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Abstract Parkinson’s disease (PD) is one of the most com-
mon neurodegenerative disorders in the world. Previous stud-
ies have focused on the basal ganglia and cerebral cortices. To
date, the cerebellum has not been systematically investigated
in patients with PD. In the current study, 45 probable PD
patients and 40 age- and gender-matched healthy controls
underwent structural magnetic resonance imaging, and we
used support vector machines combining with voxel-based
morphometry to explore the cerebellar structural changes in
the probable PD patients relative to healthy controls. The re-
sults revealed that the gray matter alterations were primarily
located within the cerebellar Crus I, implying a possible im-
portant role of this region in PD. Furthermore, the gray matter
alterations in the cerebellum could differentiate the probable
PD patients from healthy controls with accuracies of more
than 95 % (p<0.001, permutation test) via cross-validation,
suggesting the potential of analyzing the cerebellum in the
clinical diagnosis of PD.
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Introduction

As a common progressive neurodegenerative disease,
Parkinson’s disease (PD) is characterized by motor dysfunc-
tion, such as resting tremors, rigidity, and slowness of move-
ments [1]. This disease affects millions of people worldwide
and reduces their living quality and happiness. Thus far, the
pathophysiology of the disease remains unclear.

Previous studies have demonstrated structural and func-
tional alterations within the basal ganglia in PD patients rela-
tive to healthy controls [2, 3]. As a multisystem disease, PD is
also observed with structural and functional abnormalities in
cerebral cortex [4, 5]. Melzer et al. reported decreased perfu-
sion in the posterior parieto-occipital cortex, precuneus and
cuneus, and middle frontal gyri [6]. Additionally, Yu et al.
demonstrated that the putamen, supplementary motor area
(SMA), and pre-SMA are hypoactive in PD patients [7].
These previous studies have improved our understanding of
the pathophysiology of PD, providing evidence that highlights
the important roles of the cerebrum, especially the basal gan-
glia, in this disease.

The cerebellum plays a pivotal role in motor function [8],
so structural or functional alterations of the cerebellum are
likely to occur in PD patients. Zhang et al. observed disrupted
white matter in the cerebellum of PD patients using DTI [9].
Several other studies found abnormal cerebellar activity or
connectivity in PD patients using task-related functional
MRI [10-12]. Structural abnormalities might contribute to
the functional abnormalities observed in PD patients.
Several previous studies have involved cerebellar gray matter
abnormalities in PD patients more or less [13, 14]. In addition
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to motor function, the cerebellar Crus I plays roles in high-
order functions as well [14, 15], while cognitive, emotional,
and executive deficits are very common in the late stage of PD
[1, 16, 17]. It is likely that the cerebellum plays a role in
Parkinson’s disease include pathological and compensatory
effects [18]. However, the gray matter structure of the cerebel-
lum has not been systematically investigated in PD patients.

In this study, we used a multivariate pattern analysis (MVPA)
approach which combined support vector machines (SVMs)
with voxel-based morphometry (VBM) to explore cerebellar
gray matter alterations in 45 probable PD patients relative to
40 matched healthy controls. Our aims were to identify cerebel-
lar morphological abnormalities in the probable PD patients and
to test the potential of these changes in the diagnosis of PD.

Materials and Methods
Subjects

We collected 45 probable PD patients and 40 age- and gender-
matched healthy subjects (Table 1). The participants were all
right-handed Chinese natives. All patients were diagnosed
based on the UK Parkinson’s Disease Society Brain Bank
Clinical Diagnostic Criteria. We excluded patients whose PD
were induced by medications, metabolic diseases, encephali-
tis, and other neurodegenerative disease. Patients had at least
two of the following signs: resting tremor, rigidity, and slow-
ness of movements, at least one of which was bradykinesia
(slowness). Patients were assessed with the Unified
Parkinson’s Disease Rating Scale (UPDRS) while off their
medications more than 12 h. For the PD patients, the disease
duration was defined from the time of symptom onset. All
subjects were assessed with the mini-mental state exam
(MMSE). The clinical data of the probable PD patients are
shown in Table 1. Two-tailed two-sample ¢ tests and Pearson
chi-square tests were used to compare the demographic data
between the patients and healthy controls. Informed consent
was obtained from all individual participants included in the
study. All procedures performed in studies involving human
participants were in accordance with the ethical standards of
the Xuanwu Hospital’s Medical Research Ethical Committee
and with the 1964 Helsinki declaration and its later amend-
ments or comparable ethical standards.

