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Abstract: We investigated the lateralization of brain activity pattern during performance of unilateral
movement in drug-naive Parkinson’s disease (PD) patients with only right hemiparkinsonian symp-
toms. Functional MRI was obtained when the subjects performed strictly unilateral right hand move-
ment. A laterality index was calculated to examine the lateralization. Patients had decreased activity
in the left putamen and left supplementary motor area, but had increased activity in the right pri-
mary motor cortex, right premotor cortex, left postcentral gyrus, and bilateral cerebellum. The lateral-
ity index was significantly decreased in PD patients compared with controls (0.41 * 0.14 vs. 0.84 *
0.09). The connectivity from the left putamen to cortical motor regions and cerebellum was
decreased, while the interactions between the cortical motor regions, cerebellum, and right putamen
were increased. Our study demonstrates that in early PD, the lateralization of brain activity during
unilateral movement is significantly reduced. The dysfunction of the striatum-—cortical circuit,
decreased transcallosal inhibition, and compensatory efforts from cortical motor regions, cerebellum,
and the less affected striatum are likely reasons contributing to the reduced motor lateralization. The
disruption of the lateralized brain activity pattern might be a reason underlying some motor deficits
in PD, like mirror movements or impaired bilateral motor coordination. Hum Brain Mapp 36:1878—
1891, 2015. © 2015 Wiley Periodicals, Inc.
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INTRODUCTION

In human, the execution of strictly unilateral motor tasks
requires inhibition produced by complex interhemispheric
interactions between motor areas. These interactions are
needed to restrict motor output only from the primary
motor cortex (M1) contralateral to the intended hand move-
ment [Carson, 2005]. EEG studies found that during per-
formance of unilateral movements, the motor potential is
localized in a restricted area of the contralateral motor cor-
tex [Shibasaki and Hallett, 2006]. Neuroimaging studies
have shown that unilateral hand movements usually lead
to activation of the contralateral M1, premotor cortex
(PMC), supplementary motor area (SMA), basal ganglia,
and ipsilateral cerebellum [Catalan et al., 1998; Colebatch
et al.,, 1991; Mattay et al., 1998; Solodkin et al., 2001]. This
lateralized brain activity pattern should be the reflection of
the so-called “non-mirror transformation” networks [Chan
and Ross, 1988; Cincotta and Ziemann, 2008], which results
in facilitation of intended movements, and inhibition of
unnecessary movements of the other hand. It has been sug-
gested that this nonmirror transformation network relies on
the SMA, PMC, M1, and basal ganglia [Chan and Ross,
1988; Cincotta et al., 2004, 2006; Hubers et al., 2008].

Loss of this lateralized activity pattern may result in
some motor problems, like involuntary movements in the
other hand (mirror movements) or difficulty in coordination
of bimanual hand movements [Beaulé et al., 2012]. For
example, mirror movements can be present in stroke
patients [Oliveri et al.,, 1999] or in normal aging condition
[Baliz et al., 2005], and disruption of the non-mirror trans-
formation network has been suggested as a possible reason
[Beaulé et al., 2012]. It has been shown that following uni-
lateral brain lesions or stroke, the ipsilateral motor areas are
more activated, or even motor representations of both
hands are located in the contralesional hemisphere [Carr
et al., 1993, Guzzetta et al., 2007; Rehme et al., 2011; Shimizu
et al.,, 2002]. This pattern of bilateral brain activation during
unilateral motor tasks also has been reported in normal
aging [Naccarato et al., 2006; Wu and Hallett, 2005b].

In patients with Parkinson’s disease (PD), mirror move-
ments are frequent [Borgheresi et al., 2010; Espay et al.,
2005; Ottaviani et al., 2008; van den Berg et al., 2000; Vidal
et al, 2003]. Mirror movements in PD are typically
observed in the less affected hand during voluntary move-
ment of the more affected hand [Espay et al., 2005; Li
et al., 2007; Vidal et al., 2003], and majority of PD patients
with mirror movements are in the early stage of the dis-
ease [Espay et al., 2005]. PD patients also commonly show
impaired bimanual hand coordination; this problem is
more obvious when they perform bimanual anti-phase
movements than in-phase movements [Almeida et al,
2002; Johnson et al., 1998; Wu et al., 2010]. Our neuroimag-
ing study found that during performing bimanual move-
ments, PD patients had a different pattern of brain activity
compared with healthy controls, including decreased
activity in the SMA, but increased activity in the PMC

[Wu et al, 2010]. As the SMA and PMC are parts of the
nonmirror transformation network [Beaulé et al., 2012],
these findings imply that the disrupted lateralized brain
activity pattern might be a reason for the problem of
motor coordination in PD.

Extensive neuroimaging studies have investigated neu-
ral correlates during performance of various movements
in PD [Buhmann et al., 2003; Haslinger et al., 2001; Saba-
tini et al.,, 2000; Wu and Hallett, 2005a, 2008; Wu et al.,
2010]. These reports revealed some typical motor-related
neural features in PD, like hypoactivation in the striatum
and SMA, with hyperactivation in the PMC, parietal cor-
tex, and cerebellum compared with normal subjects. These
studies have provided important knowledge on our under-
standing of several aspects of motor control in PD, from
simple motor execution to more complex behaviors, like
motor coordination or automation. In contrast, the laterali-
zation of brain activity pattern, a basic and important fea-
ture of the motor system, has never been systematically
analyzed in PD.

