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ARTICLE INFO ABSTRACT

Background and purpose: Parkinson's disease (PD) does not present with motor symptoms until dopaminergic
neuronal loss exceeds 50%. This might indicate that a network-level compensatory mechanism involving sur-
viving regions in PD acts to reduce brain abnormalities. In contrast, there is no evidence of a compensatory
mechanism in multiple system atrophy (MSA). We hypothesized that a comparison of these two diseases would
help to identify compensatory effects in PD.

Methods: We recruited 23 patients with PD, 11 patients with MSA, and 11 controls that showed an aging brain
but no neurological deficits. All subjects underwent resting state functional magnetic resonance imaging (fMRI).
Regions of interest were defined according to the motor network related to the basal ganglia and cerebellum.
Network-level analyses were performed.

Results: Network-based statistical analyses revealed that functional connectivity in PD brains was reduced be-
tween cerebellar lobules IX on both sides and vermis X, as compared with MSA brains. Transitivity was reduced
in MSA as compared with controls.

Conclusion: We demonstrated that a part of the intra-cerebellar connectivity was reduced in PD, and that net-

Keywords:

Parkinson's disease

Multiple system atrophy

Functional magnetic resonance imaging
Graph theory

Cerebellum

work segregation was reduced in MSA. However, there was no evidence of compensatory effects in PD.

1. Introduction

Parkinson's disease (PD) is recognized as a combined disease that
displays both motor and non-motor symptoms. PD presents with aki-
nesia/bradykinesia, rigidity, resting tremor and postural instability as
motor symptoms [1]. The motor symptoms are thought to be caused
mainly by dopaminergic cell loss in the substantia nigra pars compacta,
as levodopa, a precursor of dopamine, alleviates motor symptoms in
patients with PD. Dopamine is important in controlling neuronal ac-
tivity in the basal ganglia. Nonetheless, motor symptoms are not
manifested in PD until dopaminergic cell loss exceeds 50% [2].
Therefore, compensatory mechanisms must play a role in the pre-
symptomatic phase in order for such marked depletion to take place
without symptomatic manifestations [3]. It is possible that network-
level modification could contribute to such a compensatory mechanism.
In multiple system atrophy (MSA), degeneration affects a wide range of
neurons, such as the striatum, substantia nigra, pontine nuclei, inferior
olive, and cerebellum [4,5], which suggests that no regions are left to
provide a compensatory mechanism. Therefore, there is no evidence of
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the network-level compensatory mechanism in MSA, and comparison
between PD and MSA could uncover network-level compensatory me-
chanism in PD.

Functional activity/connectivity in the basal ganglia circuits is al-
tered by a lack of dopamine in PD, which is thought to induce motor
symptoms [6]. Accumulating evidence has suggested the involvement
of the cerebellum in motor symptoms in terms of compensatory effects
[3,71, and the cerebellum is one of the main lesions in patients with
MSA [4,5]. [18F]fluoro-2-deoxy-d-glucose positron emission tomo-
graphy (FDG PET) and functional magnetic resonance imaging (fMRI)
can detect functional abnormalities in PD [8,9]. In these imaging
modalities, the whole brain is considered as a mass consisting of asso-
ciated voxels, and several networks can be identified according to al-
gorithms that are based on principal component analysis, independent
component analysis, or graph theory [10-13]. These novel methods
have demonstrated several network-level abnormalities in PD brains,
which included elevated activities of the cerebellum [14-16]; this was
in contrast to reduced activity of the cerebellum in MSA due to cere-
bellar degeneration [16]. Additionally, functional analytical
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approaches have identified compensatory changes and network-level
compensatory effects in other neurodegenerative diseases, such as
amyotrophic lateral sclerosis and Huntington disease [17-19]. Given
these findings, we hypothesized that abnormal activity in the basal
ganglia circuits, due to a lack of dopamine, would be modulated by the
cerebellum in a compensatory manner that differs between PD and
MSA, and that this could be identified by resting state fMRI (RSfMRI).
To test this hypothesis, we applied graph theoretical analyses of RSfMRI
data from patients with PD or MSA to motor networks related to the
basal ganglia and cerebellum.