Image Acquisition

Data acquisition was performed on a 3-T scanner (Trio sys-
tem; Siemens Magnetom scanner, Erlangen, Germany). We
acquired the structural images with a T1-weighted 3-D
magnetization-prepared rapid acquisition gradient echo
(MPRAGE) sequence protocol [repetition time
(TR)=2000 ms, echo time (TE)=2.19 ms, inversion time
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Table 1 Demographic and clinical data of the subjects

Variable Parkinsonism Control p value
Sample size 45 40

Gender (M/F) 23/22 18/22 0.57%
Age (years) 61.7+£10.8 60.1+9.1 0.44°
Duration of illness (years) 50+24

UPDRS 1III score 28.1+11.6

MMSE score 28.3+2.1 28.6+1.7 0.43°

UPDRS Unified Parkinson’s Disease Rating Scale, MMSE mini-mental
state exam; /M female/male

# Pearson chi-square test

® Two-sample  test

(TT)=900 ms, flip angle=9°, image matrix =224 %256, 176
slices, 1-mm isotropic voxel].

Image Preprocessing

The Diffeomorphic Anatomical Registration Exponentiated
Lie Algebra (DARTEL) registration method [19] was used to
process the images with SPM8 (Wellcome Department of
Imaging Neuroscience, University College London, UK;
http://www.fil.ion.ucl.ac.uk/spm). At first, the new segment
procedure was performed to segment the structural MRI
images into six partitions, including gray matter, white matter,
cerebrospinal fluid, and three other background partitions
based on a modified mixed model cluster analysis technique.
Then, a template was generated from the entire image dataset
using the DARTEL procedure, and the resulting images were
spatially normalized into the standard Montreal Neurological
Institute (MNI) space using an affine spatial normalization.
Finally, the gray matter images were spatially normalized to
the relative template (1.5-mm isotropic voxel) and smoothed
with a 4-mm full width at half maximum isotropic Gaussian
kernel. To eliminate possible edge effects, a mask covering
voxels with gray matter densities above 0.2 was generated
and then applied to all the gray matter images. The mask of
the cerebellum was generated with the free software WFU
PickAtlas (version 3.0.4, http://www.ansir.wfubme.edu) [20].
Then the gray matter voxels within the cerebellar mask were
extracted for further analyses. To exclude the potential
confounding effects of a generalized atrophy of the whole
brain, the voxel-wise gray matter densities were corrected by
regressing out global gray matter densities. The flowchart of
data preprocessing can be seen in Fig. 1.

Pattern Classification

Before conducting the training and classification, feature se-
lection could be necessary. The method of recursive feature
elimination (RFE) [21] was introduced to identify the optimal
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Fig. 1 The flowchart of the data
preprocessing and classification.
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feature number by maximizing prediction accuracy. The pro-
cedure of feature selection was performed on the training
dataset; then the linear SVMs (http://www.kyb.tuebingen.
mpg.de/bs/people/spider/index.html) were used to solve the
classifications. The penalty parameter was equal to 1
(default setting) throughout the study. Cross-validation strate-
gies were used to estimate the generalization ability of our
classifiers. In this study, we used leave-one-out (LOOCV),
fivefold, .632-fold (i.e., (1-1/e) [22], and twofold cross-
validation strategies (100 times randomly partition for the lat-
ter three strategies). The flowchart of classification analysis
can be seen in Fig. 1. In addition, permutation tests were
employed to evaluate the performance of classifiers [23].
The class labels of the training data were randomly permuted
first. Cross-validation was then performed on the permuted
training set, and the permutation was repeated 10,000 times.
The p value was the probability of observing a classification
prediction rate no less than the actual classification accuracy.