A clearer understanding about motor laterality would
provide new insight into the neural mechanisms underly-
ing motor deficits in PD. In this study, we used functional
MRI (fMRI) to investigate the lateralization of brain activ-
ity pattern during performing strictly unilateral movement
in PD. Moreover, neural reasons contributing to the PD-
related laterality change were explored.

METHODS
Subjects

Twenty-six drug-naive PD patients were involved in this
study, aged 49-67 years (mean 58.96 years) and included 16
males and 10 females. We also investigated 26 age- and
sex-matched normal subjects (aged 49-68 years, mean
58.92) as controls. All subjects were right-handed according
to the Edinburgh Inventory to exclude the influence of
handedness [Oldfield, 1971]. The diagnosis of PD was
based on the UK Parkinson’s Disease Society Brain Bank
Clinical Diagnostic Criteria [Hughes et al., 1992]. Patients
were assessed with the Unified Parkinson’s Disease Rating
Scale (UPDRS) [Lang and Fahn, 1989], the Hoehn and Yahr
disability scale [Hoehn and Yahr, 1967] and Mini-Mental
State Examination (MMSE). Akinesia/rigidity was the pre-
dominant symptom, and tremor was no more than mild.
To improve the homogeneity of the results, all patients had
right hemiparkinson symptoms (Hoehn and Yahr Stage 1-
1.5). We chose drug-naive patients to exclude the influence
of long-term dopamine exposure on motor networks.

In this study, we focused on the lateralization of neural
activity during unilateral hand movement. Because mirror
movements in the opposite hand could activate the motor
cortex ipsilateral to the movement, only subjects without
mirror movements in the left hand confirmed by electro-
myogram (EMG) were included in this study to avoid the

¢ 1879



¢ Wuetal. ¢

TABLE I. Demographics and clinical details of the
subjects (mean *= SD).

Patients Controls
Age (years) 58.96 + 4.97 58.92 + 5.29
(49-67) (49-68)
Sex 10 Female, 10 Female,
16 Male 16 Male
Handedness 97.31 = 3.53 96.92 *+ 3.76
(90-100) (90-100)
Mini-Mental State 29.04 = 0.92 29.15 = 1.01
Examination
Disease Duration 12.15 = 2.98
(months)
UPDRS motor score 13.27 = 3.19
Hoehn and Yahr staging 1.23 = 0.25

contaminating of imaging results from mirror movements
(see the following motor task section). The demographics
and clinical details from the patients and controls are
shown in Table I. The experiments were performed
according to the Declaration of Helsinki and were
approved by the Institutional Review Board. All subjects
gave their written informed consent for the study.

Motor Task

The subjects were instructed to briskly tap their right
index finger with amplitude of about 2.5 cm. It has been
demonstrated that the force of right hand movement has
significant effect on the appearance of mirror movement in
the left hand. Sehm et al. [2010] found mirror EMG in left
flexor carpi radialis (FCR) when using more than 20% of
right isometric wrist flexion force; in contrast, during 10%
of right hand force, there was no mirror EMG in left FCR.
Therefore, we used an electronic pressure gauge to quanti-
tatively measure the force of right index finger tapping,
and asked the subjects to tap with about 10% of maximal
tapping force. We gave the subjects enough practice until
they could tap at the required amplitude and force. EMG
was used to monitor left hand mirror movements. Surface
electrodes were positioned on the bilateral flexor digito-
rum superficialis II, extensor digitorum II, and biceps bra-
chii muscles. Because of the irregularity and small
amplitude, it is difficult to reliably detect and quantify
mirror activity on the basis of kinematic data or conven-
tional EMG analysis. Therefore, we used frequency and
phase locking between EMG from homologous muscles to
detect mirror movement [Ridderikhoff et al.,, 2005; Bank
et al., 2014]. Only the subjects without mirror EMG during
right hand tapping with 10% of force were included in
this study. In total, 33 PD patients and 30 healthy controls
were screened. Seven patients and four controls were
excluded because of mirror movements (Supporting Infor-
mation Fig. 1). The remaining 26 patients and 26 controls
were involved in this study.

fMRI Procedure

fMRIs were performed on a 3T MR scanner (Trio sys-
tem; Siemens Magnetom scanner, Erlangen, Germany). A
standard head coil was used with foam padding to restrict
head motion. High-resolution axial T1- and T2-weighted
images were obtained in every participant to detect clini-
cally silent lesions. High-resolution anatomical images
were acquired with 3D-MPRAGE sequence (repetition
time (TR) = 2,530 ms, echo time (TE) = 3.39 ms, 128 axial
slices, 1.33-mm thickness, field of view [FOV] = 256 mm).
Blood-oxygen level dependent data were acquired with
gradient-echo echo-planar sequences (TR = 2,000 ms, TE
= 30 ms, 33 axial slices, 3.5-mm thickness, Flip angle =
90°, FOV = 220 mm, matrix size = 64 X 64).

Each fMRI scan lasted 8 min, was block-designed and
contained two conditions, which were defined as the
“rest” and “active” condition, respectively. Each condition
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Figure 1.
lllustration of the effective connectivities measured in the cur-
rent study. Abbreviations: L, left; R, right; CB, cerebellum; MI,
primary motor cortex; PMC, premotor cortex; Pu, putamen;
SMA, supplementary motor area.
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lasted 30 s and was repeated eight times. In the rest condi-
tion, subjects were asked to relax and focus on the screen.
Subjects” arms were positioned alongside the body and
kept relaxed. During the active condition, the subjects
were instructed to perform the practiced right index finger
tapping task as described above, following visual signals
on a screen through a mirror built into the head coil. The
visual signal was a red square and was presented for 300
ms each time. Intervals between the visual signals were
irregular (from 2 to 3s). A MRI compatible electrical
response button was fixed to their right hand to record fin-
ger movements during fMRI scanning.