2. Materials and methods
2.1. Subjects

A total of 45 subjects were recruited from the Department of
Neurology of the Tokushima University Hospital. Twenty-three patients
with PD met the UK Brain Bank criteria (12 men and 11 women, age:
67 = 1.7 [mean =+ standard error]), while 11 patients were diagnosed
with MSA according to the consensus criteria (6 men and 5 women, age:
59 =+ 2.2) [20]. Furthermore, 11 subjects who showed an aging brain
on structural MRI, but no neurological deficits, were defined as controls
(6 men and 5 women, age: 67 * 3.2). The clinical characteristics of the
included subjects are shown in Table 1. Informed consent was obtained
from all participants under protocols approved by the local ethics
committee.

All subjects underwent MRI scans of the brain. MRI was performed
during the off-state in patients with PD, to minimize the effect of drugs.
Disease duration was defined from the onset of motor symptoms to the
time of the MRI scan for both patients with PD and those with MSA
[21]. The disease severity of parkinsonian symptoms was evaluated
using the Hoehn and Yahr scale (HY). All drugs for PD were pooled in
levodopa equivalent doses (LED) according to the following modified
version of a previously published formula: [22] levodopa/carbi-
dopa X1 + entacapone X 0.35 + pramipexole X 100 + ropi-
nirole X 20 + rotigotine X 10 + selegiline x 10 + amantadine x 1.
Other drugs were ignored due to limited efficacy.

2.2. MRI acquisition

MRI acquisition was performed essentially as previously reported
[21]. Image acquisition was accomplished using a 3.0 T Discovery 750
scanner (GE, Milwaukee, WI). Scan parameters for RSfMRI were as
follows: field of view (FOV) = 240 mm, matrix = 64 X 64, TR = 2000
ms, TE = 27.2 ms, flip angle = 77°, and slice thickness = 3.0 mm.
Those of T1-weighted images were as follows: FOV = 240 mm, ma-
trix = 256 X 256, TR = 7.77 ms, TE = 2.98 ms, flip angle = 8°, and
slice thickness = 0.9 mm. All subjects were instructed to stay awake
without making any movement, but to close their eyes while in the
scanner.

2.3. Functional MRI analysis

For imaging analysis, the first four volumes were removed. All vo-
lumes then underwent motion correction, slice-timing correction, non-
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linear registration to the Montreal Neurological Institute (MNI-152:
2 x 2 x 2 mm®) template following linear and non-linear registration
of the structural image using FEAT in FMRIB's Software Library (FSL,
http://www.fmrib.ox.ac.uk/fsl/). The subjects who showed head mo-
tion > 3 mm were excluded. Spatially normalized images were then
smoothed using an 8 X 8 X 8 mm?® kernel, using Statistical Parametric
Mapping 8 (SPM8) software (http://www.fil.ion.ucl.ac.uk/spm/).
CONN toolbox (http://www.nitrc.org/projects/conn) was used for
band-pass filtering, denoising, and creating an adjacency matrix. As
described elsewhere [21], the time series for each voxel was temporally
band-pass filtered (0.01-0.08 Hz) to remove the effects of very-low-
frequency drift and high frequency respiratory and cardiac noise.
Moreover, a linear regression model was applied to remove unwanted
motion and other artifactual effects, and for adjusting confounders in-
cluding the BOLD signal from the white matter and cerebrospinal fluid
and head motion. After adjustment, the histogram plots indicating the
voxel-to-voxel connectivity were visually assessed to ensure that they
were centered for each subject.

