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The objective of this study was to compare coordination deficits between Parkinson’s disease (PD) and cerebellar
dysfunction (CD) patients during in- and anti-phase bilateral movements with their forearms. 48 participants
were divided into four groups: recently diagnosed (de novo) PD patients; PD patients with an advanced stage of
the disease; CD patients; age-matched controls. All participants performed in-phase and anti-phase bilateral
coordination movements at two pacing frequencies (1 and 1.55 Hz). For interlimb coordination, relative phasing
accuracy was measured; for individual limb movements, oscillation frequency, movement amplitude and har-
monicity (smoothness) of each limb movement were examined. Results indicated that advanced PD patients
showed larger relative phasing deviations than all other groups, but only at the higher pacing frequency in the
anti-phase mode; de novo PD and CD patients were not different from controls. Regarding oscillation frequency,
no patient group could move in synchrony with required pacing frequency as well as the controls. Both controls
and CD patients tended to overshoot the target, while both PD groups undershot the target. In terms of movement
smoothness, CD patients were the worst. These findings suggest that the basal ganglia and the cerebellum pa-
thology may affect bilateral coordination differently: motor deficits observed during bilateral coordination tasks
in PD patients may be related more directly to the deficits in interlimb coordination, while those observed in CD
patients may be related more to the deficits in inter-joint coordination within each limb, which in turn may affect
interlimb coordination during bilateral tasks.

Introduction

Bilateral arm movements (called, ‘bilateral movements,’ hereafter),
which require functional coupling between movements performed by
the two upper limbs, are important for daily living. Performing these
movements involves a complex motor control network that relies on the
complexity and/or the familiarity of a given task [1-3]. Two types of
bilateral movements are typically studied in comparison to each other:
in phase (i.e., symmetrical) and anti-phase (i.e., asymmetrical). In-phase
bilateral movements are usually more accurate and stable, are easier to
perform, and require less attention than anti-phase movements [3-6].
Moreover, in-phase bilateral movements engage different neural
mechanisms compared to anti-phase movements. Studies utilizing neu-
roimaging techniques such as MRI and fMRI have demonstrated distinct
activation patterns in brain regions implicated in motor control during

anti-phase, compared to in-phase, bilateral movements [7-11].
Previous studies have demonstrated the critical role of the basal
ganglia [8,9,12] in spatiotemporal coordination of bilateral movements.
Damage to this brain region can result in impairments in bilateral co-
ordination. For example, patients with Parkinson’s disease (PD), a
degenerative disorder that affects nerve cells in the basal ganglia,
commonly exhibit impaired bilateral coordination, especially during
anti-phase bilateral movements. This may be due to the following rea-
sons related to the characteristics of anti-phase, compared to in-phase,
bilateral movements. First, anti-phase, compared to in-phase, bilateral
movements require continuous monitoring and adjustment of the
movements by each limb to maintain coordination, leading to increased
attentional demands [13]. Second, the two limbs move in an alternating
pattern during anti-phase bilateral movements, which necessitates pre-
cise timing and coordination between the limbs, thus making the task
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more complex [7,8,14]. Finally, anti-phase bilateral movements require
continuous adjustments between the limbs, which makes it harder to
maintain stability (i.e., the ability to maintain a consistent relative phase
between the limbs) during bilateral movements [15,16]. Thus, coordi-
nation deficits in PD patients are more pronounced during anti-phase
bilateral movements when the movements require more attention [13,
171, are more complex [11,12,16], and/or challenge stability [17,18].

It is also known that bilateral coordination deficits in PD patients are
influenced by other factors, such as the stage of PD progression (e.g.,
early vs. advanced) [15,16,19], medication (e.g., on- vs. off-med) [9,
16], required pacing frequency (i.e., movement speed) during bilateral
movements (e.g., fast vs. slow) [15,16,19,20], presence of external
feedback (e.g., auditory signals) [16,19], and movement modes (e.g.,
in-phase vs. anti-phase) [11,15,16]. Regarding the pacing frequency,
contradictory findings exist. For example, Ponsen et al. [15] showed that
PD patients had more difficulty with bilateral coordination when
required to move at a relatively low frequency, whereas Song et al. [16]
observed that PD patients had more difficulty when required to move at
a higher frequency, especially in the anti-phase condition. These find-
ings warrant additional research to determine the effects of these factors
on bilateral coordination in PD patients.