DATA ANALYSIS
Behavioral Data Analysis

The reaction times during fMRI scanning were recorded
for each subject. The results were compared between PD
patients and healthy controls (two-sample t-test, P level =
0.05).

Imaging Data Analysis
Data Preprocessing

Image analysis was performed with SPMS8 software
(Wellcome Institute of Cognitive Neurology, London, UK).
fMRI data were slice-time corrected and aligned to the first
image of each run for motion correction, and coregistered
to high-resolution anatomical images. After spatial normal-
ization, all images were resampled into voxels that were 3
X 3 X 3 mm in size, and smoothed with a 6-mm Gaussian
smoothing kernel. Each participant’'s movement parame-
ters were examined. No subject had more than 1.5 mm
maximum translation in x, y, or z, or 1.5° of maximum
rotation about the three axes.

Brain Activity Analysis

Data were analyzed for each single participant sepa-
rately on a voxel-by-voxel basis using the general linear
model approach for the time series. We defined a model
using a fixed effect boxcar design convolved with a hemo-
dynamic response function for analysis of task-dependent
activation. We added the six head motion parameters as
regressors to optimally control for the motion effects. A
contrast representing the effect of the active condition
compared with the rest condition was calculated in each
participant. These contrast images were used in the second
level for random effects analyses. A one-sample t-test
model was used to identify the brain activity in each
group (P < 0.05, familywise error [FWE] corrected). Then,
a two-sample t-test was applied to measure between-
group difference (P < 0.05, FWE corrected). Extent thresh-
old was 10 voxels.

Analysis of Laterality

The laterality of brain activity was measured using LI
toolbox 1.2.1 [Wilke and Lidzba, 2007; Wilke and Schmi-
thorst, 2006]. The laterality index (LI) was calculated as (L
— R)/(L + R), in which the L and R represents the number
of activated voxels at P < 0.001, uncorrected at left and
right side, respectively. A positive LI indicates lateraliza-
tion to the left hemisphere, whereas a negative LI indicates
right hemisphere lateralization. In healthy subjects, unilat-
eral right hand simple movement is typically accompanied
by left motor cortical and right cerebellar activation.
Recent studies using fMRI and transcranial magnetic stim-
ulation (TMS) have proved that the cerebellum has signifi-
cantly stronger functional correlation with the contralateral
M1 than that with the ipsilateral motor cortex [Buckner
et al., 2011; Schlerf et al., in press]. To reflect the typical
laterality of motor system, we converted the activity in the
left and right cerebellum in calculation of the LI, that is,
the activity in the right cerebellum was used as L, and the
activity in the left cerebellum was used as R in the above
equation. We first calculated the laterality in each subject,
then a one-sample t-test was used to measure the laterality
in each group, while a two-sample t-test was applied to
compare the laterality between the two groups. In addi-
tion, a Pearson correlation analysis between LI and UPDRS
motor scores was performed in the patients to examine
whether the laterality related with the disease severity.

Effective Connectivity Analysis

We used the Granger causality analysis (GCA) method
[Granger, 1969] to measure effective connectivity in the
form of signed path coefficients, following Chen’s model
[Chen et al, 2009; Hamilton et al., 2011; Palaniyappan
et al.,, 2013; Wu et al,, in press], to explore the neural rea-
sons contributing to the laterality in PD. The GCA was
performed using the REST-GCA toolkit (http://www.rest-
fmrinet). Only the data in active conditions was chosen
for connectivity analysis. Nuisance covariates including
the three translational and three rotational head-motion
estimates, the white matter signal, the cerebrospinal fluid
signal, and global mean signal were regressed.

According to brain activity results, the left M1, PMC,
SMA, and posterior putamen, and right cerebellum were
activated in both groups, while the right M1, PMC, and
left cerebellum were additionally activated in PD patients
during right index finger tapping. These regions were cho-
sen as ROIs (regions of interest) for GCA analysis. All our
patients only had right side motor symptoms, thus, the
function of left posterior putamen should be diminished,
while the right posterior putamen should be relatively
spared. We also chose the right posterior putamen as a
ROI to examine whether the relatively intact putamen has
compensatory effects. The coordinate for the right poste-
rior putamen was the mirror position of the left posterior
putamen.
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The ROIs were centered at the voxels showing the maxi-
mum magnitude of activation within the selected areas,
with a radius of 5 mm. To avoid the ROI extending to the
adjacent regions (e.g., globus pallidus), a radius of 3 mm
was used for the ROIs of the bilateral posterior putamen
[Wu et al, 2011]. As some regions (e.g., the right M1,
PMC, and left cerebellum) were not activated in each sub-
ject, the ROIs were chosen based on the grouped results
across the subjects.

The putamen modulates the excitability of motor cor-
tex, for example, the M1, PMC, and SMA, through the
corticobasal ganglia-thalamo-cortical circuits [DeLong
and Wichmann, 2007]. Two sides of basal ganglia have
mutual influence on each other [Brun et al., 2012]. Studies
on monkeys and humans found that the subthalamic
nucleus (STN) has a projection to the cerebellum [Bostan
et al., 2010; Pelzer et al., 2013]. The putamen projects to
the external globus pallidus, and then to the STN, which
is a part of the so called “indirect” pathway [DeLong and
Wichmann, 2007]. Thus, the putamen may project to the
cerebellum by the way of STN. A diffusion tensor imag-
ing (DTI) study proved that there are projections between
the putamen and cerebellum [Leh et al.,, 2007]. The
advantage of GCA method is, it can estimate the direc-
tionality of modulation from recorded time series across
all nodes of a network without a priori assumption.
Therefore, we could estimate the influence from the puta-
men to the cerebellum, without a priori assumption of
the exact pathway. As we focused on the consequences of
dopaminergic impairment on motor network, only the
influences from the putamen to other areas were meas-
ured, the influences from other motor regions to the puta-
men were not calculated.