First, 132 automatic-anatomical-labeling (AAL) regions of interest
(ROI) were used for whole brain analysis [23]. Of 132 AAL ROIs, 38
were selected on the basis of motor networks related to the basal
ganglia and cerebellum (Supporting Table S1). Previous studies have
utilized whole ROIs covering the brain or cerebral cortices only for
graph theoretical analysis [24-29]. In the present study, we chose 38
ROIs according to our hypothesis that there would be a difference be-
tween PD and MSA in terms of motor-related connectivity, including
the basal ganglia and cerebellum. The major advantage of using se-
lected ROIs was dimension reduction, which could decrease the prob-
ability of type I error due to multiple testing. The second advantage was
to maximize differences between groups in network-level values de-
rived from graph theory, if our hypothesis proved correct. ROI-to-ROI
functional connectivity values were calculated as adjacency matrix
using Fisher-transformed correlation coefficients. The network-based
statistic (NBS) was used to assess group differences in whole brain and
motor networks related to the basal ganglia and cerebellum [13]. The
NBS allowed for cluster-based statistical analysis in topological space,
which consisted of nodes (ROIs) and edges between nodes, and pro-
vided family-wise error rate (FWER)-adjusted P value for each com-
ponent using permutation testing (10,000 permutations). Component
size was measured as the sum of test statistic values across all con-
nections comprising the component. The test statistic threshold was set
at 3.5.

Network-level properties were assessed by transitivity, character-
istic path length, degree, and assortativity after binarization of the
adjacency matrices. Transitivity is the normalized clustering coefficient
based on the number of triangles in the networks, which allows for
measurement of functional segregation [30]. The characteristic path
length of the network is the average shortest path length between all
pairs of nodes in the network, and is the most commonly used measure
of functional integration [30]. The degree is the number of links con-
nected to a node, and is a measure of centrality [30]. The assortativity
coefficient is a correlation coefficient between the degrees of all nodes
on two opposite ends of a link, and is considered as a measure of re-
silience [30]. The above-mentioned process was performed using a
package of igraph (https://cran.r-project.org/web/packages/igraph/

Table 1
Characteristics of the subjects recruited in this study.
Group Age-yr Male (Female) Handedness Right (Left) Disease Duration - years HY Tremor Onset symptom Tremor LED MSA-P (MSA-
(Others) C)
Ctr 67 = 3.2 6(5) 9(2) NA NA NA NA NA NA
PD 67 = 1.7 12(11) 22 (1) 4.7 + 0.71 2.0 = 0.20 16 13 (10) 255 *+ 48.7 NA
MSA 590 £ 22 6(5) 10 (1) 2.8 = 0.39 34 =048 O 0(11) NA 7 (4)

Abbreviations: Ctr, control; HY, Hoehn-Yahr stage; LED, levodopa equivalent dose; MSA, multiple system atrophy; MSA-C, MSA with predominant cerebellar ataxia;
MSA-P, MSA with predominant parkinsonian feature; NA, not available; PD, Parkinson's disease. Mean + standard error.
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igraph.pdf) in R software (https://www.r-project.org/).
2.4. Statistical analyses

Analysis of variance (ANOVA) was utilized to compare the con-
tinuous variables among the 3 groups. Post-hoc analyses were con-
ducted using Tukey's honestly significant difference (HSD) test.
Pearson's product-moment correlation coefficients were calculated be-
tween measurements derived from network-level analyses and age,
disease duration, HY, and LED, to clarify the relationship between
factors. All statistical analyses were performed using IBM SPSS
Statistics version 21 (IBM Corp., Armonk, NY).

3. Results
3.1. Whole brain analysis

No significant changes were observed in network-level values, in-
cluding the transitivity, characteristic path length, degree, or assorta-
tivity (ANOVA, P > 0.50; Fig S1A-D). Transitivity in PD group and
characteristic path length in MSA was positively correlated with LED
and HY, respectively (PD, transitivity and LED, r = 0.43, P = 0.04;
MSA, characteristic path length and HY, r = 0.82, P = 0.03; Supporting
Table S2). However, the number of subjects included in the latter cor-
relation analysis was only 7, which limited reliability of this result.
There was no significant correlation between other values (Supporting
Table S2). In addition, there was no significant cluster consisting of
nodes and edges based on the NBS (data not shown).