Another well-known brain region involved in movement coordina-
tion is the cerebellum [10,21-24], which is essential for the organization
and execution of bilateral tasks. Several imaging studies using bilateral
coordination paradigms demonstrated specific coordination-related ac-
tivity within the cerebellum [25-27]. Dysfunction in this neural struc-
ture severely disrupts inter-limb coordination [7,16,26]. For example,
patients with cerebellar dysfunction (CD) demonstrate deficits in
movement execution [16,21,26,28], disrupted spatiotemporal proper-
ties [7,29], and abnormality in muscle activation patterns [30,31]
during bilateral movements. These findings clearly indicate that not
only the basal ganglia, but also the cerebellum are important for bilat-
eral coordination. Nonetheless, the relative contributions of each brain
structure to bilateral coordination are not very clear [32,33].

There are not many studies in which bilateral coordination deficits
were directly compared between PD patients and CD patients within the
same study (e.g., [28]), especially those in which both in-phase and
anti-phase movements were examined. Given that both pathologies
exhibit bilateral coordination deficits, conducting such studies may offer
significant insights into the distinct ways each pathology impacts
bilateral motor control. One of the few such studies is by Song et al. [16],
in which PD patients, CD patients and neurologically intact,
age-matched controls performed in- and anti-phase bilateral movements
at different pacing frequencies (0.75, 1.25, 1.75 Hz). The results indi-
cated that bilateral coordination in de novo PD and CD patients was not
significantly different from that of controls, whereas advanced PD pa-
tients exhibited reduced synchronized coordination in the faster
anti-phase mode. These findings suggest that the observed bilateral co-
ordination deficits in PD patients are not an early sign of PD, and that CD
may have minimal consequences on synchronized coordination between
the limbs. Here, the pacing frequency may have played an important
role. In fact, it has been suggested that the cerebellum is primarily
involved in controlling movements below 2 Hz, while above 2 Hz the
basal ganglia may play a bigger role [34,35]. Stegemoller et al. [36] also
demonstrated that repetitive hand movements were not significantly
different between PD patients and healthy controls below 2 Hz, but they
became different at or above 2 Hz. This notion is not consistent with the
findings reported by Song et al. [16], since it was PD, not CD, patients
who demonstrated bilateral coordination deficits while performing
movements at the pacing frequencies under 2 Hz. In Song et al.’s study,
however, the results might have been affected by the ability of CD pa-
tients to perform the given tasks properly at the required frequencies.
The authors noted that some CD patients had difficulty performing the
tasks at 1.75 Hz, as well as 0.75 Hz. Thus, finding more appropriate
pacing frequency for CD patients may have critical influences on the
data regarding the ability of CD patients to perform bilateral
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movements.

The objective of the present study is to compare coordination deficits
between PD patients (de novo and advanced) and CD patients during in-
and anti-phase bilateral movements at two different pacing frequencies:
1 and 1.55 Hz. The two new frequencies were determined based on our
preliminary investigation, during which we observed that all CD pa-
tients were able to perform the required bilateral movements at these
two frequencies without difficulty for 5 sec. Given the overlapping roles
of the basal ganglia and the cerebellum in bilateral coordination [9,10,
12,22]; also see [33]), findings from an additional study in which
bilateral coordination deficits are directly compared between PD pa-
tients and CD patients can also help us better understand the unique
functions of these neural structures.