Most Discriminative Gray Matter Regions

The N significantly different gray matter voxels identified by
two-tailed two-sample ¢ tests were selected during each cross-
validation iteration, in which N was the feature number. Most
discriminative features were defined as the features that ap-
peared in all iterations of cross-validation [23], which were
selected to reconstruct the anatomical regions with cluster
sizes of no less than 100 voxels.

Clinical Correlation Analysis

An exploratory partial correlation analysis was performed to
assess the correlations between gray matter densities of the
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cerebellar regions with group differences and clinical vari-
ables, i.e., the UPDRS score. Age was included as a confound-
ing covariate. Two-sample two-tailed levels of significance
were set at p<0.05 and were uncorrected for multiple com-
parisons in the correlation analysis [24].

Results
Classification Results

In the .632-fold strategy, the optimal feature number of 7600
was determined by using RFE method. Based on these select-
ed features, the PD patients and controls could be classified
with accuracies of 95.6+3.3 % (97.6+4.3 % for patients,
93.8+£6.1 % for controls, p<0.001, Table 2). In addition,
using LOOCY, fivefold, and twofold strategies, we obtained
accuracies of 97.8 % (p<0.0001), 96.9+1.2 % (p<0.001),
and 97.2+2.1 % (p<0.001), respectively (Table 2), suggest-
ing that the classification results were not sensitive to the
cross-validation strategies.

Morphologic Changes in the Cerebellum

The cerebellar regions with high discriminative power were
identified, mainly including the right medial Crus I, left Crus I,
Vermis 111, Vermis VIII, and right lateral Crus I (Table 3 and
Fig. 2). The gray matter densities within the right medial Crus
L, left Crus I, and Vermis III were decreased in the PD patients
(p<0.0001, uncorrected), while the gray matter densities
within the Vermis VIII and right lateral Crus I were increased
(p<0.0001, uncorrected). The two-tailed two-sample # tests
revealed no significant difference in the total brain gray
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Table 2  Classification results on the basis of cerebellar gray matter
tissue

Strategy Patient (%) Control (%) Accuracy (%) p value
Leave-one-out  97.8 97.5 97.7 <0.0001
Fivefold 98.1+1.7 95.5+£2.0 96.9+1.2 <0.001
Twofold 97.5+2.4 96.9+2.9 97.2+2.1 <0.001
632-fold 97.6+4.3 93.8+6.1 95.6+3.3 <0.001

matter, cerebellar gray matter, or cerebellar white matter be-
tween the two groups (p=0.82, 0.21, and 0.45, respectively).
None of the aforementioned regions was significantly corre-
lated with the UPDRS scores, regardless of whether the age
effects were removed or not.

Discussion

In the current study, an MVPA approach was employed to
differentiate PD patients from healthy controls based on struc-
tural MRI scans, resulting in accuracies of more than 95 %
(p<0.001) via different cross-validation strategies. The cere-
bellar gray matter changes are mainly distributed in the right
medial Crus I, left Crus I, Vermis III, Vermis VIII, and right
lateral Crus 1.

In a previous study, Cherubini and colleagues employed
SVM to discriminate tremor-dominant PD patients from es-
sential tremor patients [25], indicating the discriminative pow-
er of the cerebellum in PD. In another study by Cherubini and
colleagues, Parkinson’s disease and progressive supranuclear
palsy (PSP) could be discriminated by structural MRI scans,
including the structural alterations in the cerebellum [26], fur-
ther suggesting the potential of the cerebellum in the classifi-
cation of PD. The current study, in which we used the cere-
bellar gray matter density to differentiate the probable PD
patients from healthy controls at the individual level, could
complement the previous studies separating subtypes of
Parkinsonism. The current results together with the previous
findings suggest that the cerebellar structural alterations may
have the potential in the diagnosis of Parkinsonism and its
subtypes. A longitudinal study on a much larger sample in-
cluding patients with different forms of Parkinsonism and

healthy controls to ascertain the classification accuracy is
warranted.