The connections between the SMA and bilateral M1
[Rouiller et al., 1994] and PMC [Boussaoud et al., 2005],
between the PMC and bilateral M1 [Jenny, 1979; Rouiller
et al.,, 1994], between the cerebellum and bilateral M1,
PMC, and SMA [Akkal et al., 2007; Buckner et al., 2011;
Middleton and Strick, 2000; O'Reilly et al., 2010], as well
as reciprocal transcallosal connections between bilateral
M1 [Jenny, 1979; Leichnetz, 1986; Rouiller et al., 1994], and
bilateral PMC [Boussaoud et al., 2005; Marconi et al., 2003]
have been identified in monkey, and have been supported
by neuroimaging studies on human [Gao et al., 2011;
Grefkes et al., 2008; Pool et al., 2013]. All of these above
connectivities were calculated in this study. The effective
connections we measured are illustrated in Figure 1.

The effective connectivity between these ROIs was cal-
culated in each subject. The resulting path coefficients
characterized the strength and direction of the connectiv-
ity. A two-sample t-test was used to evaluate whether the
path coefficients between the ROIs and other regions were
significantly different from zero (P < 0.001) [Hamilton
et al.,, 2011; Wu et al,, in press]. Then, a two-sample t-test
was applied to analyze between-group difference (P <
0.001). In this study, positive and negative connectivity
indicate excitatory and inhibitory influence, respectively.

RESULTS
Task Performance

There were no significant differences in age, gender, or
MMSE between the groups. PD patients had longer reac-
tion times compared with controls (327.2 + 31.3 vs. 314.1
+ 29.8 ms), but the difference was not significant (two-
sample t-test, P = 0.128). Thus, the motor performance
had no significant effect on our imaging results.

Brain Activity

In controls, performance of right finger tapping task was
associated with activations in the left primary sensorimo-
tor area (SM1), left PMC, left SMA, left putamen, and right
cerebellum (one-sample t-test, P < 0.05, FWE corrected;
Fig. 2a). In PD patients, besides these areas, the right M1,
right PMC, and left cerebellum were additionally activated
(one-sample t-test, P < 0.05, FWE corrected; Fig. 2b). The
patients had more activity in the left postcentral gyrus,
right M1, right PMC, and bilateral cerebellum, and had
less activity in the left SMA and left putamen compared
with the controls (two-sample t-test, P < 0.05, FWE cor-
rected; Fig. 3 and Table II).

Results of Laterality

The LIs of neural activity during performance of unilat-
eral right hand motor task in healthy controls and PD
patients were 0.84 = 0.09 and 0.41 = 0.14, respectively.
There was a significant between group difference (two-
sample t-test, P < 0.0001). Correlation analysis showed
that there was a negative correlation between LI and
UPDRS motor scores (r = —0.63, P = 0.001; Fig. 4).

Network Connectivity Results

In healthy subjects, the left posterior putamen had sig-
nificant positive effective connectivity to the left M1, PMC,
SMA, right putamen, right PMC, and bilateral cerebellum,
while the right posterior putamen had positive connectiv-
ity to the left SMA, left putamen and right cerebellum.
The right M1 received negative connectivity from the left
M1, PMC, and SMA. In addition, there were several recip-
rocal positive connections between the cortical motor
regions, between the cortical regions and cerebellum, as
well as between the bilateral cerebellum (Fig. 5A and
Table III).

In PD patients, besides these connectivities, the right
posterior putamen additionally had positive connectivity
to the right PMC and left cerebellum. The left SMA had
positive connectivity with the left cerebellum. The right
M1, right PMC, and left cerebellum had reciprocal positive
connections with each other. In addition, the left
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Figure 2.
Brain activity during performance of right hand movement in
controls (A), as well as in PD patients (B). Abbreviations: L, left;
R, right; L CB, left cerebellum; R CB, right cerebellum; L PMC,
left premotor cortex; R PMC, right premotor cortex; L SMI,
left sensorimotor cortex; R SMI, right sensorimotor cortex;
SMA, supplementary motor area.

cerebellum had positive connectivity with left SMA
(Fig. 5B and Table III).

The comparison between PD patients and healthy con-
trols showed that the positive connectivities from the left
posterior putamen to the left M1, PMC, SMA, right PMC,
right putamen, and bilateral cerebellum, and the negative
connectivities from the left M1, left PMC, and left SMA to
the right M1 were significantly weakened in the patients
(two-sample t-test, P < 0.001). At the same time for the
patients, there were strengthened connections from the
right putamen to the right PMC, left SMA, left putamen,
and left cerebellum. In addition, the connectivities between
several cortical motor regions, between the cortical regions

and cerebellum, as well as between the bilateral cerebel-
lum were increased in PD patients (Fig. 6 and Table III).

DISCUSSION

In this study, we investigated the lateralization of neural
activity during performance of unilateral movement in PD
patients. The novel finding is that the laterality of motor-
related neural activity is diminished in PD. Disrupted
motor network interactions secondary to basal ganglia
dysfunction is a likely reason contributing to this
phenomenon.