Materials and methods
Participants

48 participants agreed to participate in this study. Twelve patients at
an early stage of PD (de novo PD group; 6 females; 64.8 + 6.8 years old),
12 patients at an advanced stage of PD (advanced PD group; 6 females;
65.9 + 6.6 years old), 12 patients with degenerative cerebellar
dysfunction (CD group; 5 females; 42.9 + 13.2 years old), and 12
neurologically intact individuals (control group; 5 females; 59.9 + 9.9
years old) participated in the experiment. All participants were right-
hand dominant and naive to the experimental tasks and understood
the purpose of the study. The inclusion criteria for participants with PD
were: (1) being capable of giving informed consent, and (2) having a
diagnosis of PD by a neurologist. Additional criteria for PD patients
were: de novo PD patients were clinically diagnosed with idiopathic PD,
but had not yet started any treatment with medications that affect
dopaminergic mechanisms; and advanced PD patients were under
antiparkinsonian drug treatment with the disease duration of 5+ years.
The exclusion criteria for PD patients were: (1) having undergone any
neurosurgical procedure for PD or for any other reason (e.g., stereotaxic
surgery, deep brain stimulation), (2) the presence of dyskinesias, and (3)
having any known neurological pathology other than PD. The average
Hoehn and Yahr (H&Y) score of the de novo and advance PD group was
1.7 and 2.3, respectively [37]. The summary data of PD patients are
provided in Table 1.

The inclusion criteria for CD patients were: (1) being capable of
giving informed consent, and (2) having a diagnosis of CD by a
neurologist. The exclusion criteria for CD patients were: (1) having
undergone any neurosurgical procedure for CD or for any other reason,
(2) the presence of extrapyramidal symptoms (e.g., weakness, rest
tremor), and (3) having any known neurological pathology other than
CD. All our CD patients had bilateral cerebellar atrophy predominantly
with inherited or unknown origin except for one patient with olivo-
pontocerebellar atrophy (Table 2). Inclusion criteria for control partic-
ipants were: (1) being capable of giving informed consent, and (2) not
having known neurological impairments. Each subject underwent the
Mini Mental State Examination (MMSE) to evaluate cognitive status and
scored normally (>25; [38]). All our patients with PD and CD were
recruited from outpatients referred to the study by clinical neurologists
based on our inclusion/exclusion criteria. No participant dropped out or
was excluded once the study began. The advanced PD patients were
tested on medication following regularly scheduled visits with their
neurologists. The protocol was approved by the Institutional Review
Board of Pukyong National University (1041386-202402-HR-22-02)
and conformed to the Declaration of Helsinki. All aspects were con-
ducted in accordance with the relevant guidelines and regulations of the
institution. Informed consent was obtained from each subject before
participation in the experiment.
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Table 1
Clinical data for the PD patients.
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No. PD group ID Age (yrs.) Gender Affected side Medication Disease duration UPDRS III scores
1 APD1 68 M Left On 10 years 37
2 APD2 54 M Left Off 7 years 24
3 APD3 69 M Right Off 7 years 31
4 APD4 76 F Right Off 5 years 29
5 APDS5 64 F Left On 7 years 21
6 APD6 73 F Left On 5 years 36
7 Advanced PD group APD7 68 M Left on 6 zears 32
8 APD8 60 M Left On 5 years 27
9 APD9 66 F Right On 16 years 35
10 APD10 59 M Right On 9 years 30
11 APD11 61 F Right On 8 years 28
12 APD12 73 F Right On 7 years 26
1 De novo PD group DPD1 69 F Left Off 2 years 12
2 DPD2 60 M Right Off 1 years 18
3 DPD3 71 M Left Off 5 years 13
4 DPD4 64 F Right Off 1 years 15
5 DPD5 73 M Right Off 1 years 17
6 DPD6 63 F Left Off 5 years 22
7 DPD7 71 F Left Off 4 years 20
8 DPD8 63 F Left Off 2 years 16
9 DPD9 73 M Right Off 2 years 14
10 DPD10 DPD 61 M Right Off 2 years 12
11 DPD11 58 F Left Off 2 years 14
12 DPD12 51 M Right Off 3 years 11

ID = participant identification code; M = male; F = female; UPDRS III = motor section (part III) of the Unified Parkinson’s Disease Rating Scale with higher numbers

indicating greater disability.

Table 2
Clinical data for the cerebellar disease patients.