In the present study, the most discriminative gray matter
voxels were mainly located in the cerebellar Crus 1. Yu et al.
observed hyperactivation of the cerebellar Crus I in PD pa-
tients [7]. Helmich et al. demonstrated a clear spatial segrega-
tion of lateral cerebellar Crus I with task-related activity in PD
[27]. Wu et al. demonstrated more effective connectivity be-
tween bilateral cerebellum and left primary motor cortex while
performing self-initiated movements in PD [10]. In addition to
motor function, the cerebellar Crus I plays roles in high-order
functions as well [14, 15]. Most areas of the Crus I observed
here were assigned as default and control network compo-
nents according to a priori functional network parcellation of
the whole brain [28]. The default network is associated with
emotional process, self-referential, and self-projection [29],
and the control network is involved in working memory and
cognitive control function [30]. Our recently study demon-
strates that the neurobiological basis of head motion is asso-
ciated with the functional connectivity within the default net-
work [31]. The structural cerebellar abnormalities in the de-
fault network were reported in the PD patients with dementia
in a recent study [32]. PD patients always suffer from the
symptoms of depressed mood, and head and neck tremor
[33], which may be associated with the abnormal activity
and connectivity within the cerebellar part of the default net-
work [10]. Cognitive and executive deficits are very common
in PD; the gray matter alterations in the left medial and right
cerebellar Crus I may be related to such deficits that are op-
tionally present in PD [1, 16]. For the right lateral cerebellar
Crus I, in addition to a possibility of pathophysiological
change, it is also possible that the increased gray matter is a
compensation for basal ganglia dysfunction to maintain motor
and non-motor function at a near normal level [18].

The cerebellar Vermis III and VIII exhibited high discrim-
inative power in the current study as well. The functional
abnormalities have been demonstrated within the cerebellar
vermis in patients with PD [34, 35]. The cerebellar vermis is
connected with the limbic areas and has been proposed to be
involved in emotion and motivation modulation [36].
Emotional deficit is common in the late stage of PD.
Incidentally, in a late stage of data collection, we assessed
depression in half sample of the current patient cohort

Table 3 Abnormal cerebellar

gray matter regions in patients Anatomical region Side MNI Coordinates (X, y, z) Cluster size (voxels) T value
with Parkinson’s disease
Medial Crus I R 39,65, -36 3177 —-11.01
Crus I L —33, 69, 35 805 —7.69
Vermis 11T 3,-47,-11 440 —-5.15
Vermis VIII —8,-51,-24 362 8.56
Lateral Crus I R 51,-51,-36 310 742

MNI Montreal Neurological Institute, L left, R right
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Fig. 2 Abnormal cerebellar gray a
matter regions in patients with

Parkinson’s disease (a—e). Gray

matter densities (GMD, corrected

by regressing out global gray

matter density) were significantly

different (p <0.0001, L .
uncorrected) in each abnormal A 7=-36
region (a—e) between the patient
and control groups (f). The color ,
intensity reflects the ¢ statistic

value between the patients and

healthy controls, and the warm

and cool colors indicate gray

matter density increase and d
decrease, respectively

y=-65

Medial Crus | (R)

Vermis VIl

(N=22) and observed that seven patients have mild to mod-
erate depression. As such, the gray matter alterations in the
vermis together with default network part of the cerebellar
Crus I may be related to emotional deficits in PD [24, 37].
For the increased gray matter in Vermis III, we would not
exclude a possibility of compensatory effect for that the mo-
tivational processes are sometime relatively intact in PD [18].