We used a very simple tapping task to examine laterality,
because it has been shown that such a task usually activates
contralateral motor areas; while the activations in the ipsi-
lateral motor regions become more obvious when the com-
plexity of motor tasks increased [Catalan et al., 1998; Sadato
et al., 1996]. In addition, finger movement rate has a signifi-
cant effect on brain activity. It has been shown that brain
activation in several areas (i.e., M1, cerebellum, and SMA)
is related to movement frequency [Deiber et al., 1999;
Sadato et al.,, 1997], while the activation of the ipsilateral
motor areas (i.e, PMC) increased with increasing

Figure 3.
Differences of brain activity between PD patients and controls

during performance of unilateral right hand motor task.
(A) brain regions more activated in PD patients than in controls;
(B) brain regions more activated in controls than in PD patients.
Abbreviations: L, left; R, right; CB, cerebellum; MI, primary
motor cortex; PMC, premotor cortex; PG, postcentral gyrus;
Pu, putamen; SMA, supplementary motor area.
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TABLE Il. The difference of brain activity between PD patients and controls during performing unilateral right
hand motor task

MNI coordinates

Brodmann Cluster
Group Brain region area x y z t Value size (mm?)
Patients > Controls L postcentral gyrus 3 —34 —33 57 7.66 945
R M1 4 31 -23 59 7.49 675
R PMC 6 38 -6 56 7.24 937
L cerebellum, posterior lobe, tuber —38 -72 —-35 8.33 3375
R cerebellum, anterior lobe, culmen 33 -75 -39 8.12 3294
Controls > Patients L SMA 6 -3 —4 56 8.02 621
L putamen —32 -3 —4 7.37 675

Abbreviations: L, left; R, right; M1, primary motor cortex; PMC, premotor cortex; SMA, supplementary motor area.

movement rates [Tanaka et al., 2009]. Thus, a simple and
slow motor task, like used in the present study, is appropri-
ate for the investigation of motor laterality.

Activation in the ipsilateral motor areas during perform-
ance of unilateral movements has been frequently reported
[Chen et al., 1997; Cramer et al.,, 1999, Hanakawa et al.,
2005; Horenstein et al., 2009]. As discussed above, the pre-
sentation of ipsilateral activation is usually in accordance
with motor complexity or frequency. Besides these reasons,
involuntary contralateral movement (mirror movement)
may also induce ipsilateral neural activity. Thus, we used
EMG monitor to ensure that only subjects without mirror
movements were investigated, and our results truly reflect
strictly unilateral movement-related motor lateralization.

Reduced Laterality in PD

In healthy controls, unilateral right hand movement acti-
vated a lateralized motor network, including the left SM1,
PMC, SMA, putamen, and right cerebellum. The LI in con-
trols was 0.84 * 0.09, which indicates a strong left domi-
nance. Compared with controls, although PD patients had
more activity in the right cerebellum and left postcentral
gyrus, which is within this lateralized motor network, they
also had decreased activity in regions within this network,
that is, the left putamen and SMA. Moreover, the patients
recruited some motor regions mirror to this network, that is,
the right M1 and PMC and left cerebellum (Fig. 2 and Table
II). These changes resulted in the significantly reduced later-
ality in PD patients (0.41 £ 0.14) compared with controls.

It has been suggested that when a LI is close to 0, there
is a lack of dominance of lateralization, or is so called
“bilateral dominance” [Seghier, 2008]. The LI value used to
determine the lack of dominance is usually set to 0.2
[Deblaere et al., 2004; Springer et al., 1999], but up to 0.3
has also been used [Benbadis et al., 1998]. Thus, when the
ILI| < 0.2 (or 0.3), the motor lateralization is no longer sig-
nificant. Our results indicate that in early PD, the motor lat-
eralization during unilateral right hand movement remains
left dominant; however, the lateralization is clearly weaker
than that in healthy controls, and shows a tendency toward

lack of dominance. The negative correlation between LI val-
ues and UPDRS motor scores (Fig. 4) suggests that as the
disorder progresses, the lateralized brain activity pattern is
gradually lost. As introduced previously, this lateralized
brain activity pattern (or nonmirror transformation net-
work) is critical in facilitation of intended movements, and
inhibition of unnecessary movements of the other hand
[Chan and Ross, 1988; Cincotta and Ziemann, 2008]. The
disruption of this nonmirror transformation network enhan-
ces the tendency toward symmetrical bimanual movement.
Therefore, the loss of this lateralized brain activity pattern
might be a reason underlying mirror movements or deficits
in motor coordination in PD.

Dysfunction of Basal Ganglia Motor Circuit

We found decreased activity in the left putamen and
SMA in PD compared with controls (Fig. 2 and Table II).
These two regions are within the basal ganglia motor cir-
cuit, which projects somatotopically from the M1, PMC,
and SMA to the striatum, then projects back to these corti-
cal motor areas throughout the thalamus [DeLong and
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Figure 4.

The results of correlation analysis between the laterality index
(LI) and Unified Parkinson’s Disease Rating Scale (UPDRS)
motor score in PD patients. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 5.