No. ID Age (yrs.) Gender Handedness Disease duration® Pathology ICARS scores
1 CD1 40 M Right 1 years SCA2 22
2 CD2 41 M Right 7 years SCA7 38
3 CD3 44 M Right 2 years SAOA 29
4 CD4 54 F Right 3 years SAOA 23
5 CD5 34 F Right 12 years SAOA 45
6 CD6 21 F Right 5 years ATUN 32
7 CD7 32 M Right 8 months SCA3 28
8 CD8 68 M Right 3 years SAOA 36
9 CD9 47 F Right 2 years SCA6 32
10 CD10 39 M Both 11 months SCA3 25
11 CD11 65 F Right 8 months SAOA 21
12 CD12 30 F Both 3 years OPCA 37

@ Time after initial diagnosis; M = male; F = female; SAOA = sporadic adult onset ataxia; ATUN = atrophy with unknown origin; SCA = spinocerebellar ataxia; OPCA
= olivopontocerebellar atrophy; ICARS = International Cooperative Ataxia Rating Scale with higher numbers indicating greater disability (Trouillas et al., 1997).

Apparatus and procedure

The apparatus consisted of two horizontal levers (42 cm long), each
affixed at the end of a near-frictionless vertical axle; and a vertical
handle was attached at the distal end of each lever. This allowed the
subjects to hold the handles with the hands and move the levers hori-
zontally over a table surface. The positioning of the lever limited fore-
arm motion to flexion—extension, so maximum elbow flexion would
place the handle near the body midline. The angular position of each
lever was measured at a 100-Hz sampling frequency using a potenti-
ometer attached to the lower end of the axle for data analyses.

The subjects were seated in a rigid chair facing a computer monitor
(Fig. 1a). The chair height was adjusted to maintain the arms abducted
to approximately 90° with the elbow flexed. The task was to rhythmi-
cally move two forearms toward and away from the midline of the trunk
(80° amplitude). Two coordination modes were employed: in-phase
(symmetrical coordination with a 0° phase angle difference between
the arms) and anti-phase (asymmetrical coordination with a 180° phase
angle difference between the arms). Participants received real-time vi-
sual feedback on a computer monitor. The in-phase movement (Fig. 1a,
left) was presented as an upward diagonal line (/), while the anti-phase

movement (Fig. la, right) was presented as a downward diagonal line
(/). This diagonal representation was chosen to maintain consistency
with previous research in bimanual coordination (e.g., [16,39,40]). The
subjects were instructed to move both arms under either mode in a
continuous manner during each 15-sec. trial. Each bilateral movement
was also performed at two different pacing frequencies (1.00, 1.55 Hz)
presented by the auditory metronome. As stated above, the two fre-
quencies were determined based on our preliminary investigation. Each
subject experienced all four conditions (2 modes x 2 pacing frequencies),
presented in a pseudorandom order (i.e., to minimize any carryover
effect from one condition to another, we had subjects experience the 4
conditions in different orders). Three trials per movement condition
were performed with 30-sec. rest between trials, and 5 min of rest be-
tween conditions.

Data analysis

To examine the coordination pattern between the limbs, relative phase
(i.e., the difference in phase angles between the arms) was continuously
measured between the limbs. To quantify the accuracy of relative
phasing, the absolute difference between the actual relative phase and
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Fig. 1. The experimental setting. Participants performed bilateral coordination tasks (in- or anti-phase) presented on the monitor with the arms placed on the
horizontal levers that provided support against gravity. Levers did not provide any resistance. (a) Experimental setup. Under the in-phase mode, two limbs moved
symmetrically (i.e., mirror-imaged). Under the anti-phase mode, they moved asymmetrically. 0° relative phasing indicates that the actual relative phase between the
arms and the target relative phase matched perfectly. Oscillation frequency indicates actual frequency (Hz) of cyclical movements under each pacing frequency
condition. Movement amplitude indicates absolute difference between minimum and maximum angular displacements. (b) examples of movement harmonicity (H).
A value of H=1 indicates simple harmonic or smooth motion; a value of H=0 indicates non-harmonic or discrete motion.

the target relative phase (0° for in-phase and 180° for anti-phase
movements) was calculated for each trial. 0° error would indicate that
the actual relative phase between the arms and the target relative phase
between the arms matched perfectly (see Fig. 1a).