3.2. Analysis of motor networks related to basal ganglia and cerebellum

The same tendency was observed in the motor networks related to
the basal ganglia and cerebellum as in the whole brain network.
Transitivity was decreased in the MSA group as compared with the Ctr
group (ANOVA, P = 0.02; Tukey HSD, P = 0.02; Fig. 1A), and differ-
ences in other network-level values did not reach significance
(Fig. 1B-D). The NBS revealed a significant difference in cerebellar
lobule-vermis connections, including cerebellar lobules IX, and ver-
mises III and X, which are almost symmetric: there was lower functional
connectivity in the PD than in the MSA groups (NBS, P = 0.02; Fig. 2).
Post-hoc analysis of these connections suggested that functional con-
nectivity was weak in patients with PD, as compared with those with
MSA, between vermis X and lobule IX on the left (Cereb9L-Verl0;
ANOVA, P = 0.01; Tukey HSD, P < 0.01; Fig. 3A) and right (Cereb9R-
Verl0; ANOVA, P = 0.01; Tukey HSD, P < 0.01; Fig. 3B) sides. Of note,
the Ctr group showed almost neutral functional connectivity on these
symmetric connections, while negative and positive connectivity was
observed in the PD and MSA groups, respectively (Fig. 3A and B).

There was no significant difference in functional connectivity be-
tween lobule IX and vermis III among the groups (Cereb9R-Ver3;
ANOVA, P = 0.13; Fig. 3C). Functional connectivity between lobules IX
on both sides and vermis X negatively correlated with disease duration
in PD group (r = —0.45, P = 0.03; Fig. 4). There was no significant
correlation between other network-level values and age, disease dura-
tion, HY, or LED (Supporting Table S3).

4. Discussion

Our network-based analysis revealed that lobule-vermis con-
nectivity, a part of the intra-cerebellar network, was reduced in the PD
as compared with the MSA group, and was associated with disease
duration. It was possible that our finding could be associated with
compensatory effects because the direction of change in lobule-vermis
connectivity was different between PD and MSA. Massive degeneration
may deprive a compensatory mechanism of MSA, while surviving re-
gions in PD may provide a compensatory mechanism. The functional
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connectivity should positively correlate with disease duration if our
findings were associated with a compensatory mechanism, according to
a hypothetical model of compensatory effects [7]. However, there was
negative correlation, which might indicate that a change in lobule-
vermis connectivity was not attributed to a compensatory mechanism.
Using a new framework for studying the underlying abnormality in the
motor network related to the basal ganglia and the cerebellum allowed
detection of compensatory changes in the cerebellum in patients with
PD. Technically, dimension reduction and the contrast to patients with
MSA led to novel findings in this study, whereas previous studies using
the NBS did not identify lesions in the cerebellum [25,29].

The ROIs used in the present study were fit to the motor network
related to the basal ganglia and cerebellum, but the cerebellum is also
involved in other functions, including cognition and emotion.
Cerebellar lobule IX was reported to be associated with the visual
guidance of movement and the default mode network [31,32]. Negative
functional connectivity between lobule IX and vermis X in the PD group
could contribute to visual hallucinations, while MSA does not present
such negative functional connectivity or visual hallucinations.

