
changes in MSAp and PD, as well as their evolutions.
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