To examine individual limb movements, oscillation frequency, move-
ment amplitude, and smoothness of each limb motion were quantified.
Oscillation frequency (i.e., actual frequency (Hz) of cyclical movements
under each pacing frequency condition) was computed using the fast
Fourier transform (FFT) power spectrum. This parameter reflects how
closely to the required movement speed (i.e., metronome pace) the
participants were able to perform the bilateral task. Movement ampli-
tude was determined by calculating the absolute difference between
minimum and maximum angular displacements. To determine
smoothness, the degree to which the end-effector motion was harmonic
(cyclical) or inharmonic (discrete) was computed using an index of

movement harmonicity (H), which was calculated based on every half-
cycle of the angular acceleration time-series around movement re-
versals [16,41]. The H-value was computed as the ratio of minimal to
maximal local extrema from the individual half cycle. A value of H=1
was obtained when the acceleration trace was sinusoidal with only a
single peak, indicating a simple harmonic or cyclical motion, whereas a
value of H=0 was obtained when an acceleration reached zero level,
suggesting an inharmonic or discrete motion at movement reversals (see
Fig. 1b).

All these dependent measures (relative phase accuracy, oscillation
frequency, movement amplitude, harmonicity H) have been used with
PD and CD patients in our previous study [16].
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Statistical analysis

To examine the effects of group (de novo PD, advanced PD, CD,
control) and pacing frequency (1.00 and 1.55 Hz) on four dependent
measures (relative phase accuracy, oscillation frequency, movement
amplitude, harmonicity H), a 4 x 2 repeated-measures ANOVA with
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pacing frequency as a within-subject factor was performed for each
coordination mode (in- and anti-phase) separately. Data from all trials
were included in this analysis (i.e., no data were removed). Post hoc
comparisons between means were evaluated using Duncan’s multiple-
range test. An alpha level of p < 0.05 was adopted to determine the
statistically significant differences for all computations. All movement
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Fig. 2. Relative phase plot between two arms (left) and displacement of each arm with time (right; during 1 trial (15 s) under the 180° anti-phase mode from a
representative subject in each subject group. Control subject shows smooth relative phasing between left and right arms. Other subjects, especially advanced PD
patient and CD patient show irregular relative phasing between the two arms.
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parameters were averaged across 3trials for each subject before they
were subjected to the repeated-measures ANOVA. Prior to that, data
obtained for each arm separately (oscillation frequency, movement
amplitude, harmonicity H) were also averaged across the arms within
each trial.

Results
Relative phase accuracy

Fig. 2 depicts the plots of relative phase between the arms (left panel)
and angular displacement of the two arms across time (right panel) under
the anti-phase mode from a representative subject in each group.

In the in-phase mode, the ANOVA indicated a significant main effect
of pacing frequency [F (1,13) = 7.21, p < 0.01], with a greater deviation
for the higher frequency condition. The main effect of group was not
significant. The group x pacing frequency interaction effect was not
significant either. In the anti-phase mode, the ANOVA revealed a sig-
nificant group x pacing frequency interaction effect [F (4,48) = 3.92,p <
0.05]. Post hoc tests of this interaction effect indicated that the advanced
PD group demonstrated a significantly greater relative-phase deviation
than all the other groups at the higher pacing frequency, though no
significant group differences were observed at the lower frequency
(Fig. 3).

Oscillation frequency

In the in-phase mode, the ANOVA indicated a significant interaction
between group and pacing frequency [F (4.48) = 7.42, p < 0.01].
Neither the group main effect nor the group x frequency interaction was
significant. Post hoc comparisons indicated that the control subjects
demonstrated a significantly higher oscillation frequency than all the
other groups at the higher pacing frequency, but no significant group
differences at the lower frequency. The interaction effect between group
and frequency was also significant in the anti-phase mode [F (4,48) =
5.54, p < 0.01], although post hoc analyses indicated no significant
difference across the groups at either pacing frequency, mainly due to
high within-group variability in the advanced PD and CD groups (Fig. 4).