In the present study, several network-level values were assessed in
the motor network related to the basal ganglia and cerebellum, and
transitivity was found to be decreased in MSA group as compared with
Ctr group. Reduced transitivity generally indicates reduced network
segregation and loss of specialized processing in the specific brain re-
gion [30]. Insufficient segregation in patients with MSA appeared
plausible, because more severe MSA involves the loss of more specific
functions than PD. This result was in line with that of a previous study
that used diffusion tensor imaging [33]. However, characteristic path
length was not increased in the present study, which could be attributed
to differences between diffusion tensor imaging and functional imaging
and/or between MSA with predominant cerebellar ataxia only and
MSA. For PD group, there were no significant differences in transitivity,
characteristic path length, degree, or assortativity, which appeared
consistent with a previous study that reported that there were no sig-
nificant differences in these network-level values when compared with
normal controls [28]. However, another study reported that PD patients
exhibited lower global efficiency, higher clustering coefficients, and
higher characteristic path lengths than healthy controls [29]. Diverse
backgrounds as well as differences in methodology may have con-
tributed to the different results among the studies.

There were two major limitations to the present study. Due to the
modest number of subjects, the study may have had insufficient sta-
tistical power. Although we focused on the motor network related to the
basal ganglia and cerebellum, the subthalamic nucleus and the pontine
nucleus were not used as ROIs. These two nuclei play a key role in
connecting the basal ganglia to the cerebellum.

In conclusion, we here proposed a new framework for studying the
underlying abnormality in the motor network related to the basal
ganglia and cerebellum, using ROIs in the NBS, similar to other vox-
elwise analyses. Patients with PD were found to show reduced func-
tional connectivity between cerebellar lobule IX and vermis X com-
pared with those with MSA. Furthermore, transitivity, one of the
network-level measurements derived from graph theory, was reduced
in MSA, as reported previously based on diffusion tensor imaging.
These findings shed light on the network-level changes in PD and MSA.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jns.2019.03.022.

Disclosure of interest

The authors report no conflict of interest concerning the materials
or methods used in this study or the findings specified in this paper.

Acknowledgements

We would like to thank all subjects that recruited in the present


https://cran.r-project.org/web/packages/igraph/igraph.pdf
https://www.r-project.org/
https://doi.org/10.1016/j.jns.2019.03.022
https://doi.org/10.1016/j.jns.2019.03.022

W. Sako, et al. Journal of the Neurological Sciences 400 (2019) 129-134

A 1 B 3. Fig. 1. Network-level analyses based on graph
* theory in the motor network related to basal ganglia
and cerebellum. (A) MSA group showed significantly
0z | lower transitivity than the control (Ctr) group. (B-D)
} No significant difference in characteristic path length
5 ] -I— (B), degree (C) or assortativity (D) was seen among
it the groups, although the PD and MSA groups tended
2 ] to exhibit reduced degree (C) and assortativity (D).
e = P < 0.05.
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Fig. 2. Nodes and edges with reduced functional connectivity in patients with PD relative to those with MSA. Intriguingly, connections detected here demonstrated
almost symmetry with the cerebellum. These nodes were the cerebellar lobules IX and vermises X and III.
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C
Cereb9R — Ver3
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Fig. 3. Post-hoc analyses of selected connections by network-based statistics (NBS) in the cerebellum. (A) (B) There was significant difference in the functional
connectivity of cerebellar lobules IX (Cereb9L and Cereb9R) with vermis X (Ver10) between the PD and MSA groups. (C) No significant difference was observed in
functional connectivity between Cereb9R and vermis III (Ver3). *P < 0.05

p=0.03
. r=-0.45

oo

oo

-05 .

FC between Cereb9L and Ver10

0 5
Disease Duration

10

p=0.03
= r=-0.45
5 .
= o . .,
= .
= . .
g 0 o, . L] LY
"§ >3 b o W
Q . .
O .
5 .
o °
E -05
Q L]
=]
g

-1

0 5 10 15

Disease Duration

Fig. 4. Individual functional connectivity values (FC) between left/right cerebellar lobule IX (Cereb9L/R) and vermis X (Ver10) in PD group. FC between Cereb9L/R
and Ver10 significantly correlated with disease duration.
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