The effective connections in healthy controls (A) and PD
patients (B) during performance of unilateral right hand move-
ment. The results shown are the path coefficients between the
ROlIs and other regions that are significantly different from zero
(two-sample t-test, P < 0.001, Table Ill). The arrows indicate the

Wichmann, 2007]. The decreased activity in the putamen
has been commonly reported in PD patients during per-
formance of motor tasks [Holden et al., 2006; Playford
et al., 1992; Prodoehl et al., 2010; Wu et al., in press]. In PD,
the impairment of dopaminergic neurons in the substantia
nigra causes dopamine depletion in the basal ganglia, espe-
cially in the posterior putamen [Brooks et al., 1990; Kish
et al., 1988]. The posterior putamen is a sensorimotor area.
In our study the impaired posterior putamen had decreased
influences more on ipsilateral cortical motor areas (Fig. 6),
that is consistent with findings from DTI studies showing
that the putamen mainly projects to the ipsilateral motor
cortices [Leh et al., 2007; Lehéricy et al., 2004]. In addition,
PD patients had decreased connectivity from more affected
(left) putamen to the cerebellum and right putamen. The
impaired striatum—cerebellar connection is likely a reflection
of abnormal signals from the basal ganglia to influence cer-
ebellar function [Bostan et al., 2010]. A deep brain stimula-
tion study demonstrated that one side of the basal ganglia
can influence the functioning of the other [Brun et al,
2012]. Our findings demonstrate that the dysfunction of
sensorimotor putamen results in disconnection of striatum-

direction of connectivity. The red/blue lines indicate positive/
negative connectivity, respectively. Abbreviations: L, left; R, right;
CB, cerebellum; MI, primary motor cortex; PMC, premotor
cortex; Pu, putamen; SMA, supplementary motor area.

cortical and striatum—cerebellar loops during unilateral
hand movements in PD [Wu et al., 2011].

Among those cortical motor regions receiving less exci-
tatory influences from the left posterior putamen, only the
SMA had decreased activity; while the activations in other
motor regions were not decreased (left M1 and left PMC),
or even increased (right PMC; Figs. 2 and 6; Tables II and
III). We suppose a very likely reason for this phenomenon
is that the compensatory effects from the cortical and cere-
bellar motor networks and the less affected (right) puta-
men can help to maintain the activity of these regions (see
Discussion section). However, the connectivity in these
regions was modulated, which was shown as changed
excitatory or inhibitory influences from these areas to
other motor regions. This finding indicates that the func-
tion of these motor areas has been changed secondary to
the dysfunction of basal ganglia motor circuit; even their
activations were within the normal range. It is likely that
the connectivity analysis may be more sensitive to detect
neural changes in PD than activity [Palmer et al., 2010]. In
contrast, as the SMA receives strong projections from the
basal ganglia [Hoover and Strick, 1993], this compensatory
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TABLE lll. Network connectivity in healthy controls and
PD patients during performance of unilateral right hand

movement
Brain Regions
Origin Target Controls Patients
L putamen L M1 0.236 £ 0.078 0.113 £ 0.046*
L PMC 0.212 = 0.060 0.087 = 0.028*
L SMA 0.248 *+ 0.052 0.078 = 0.035*
R PMC 0.122 £ 0.028 0.062 £ 0.019*
L cerebellum 0.118 = 0.031 0.070 = 0.026*
R cerebellum 0.192 *+ 0.058 0.096 = 0.046*
R putamen 0.164 = 0.038 0.118 = 0.041*
R putamen R PMC 0.069 + 0.017*
L SMA 0.052 + 0.024 0.087 £ 0.035*
L cerebellum 0.072 = 0.024*
R cerebellum 0.048 *= 0.018 0.083 = 0.029*
L putamen 0.050 *+ 0.022 0.074 = 0.020*
L M1 L PMC 0.118 = 0.026 0.166 = 0.069*
L SMA 0.132 + 0.049 0.198 = 0.091*
R M1 —0.232 £ 0.089 —0.093 = 0.053*
L cerebellum 0.088 = 0.035 0.180 = 0.103*
R cerebellum 0.165 = 0.077 0.229 =+ 0.070*
R M1 L M1 0.0549 *= 0.023 0.072 £ 0.031
R PMC 0.109 = 0.036*
L cerebellum 0.098 = 0.041*
R cerebellum 0.068 * 0.030 0.094 + 0.032*
L SMA L M1 0.187 £ 0.091 0.235 £ 0.077*
L PMC 0.154 = 0.052  0.2027 = 0.061*
R M1 —-0.176 = 0.078 —0.087 = 0.064*
L cerebellum 0.112 = 0.029*
R cerebellum 0.082 = 0.031 0.137 = 0.055*
L PMC L M1 0.117 £ 0.028 0.166 + 0.089*
L SMA 0.130 £ 0.054 0.179 £ 0.071*
R M1 —0.149 = 0.057 —-0.75 = 0.033*
R PMC 0.108 = 0.041 0.122 + 0.037
L cerebellum 0.079 £ 0.043 0.110 £ 0.051*
R cerebellum 0.114 = 0.033 0.179 = 0.062*
R PMC R M1 0.131 £ 0.042*
L PMC 0.075 £ 0.021 0.091 = 0.027
L cerebellum 0.109 = 0.038*
R cerebellum 0.068 * 0.037 0.105 *+ 0.026*
L cerebellum L M1 0.092 = 0.033 0.151 £ 0.062*
L PMC 0.068 = 0.025 0.113 = 0.044*
L SMA 0.109 £ 0.037*
R M1 0.123 £ 0.057*
R PMC 0.099 = 0.035*
R cerebellum 0.083 = 0.041 0.120 *+ 0.043*
R cerebellum L M1 0.204 = 0.108 0.267 = 0.128*
L PMC 0.127 = 0.041 0.179 = 0.088*
L SMA 0.119 * 0.036 0.167 *+ 0.063*
R M1 0.073 £ 0.031 0.121 £ 0.057*
R PMC 0.062 £ 0.022 0.101 = 0.040*
L cerebellum 0.125 £ 0.055 0.171 £ 0.077*

Abbreviations: L, left; R, right; M1, primary motor cortex; PMC,
premotor cortex; SMA, supplementary motor area.