Movement amplitude

In the in-phase mode, the ANOVA showed a significant main effect of
group [F (3,13)=4.44, p < 0.03], with the control and CD groups, who
were not different from each other, demonstrating larger movement
amplitudes than the de novo PD patients, who in turn showed signifi-
cantly larger movement amplitudes than the advanced PD patients. The

In-phase movement
40

I Control group
I De novo PD
I Advanced PD
30 4 —co

20 A

Relative Phase (deg)
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main effect of pacing frequency was also significant [F (1,13)=28.22, p
< 0.01], indicating larger movement amplitudes for the higher pacing
frequency. The interaction between the two factors was not significant.
In the anti-phase mode, a significant group main effect was found [F
(3,13)=10.52, p < 0.01], showing that the movement amplitudes in the
control and CD groups, who were not different from each other, were
significantly larger than those in the de novo PD patients, which in turn
were significantly larger than those in the advanced PD patients. The
main effect of pacing frequency was also significant [F (1,13)=28.98, p
< 0.01] indicating larger amplitudes for the higher frequency. The
interaction between the two factors was not significant (Fig. 5).

Harmonicity H

In the in-phase mode, the ANOVA showed a significant interaction
effect between group and pacing frequency [F (4,48)=12.45, p < 0.01].
Neither main effect was significant. Post hoc comparisons indicated that
the H value of the controls was significantly higher (i.e., smoother) than
that of the de novo PD group, which was significantly higher than that of
the advanced PD group, which in turn was significantly higher than that
of the CD group at the lower pacing frequency (Fig 6). The difference
between the control and de novo PD groups and the advanced PD and CD
groups, as well as between the advanced PD group and the CD group
became even larger at the higher frequency. A significant interaction
effect between group and pacing frequency was observed in the anti-
phase mode as well [F (4,48)=8.84, p < 0.02]. Neither main effect
was significant. Post hoc comparisons indicated that the H values of the
control and de novo PD groups, which were not different from each
other, were significantly higher than that of the advanced PD group,
which was significantly higher than that of the CD group at the lower
pacing frequency. At the higher frequency, the H value of the control
group became significantly higher than that of the de novo PD group;
and the difference between the advanced PD and CD groups became
smaller (though still significantly different) (Fig. 6).

Discussion

In the current study, we compared the differences in coordination
patterns during in- and anti-phase bilateral movements at two different
pacing frequencies (i.e., movement speeds) among controls, de novo PD,
advanced PD, and CD patients. With regard to interlimb coordination,
the significant interaction effect observed between group and pacing
frequency in terms of relative phasing in the anti-phase mode indicates
that only the advanced PD patients demonstrated significantly larger
relative phase deviations than the controls, but only at the higher fre-
quency (1.55 Hz) and only in the anti-phase mode. Other patient groups

Anti-phase movement
40 -

30 A I

20 A

1.00 Hz 1.55 Hz
Pacing frequency

F

=3
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g. 3. Group averages (+ SE) of relative-phase as a function of movement speed under in-phase (left) and anti-phase (right) modes.

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en junio 19,
2025. Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2025. Elsevier Inc. Todos los derechos reservados.



C.-H. Im et al.

0.8 4

0.6

Oscillation Frequency (Hz)

0.4 4

0.2 4

I Control
I De novo PD
[ Advanced PD
/3 co

0.0

In-phase movement

Fig. 4.

1.00 Hz

Pacing frequency

In-phase movement

1.55 Hz

5 4
g i
8 0
@
©
2
a
g 57
<<
I Control
-101 | mmm De novo PD
N Advanced PD
[—JcD
-15
1.00 Hz 1.55 Hz
Pacing frequency

Brain Disorders 18 (2025) 100211

Anti-phase movement

1.6
1.4 4
1.2 4
1.0
0.8 1
0.6
0.4 1
0.2 4
0.0

1.00 Hz 1.55 Hz
Pacing frequency

Group averages (+ SE) of oscillation frequency as a function of movement speed under in-phase (left) and anti-phase (right) modes.
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fluent and cyclical limb movements without apparent pauses or hesitations around movement reversals.