Though the current study mainly focused on the cerebellum
in PD, it is not against a critical role of basal ganglia in the
pathophysiology of PD [2, 3]. In the past, the basal ganglia are
the major clinical and research targets in PD. The univariate
statistical analyses revealed that the gray matter of basal gan-
glia was significantly different between the probable PD pa-
tients and healthy controls in our cohort. Exactly, 52 % of the
voxels with significant gray matter alterations in the probable
PD patients were located in the basal ganglia (32 % in the
cerebellum and 16 % in other brain areas). Using the gray
matter density measures within the basal ganglia, the probable
PD patients could be differentiated from the healthy controls
with an accuracy of 100 % via cross-validation. The previous
investigations demonstrated anatomical reciprocal connec-
tions between the basal ganglia and cerebellum [38], which
may provide an anatomical basis to explain the role of the
cerebellum in PD. The cerebellum receives a disynaptic pro-
jection from the subthalamic nucleus [38], and the subthalam-
ic nucleus was described as the “driving force of the basal
ganglia” [39]. The previous studies revealed different connec-
tivity patterns between the cerebellum, basal ganglia, and sup-
plementary motor area in early PD patients and controls

Vermis IlI

f O Control

O Patient

\\?“\6\\\'\ \5\\\ ‘9\]\\\ \\?*\

W0~ e02 & N
Lateral Crus | (R) . U CARTE Y

06 \:a\.e‘

during predictive motor timing [12], implying that the im-
paired striato-cerebellar connection may be a reflection of ab-
normal signals from the basal ganglia to influence cerebellar
function [38]. The previous studies have provided evidence
that the cerebellum may be involved in the gait disturbances
and genesis of dyskinesia and that resting tremor may result
from a pathological interaction between the basal ganglia and
cerebello-thalamo-cortical circuit [18]. The gray matter alter-
ations within the cerebellum observed in the current study
might contribute to the functional anomaly or compensation
in PD patients, providing structural imaging evidence to sup-
port possible pathological or compensatory roles of cerebel-
lum in PD. However, the current results are very limited; fur-
ther investigations are warranted to clarify pathological alter-
ations in the cerebellum, and how cerebellar pathological and
compensatory effects evolve as the PD progresses.

The current study still has some limitations. First, most PD
patients are currently diagnosed based on the UK Parkinson’s
Disease Society Brain Bank Clinical Diagnostic Criteria, and
clinicians diagnose the disease incorrectly in approximately
25 % of patients [40]. Though all patients were evaluated by
an experienced clinician (T.W.) in movement disorders and he
attempted to conduct pathological confirmation, it is possible
that, in some patients, the clinical diagnosis may have been in
error. However, it remains unknown how many of the patients
included here might suffer from an undiagnosed condition
such as PSP or other forms of Parkinsonism. As such, the
current study at least implies that the cerebellar gray matter
abnormalities could differentiate between probable PD
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patients and controls, though the classification did not seem to
be specific to idiopathic PD alone. Second, most patients had a
symptom of mild tremor, which may confound the current
results. Third, the medication effect on the patients was not
considered in the current study. It is noted that the medication
by neuropsychiatric patients during illness have potential effect
on brain functions [41] and structures [37]. The potential effect
of long-term medication on gray matter in PD should be exam-
ined carefully and should be considered in the future. Fourth,
the cognitive, emotional, and executive deficits were not
completely assessed in the patients. It is essential to collect these
data in future studies. Finally, due to inter-subject brain differ-
ences and scanner variability, it is important to confirm the
results with a larger sample size and multicenter imaging data.

Conclusion

The current study demonstrated that the gray matter alter-
ations in the cerebellum could differentiate probable PD pa-
tients from healthy controls with accuracies of more than 95 %
at the individual level and that the most gray matter alterations
were located within the cerebellar Crus I, suggesting the a
possible important role of the cerebellar Crus I in PD and
the potential of the cerebellar structural changes in the diag-
nosis of PD.
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