Values are given as mean path coefficients * SD that are signifi-
cantly different from zero (two-sample t-test, P < 0.001).
*indicates significant between-group difference (two-sample t-test,
P < 0.001).

effort may not be strong enough to overcome the dysfunc-
tion of striatum-SMA pathway, which results in the hypo-
activation of the SMA.

The SMA is important in motor initiation and coordina-
tion [Jenkins et al., 2000; Serrien et al., 2002]. Decreased
activity in the SMA has been extensively reported in PD
patients and is related to the difficulty in performing self-
initiated or bimanually coordinated movements [Buhmann
et al., 2003; Haslinger et al., 2001; Jahanshani et al., 1995;
Jenkins et al., 1992; Playford et al., 1992; Rascol et al., 1994;
Samuel et al., 1997; Wu et al., 2010]. Animal studies have

/
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Figure 6.

The differences of network connectivity between PD patients
and healthy controls during performance of unilateral right hand
movement. The results shown are the path coefficients that are
significantly different between patients and controls (two-sample
t-test, P < 0.001, Table Ill). The arrows indicate the direction of
connectivity. The red/blue lines indicate positive/negative con-
nectivity, respectively. The dotted/full lines indicate decreased/
increased connectivity in PD patients compared to controls,
respectively. Abbreviations: L, left; R, right; CB, cerebellum; MI,
primary motor cortex; PMC, premotor cortex; Pu, putamen;
SMA, supplementary motor area.
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shown that the SMA has extensive projections to the M1
[Dum and Strick, 2005]. A majority of SMA neurons are
selective for the use of either the ipsilateral or contralateral
arm [Hoshi and Tanji, 2004]. As a large proportion of
SMA neurons solely respond to contralateral hand move-
ments, SMA may have a specific role for lateralized hand
movements [Kazennikov et al., 1999]. Unilateral damage of
the SMA in human subjects or monkeys can induce distur-
bances in bimanual coordination that include mirror
movements [Brinkman, 1984; Chan and Ross, 1988]. Thus,
the SMA may have a role in the nonmirroring transforma-
tion network, and the dysfunction of SMA may contribute
to weakened motor lateralization in PD.

Weakened Transcallosal Inhibition on
the Right M1

The execution of strictly unilateral motor tasks requires
restriction of motor output to the contralateral M1 and
suppression of motor activation of the mirror hand [Car-
son, 2005; Cincotta and Ziemann, 2008; Leocani et al.,
2000]. When preparing to execute a movement, there is a
temporary inhibition of the M1 controlling the mirror fin-
ger in the passive hand [Leocani et al., 2000; Sohn et al.,
2002]. Extensive studies have showed that both M1
exhibit a mutual inhibitory influence (interhemispheric
inhibition, THI) on each other [Cincotta and Ziemann,
2008; Ferbert et al., 1992; Grefkes et al., 2008; Ni et al.,
2009; Pool et al., 2013; Wassermann et al., 1991; Ziemann
and Hallett, 2001]. The IHI has been related to the activity
of inhibitory GABA-ergic interneurons [Daskalakis et al.,
2002] and is probably mediated by transcallosal fibres
crossing the posterior part of the corpus callosum [Meyer
et al, 1998]. The IHI is thought to responsible for the
inhibition of mirror movements [Hubers et al.,, 2008;
Mayston et al.,, 1999], thus, is crucial for performing
strictly unilateral movements [Duque et al., 2005; Leocani
et al., 2000]. Our observation that there was reciprocal
negative connectivity between both M1, and the left M1
had stronger inhibitory influence on the right M1 than
that from the right M1 to the left M1 during right hand
movement (Table III) is consistent with these previous
reports.

We additionally found that the left PMC and SMA had
a negative connectivity to the right M1 during right hand
movement, which is in agreement with previous fMRI
reports analyzed with dynamic causal modeling method
[Grefkes et al., 2008; Pool et al., 2013]. Studies in animals
have confirmed the existence of direct commissural fibers
from dorsal PMC to contralateral M1 [Jenny, 1979; Mar-
coni et al., 2003; Rouiller et al., 1994]. TMS studies found
that a conditioning TMS over PMC can suppress motor-
evoked potentials evoked by stimulation of the contralat-
eral M1 [Mochizuki et al.,, 2004a, 2004b]. It has been
suggested that the PMC is part of the nonmirror transfor-
mation network that contribute in restricting the motor

output to the hemisphere contralateral to the intended
movement [Cincotta et al., 2004; Giovannelli et al., 2006].
Our findings demonstrate that, besides the inhibition from
the contralateral M1, there is a transcallosal inhibition
from the contralateral PMC and SMA to the ipsilateral M1
during unilateral hand movements. All of these inhibitory
efforts should be for suppression of ipsilateral M1 activity,
and thus is important for performing strictly unilateral
movements.