(i.e., de novo PD, CD) showed larger deviations than the controls,
although the difference did not reach the significance level. Interlimb-
coordination deficits were minimal in the PD patients when perform-
ing bilateral tasks in the in-phase mode, and also in the anti-phase mode
during the low-frequency (1 Hz) condition. These results indicate that
the bilateral coordination per se may not be seriously affected by PD.
Rather, increased movement demands (i.e., anti-, compared to in-,
phase; high, compared to low, pacing frequency) seem to contribute to

the coordination deficits observed during the bilateral movements in
advanced, but not de novo, PD patients.

These findings validate the findings reported in our previous study
[16], which are also in line with a notion that neuromotor disorders in
PD patients can be specific to the constraints imposed by the tasks. For
example, overall movement patterns in PD patients are less impaired
when the demands of a given task are minimized [11,22,42-44]. It has
also been shown that speed constraints can selectively influence
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movement kinematics in PD patients [10,45,46]. Given that maintaining
a 180° relative phase relationship during bilateral tasks requires a
constant alteration of submovements between the limbs in a sequential
manner [6,18,47], performing bilateral tasks at a higher pacing fre-
quency may accentuate the processing demands in PD patients, resulting
in greater interlimb coordination deficits [16,42,48,49].

Regarding the bilateral coordination in de novo PD patients, both the
current study and our previous study [16] demonstrated that their
relative phase accuracy was not significantly different from that of
controls in any condition, indicating a relatively intact ability to main-
tain bilateral synchrony. These results are in contrast to some previous
findings of impaired bilateral coordination in de novo PD patients [9,
15]. The discrepancy may be attributed to the fact that the bilateral task
employed in our studies involved a single-joint, elbow movement, while
the other studies employed a circular drawing movement that involved
multiple joints. Indeed, PD patients exhibit greater impairments when
motor tasks involve additional degrees of freedom [50-52]. These
findings suggest that bilateral coordination deficits may not be observed
easily, especially during simple, single-joint movements until PD is
advanced to a certain extent.

In this study, we also examined individual limb movements by
measuring oscillation frequency, movement amplitude, and harmonicity
H. The oscillation frequency data confirmed our previous findings [16],
indicating that all patient groups were not able to perform the task in
synchrony with a pacing frequency as well as the controls, especially at
the higher pacing frequency. Regarding movement amplitudes, our
current data are similar to our previous findings, in that the controls and
CD patients tended to overshoot the target, while the de novo and
advanced PD patients tended to undershoot the target. This under-
shooting in PD patients could be associated with bradykinetic and
hypometric impairments that are typically observed in PD [53]. One
difference between the two studies is that in our previous study, the
movement amplitudes of the CD patients were significantly larger than
those of the controls in the anti-phase mode, whereas the difference was
not significant in the present study. Finally, the harmonicity data are
also similar to our previous findings, in that the difference between the
controls and de novo PD patients are quite small (difference significant
in all conditions except in anti-phase, low-freq. condition), and that their
H values are significantly larger than those of the advanced PD patients,
which in turn are significantly larger than those of the CD patients. The
main difference between the two sets of findings is that in the present
study, the H values of the CD patients were always lower than those of
the advanced PD patients, while that was not the case in certain con-
ditions in our previous study (e.g., the H values of the PD patients were
not different from or even larger than those of the CD patients in the
in-phase mode).

The aforementioned findings reveal that the motor deficits during
the bilateral coordination tasks are observed more in the advanced PD
patients than in the CD patients. That is, the advanced PD patients
showed significantly larger deficits in terms of relative phasing accuracy
than the controls, whereas the CD patients did not. With regard to the
individual limb movements, the advanced PD patients undershot the
target while both the controls and CD patients exhibited overshooting.
The only parameter for which the CD patients showed greater deficits
than the PD patients was the harmonicity (i.e., more discrete
movements).