In PD patients, the decreased transcallosal inhibition
from the left M1, PMC, and SMA should weaken the sup-
pression on right M1, and results in the excessive activa-
tion in the right M1 during unilateral right hand
movements. TMS studies have proved that IHI is
decreased in PD [Li et al., 2007; Spagnolo et al., 2013],
while more obvious in patients with mirror movements
[Li et al., 2007]. It has been suggested that the appearance
of mirror movements in PD do not depend on unmasking
of ipsilateral projections but are due to motor output along
the crossed corticospinal projection from the mirror M1
[Cincotta et al., 2006]. Thus, the increased ipsilateral M1
activity contributes to the reduced motor lateralization,
and presumably, might be a reason for some motor defi-
cits in PD, like mirror movements.

Compensation from the Right Putamen

In healthy controls, the right posterior putamen only
had connectivity to the left SMA, right cerebellum, and
left putamen while performing unilateral right hand
movement. In PD patients, the right putamen had addi-
tional connectivity to the right PMC and left cerebellum
(Fig. 5 and Table IIT). Although receiving less connectivity
from the left putamen, the right putamen had more con-
nectivity to the right PMC, left SMA, left cerebellum, and
left putamen in patients compared to controls (Fig. 6). As
our patients only had right-sided symptoms, the dopami-
nergic system in the right putamen should be much less
affected, and the function of the right putamen would be
relatively preserved. It has been shown that loss of dopa-
minergic neurons can trigger sprouting of residual neu-
rons [Finkelstein et al., 2000; Song and Haber, 2000], and
spared dopaminergic fibers in the putamen may compen-
sate for severe dopamine depletion [Mounayar et al.,
2007]. Our findings that the regions receiving strength-
ened connections from the right (preserved) putamen
were overlapped with the brain areas disconnected with
the left (damaged) putamen (Fig. 6) provide support to
the compensatory role of the right putamen. Presumably,
at early stage of PD, spared dopaminergic neurons in the
less affected putamen may compensate for impaired
putamen helping to execute desired movements. How-
ever, the compensatory efforts from the right putamen
might be a reason inducing overactivation in the right
PMC and left cerebellum, thus, also contributing to the
weakened motor lateralization.
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Compensation from the Cortical Motor and
Cerebellar Networks

PD patients showed increased activity in cortical motor
regions and bilateral cerebellum, as well as enhances con-
nectivity between these regions compared to healthy con-
trols (Figs. 2 and 6; Tables II and III). Similar patterns of
hyperactivation or strengthened connectivity have been
extensively reported in PD [Buhmann et al., 2003; Catalan
et al., 1999; Rascol et al.,, 1997, Sabatini et al., 2000, Wu
and Hallett, 2005a; Wu et al., 2010, 2011]. The nature of
the hyperactivation or strengthened connectivity of motor
networks remains unclear. One likely explanation is that
this phenomenon represents a compensatory effect [Cata-
lan et al., 1999; Haslinger et al., 2001; Rascol et al., 1997;
Wu and Hallett, 2005a; Wu et al., 2011]. In our patients,
accompanying the hyperactivation or strengthened connec-
tivity were hypoactivations in the left putamen and SMA,
and weakened striatum—cortical and striatum—cerebellar
connections (Figs. 2 and 6; Tables II and III). The dysfunc-
tion of striatum—cortical motor pathway secondary to
dopamine depletion is likely to be an important reason
inducing akinesia in PD, which is expected to result in
deteriorated motor performance in our patients. In con-
trast, our patients executed the task at the same level as
the healthy subjects. Therefore, we speculate that these
increased activity or connectivity is to compensate for the
dysfunction of the striatum-—cortical and striatum—cerebel-
lar circuits to perform motor task properly. However,
although this compensatory effort may benefit motor per-
formance, it may also reduce the spatial segregation
between different motor circuits [Helmich et al., 2010]. In
this study, recruitment of mirror homologous motor areas
(the right M1, right PMC, and left cerebellum) disrupted
the normal pattern of the nonmirror transformation net-
work during unilateral movements, which should be a rea-
son underlying abnormal motor lateralization in PD.

Our observation that the most affected (left) motor corti-
cal regions had weakened inhibitory effects but had
enhanced excitatory connectivities (Fig. 6) indicates that
dopaminergic depletion in the striatum has different influ-
ences on motor excitatory and inhibitory circuits. This find-
ing is in agreement with a recent TMS study showing that
motor cortical inhibition is decreased and facilitation is
increased in PD patients compared to controls [Ni et al,
2013]. The authors suggested that the decreased motor cort-
ical inhibition may partly due to increased cortical facilita-
tion, but may also be caused by impaired GABA-mediated
inhibition. They also considered the increased cortical facili-
tation as a compensatory effect in PD [Ni et al., 2013].

Although the motor lateralization was significantly
decreased, our patients did not present mirror movements.
We assume that because the lateralization remained left
dominant, mirror movements were still largely sup-
pressed. It is possible when the lateralization further
weakens or is lost, mirror movements might frequently
appear. This assumption, however, cannot be examined in

the current study and needs to be considered in future
studies. How to design such a study is not clear since
bilateral movement would certainly be expected to have
relatively symmetric activation in the two hemispheres.

In conclusion, our study demonstrates that in early PD
patients, the lateralization of brain activity pattern during
unilateral right hand movement is weakened. The left
dominance of lateralization is significantly reduced, but
shows a tendency to bilateral dominance. The impaired
striatum, decreased transcallosal inhibition secondary to
the dysfunction of striatum—cortical circuit, and compensa-
tory efforts from cortical motor regions, cerebellum, and
preserved striatum are likely critical reasons contributing
to the reduced motor lateralization in PD. The disruption
of the nonmirror transformation network might be a rea-
son underlying some motor deficits in PD, like mirror
movements or impaired motor coordination, which needs
to be examined in future studies.
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