Both the basal ganglia and the cerebellum are known to play an in-
tegral role in movement coordination involving the upper and/or the
lower limbs. Our findings suggest that the roles played by the two neural
substrates are different in such a way that the basal ganglia may be
involved more directly in interlimb coordination (as reflected by the
greater deficits observed in the advanced PD patients in terms of relative
phasing accuracy), while the cerebellar dysfunction may cause impair-
ment in bilateral coordination mainly by affecting the individual limb
movements. (Please note that relative phasing accuracy was a measure
of interlimb coordination, while the other parameters measured
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individual limb movements, which would rather reflect interjoint coor-
dination within each limb.) This argument regarding the cerebellar
dysfunction seems to be in line with the notion that motor deficits in CD
patients are associated with dysmetria, intention tremor, and decom-
position of movements [54]. That is, CD patients have a difficulty
adjusting the timing and magnitude of agonist and antagonist muscle
activity, especially when moving fast [22,29,55,56]; and this difficulty
will certainly affect the individual limb performances more substan-
tially, causing the movements to become more discrete, during bilateral
coordination tasks [16]. Finally, motor deficits observed in the de novo
PD patients were substantially less severe than those observed in the
advanced PD patients in terms of both relative phasing accuracy and
harmonicity; their performances were not very different from the con-
trols. These findings suggest that the observed bilateral coordination
abnormalities in PD patients are not an early sign of the pathophysiology
of this disease.

The current study has a limitation that the subject groups’ ages were
not matched. There was no significant difference across the control, de
novo PD and advanced PD groups, although the average age of the CD
patients was significantly younger than that of the other groups (p <
0.05). The reason is that the prevalence of cerebellar ataxia is very low
in South Korea, which is about 8.29 cases per 100,000 people according
to data from the Korean Health Insurance Review & Assessment Service
[571. Thus, we were unable to recruit CD patients whose age would be
matched to that of the PD patients tested in our study. While we cannot
exclude the possibility that this age difference between the PD and the
CD patients could have affected our data, it seems unlikely that this
would have influenced our major findings substantially, for the
following reasons: (1) the bilateral task employed in the current study
was not physically demanding (i.e., all subjects were able to perform the
task according to the speed requirement, with no significant difference
among the patient groups in terms of oscillating frequency). (2) In terms
of movement amplitudes, the CD patients showed overshooting,
whereas both the de novo and advanced PD patients showed under-
shooting. Considering that hypokinesia is a well reported symptom of
PD, this difference may be attributed more to the pathology than to the
age. (3) In terms of H ratio, the CD patients performed significantly
worse than all other groups including the controls. These findings sug-
gest that the age difference between the PD and the CD patients may not
have influenced our main findings substantially, if any.

In conclusion, our current findings generally agree with the findings
reported in our previous study [16]. The current study was conducted
mainly to address some issues found in our previous study, which was
related to the appropriateness of the pacing frequencies employed (i.e.,
0.75, 1.25 and 1.75 vs. 1 and 1.55 Hz). (The sample size was slightly
larger in the current study too.) Using the frequencies at which all pa-
tients were able to perform the employed bilateral tasks without diffi-
culty (at least for 5 sec), the current study demonstrated motor deficits
that were somewhat different between PD and CD patients. These
findings suggest that the motor deficits observed during bilateral coor-
dination tasks in PD patients may be related more directly to the deficits
in interlimb coordination, while those observed during bilateral coor-
dination tasks in CD patients may be related more to the deficits in
inter-joint coordination during individual limb movements. Our find-
ings also indicate that the deficits observed in bilateral coordination may
not be an early sign of PD (i.e., visible deficits in bilateral coordination
may not be observed until PD is progressed to a certain degree). These
findings reported in the current study are valuable in that they
demonstrate differential deficits between PD and CD patients within the
same study in which bilateral coordination movements were examined
at different movement speeds (i.e., pacing frequency) under both in- and
anti-phase modes.
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