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abstraCt

Bimanual coordination involves the simultaneous performance of either symmetrical 
(in-phase) or asymmetrical (antiphase) movements with both hands and is known 
to be impaired in Parkinson’s disease (PD). At present, it is unclear whether this as-
pect of motor function is already impaired in early stage, untreated PD patients. 
Therefore, we investigated the accuracy of bimanual coordination in 13 early stage, 
untreated PD patients and 13 age- and sex-matched healthy controls. Each subject 
performed bimanual coordination tasks at two different movement frequencies (1 
and 1.75 Hz) and with two different phase relationships (in-phase and antiphase). 
The percentage of unsuccessful trials (as a measure of overall task performance) in 
PD patients was significantly higher than in healthy subjects. PD patients performed 
high frequency in-phase and antiphase bimanual coordination tasks less accurately 
with their non-dominant hand than healthy subjects. Furthermore, PD patients had 
more difficulty than healthy subjects in maintaining a constant phase relationship 
between the hands in the antiphase condition at low movement frequency.
 This study demonstrates that bimanual coordination dysfunction is a very early 
sign of PD. Bimanual coordination tasks, in particular those involving high frequen-
cy, antiphase movements, might prove useful in the early diagnosis of PD.
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introduCtion

Bimanual coordination requires a complex process of neural integration at both 
spinal and supraspinal levels1. Symmetrical bimanual movements, involving ho-
mologous muscle systems, are usually easy to perform because the timing of the 
two hands is identical. A typical example is bimanual, in-phase cyclical movements 
with both hands, the right hand moving clockwise, the left hand counter-clockwise. 
Asymmetrical bimanual movements, in which homologous muscle groups are acti-
vated alternately, are far more difficult to perform. In bimanual, antiphase cyclical 
movements, both hands simultaneously move either clockwise or counter-clockwise. 
Many studies using bimanual coordination tasks in healthy subjects have demon-
strated that antiphase movements are not as stable nor as accurate as in-phase move-
ments2-5. Especially at higher speeds, antiphase movements tend to become unstable 
and to make way for in-phase movements (pattern switching)5-7.
 A distributed cortical network is involved in bimanual coordination, including 
the primary motor cortex (M1), the supplementary motor area (SMA), as well as pre-
motor, cingulate motor and posterior cortices1,8-12. As parts of the so-called motor 
circuit through the basal ganglia, SMA, M1 and the premotor cortex are not only a 
source of input to the basal ganglia, but also receive output from the basal ganglia 
that is modulated at the level of the striatum by dopaminergic projections from the 
substantia nigra pars compacta13-15. As a consequence, basal ganglia dysfunction re-
sulting from a loss of nigrostriatal dopamine, as is the case in Parkinson’s disease 
(PD), can be expected to have a detrimental effect on the accuracy of bimanual coor-
dination.
 The performance of PD patients on bimanual coordination tasks has been ana-
lyzed in a number of studies16-18 19-21. Overall, PD patients were found to have more 
difficulty in performing bimanual coordination tasks than healthy subjects. This 
difference was more pronounced in asymmetrical (antiphase) movements than in 
symmetrical (in-phase) movements16,17-19. In addition, spontaneous pattern switch-
ing from antiphase to in-phase movements occurred more often in PD patients than 
in healthy subjects16,19-21. At present it is unknown whether bimanual coordination 
dysfunction is an early or late sign of PD, since all previous studies were performed 
in treated patients with an average disease duration ranging from 3 to 12 years. 
 The clinical diagnosis of PD rests on the presence of two or more cardinal motor 
features, including bradykinesia, resting tremor, rigidity and/or postural instability. 
However, from both imaging and neuropathological data it has become evident that 
the onset of dopaminergic neuronal loss in PD antedates the clinical diagnosis by 
approximately 4 to 6 years22-24. Not surprisingly, there is some evidence to suggest 
that more subtle motor impairments may emerge prior to the development of the 



Chapter 3

38

cardinal motor features of PD. For example, changes in handwriting and handgrip 
force have been demonstrated in the subjectively unaffected arm of early stage PD 
patients25. Impairments of wrist flexion and extension, as part of a so-called PD Test 
Battery, have been reported in subjects with signs suggestive of PD, but not fulfilling 
all clinical diagnostic criteria26. Early motor signs may therefore serve as early diag-
nostic markers of PD.
 The aim of the present study was to determine whether bimanual coordination 
dysfunction is an early motor sign of PD. To this end, we compared the performance 
on bimanual coordination tasks of 13 early stage, untreated PD patients with that of 
13 age- and sex-matched healthy subjects. 

materials and methods

Subjects
The subjects were 13 patients diagnosed with idiopathic PD (mean age 60.2 years) 
and 13 age- and sex-matched healthy subjects (mean age 58.6 years). All patients were 
recruited from the outpatient clinic for movement disorders of the VU University 
Medical Center and fulfilled the United Kingdom Parkinson’s Disease Society Brain 
Bank (UK-PDSBB) clinical diagnostic criteria27. The healthy subjects were recruited 
from the general population. All patients were drug naïve and at an early stage of PD: 
Hoehn and Yahr ≤ 2.5 with a disease duration of maximally two years determined 
by the onset of subjective symptoms (table 1). Subjects were excluded if they were < 
40 or > 70 years of age, if they had a history of another neurodegenerative disease, 
if they had a functional disability of the upper limbs from any other cause, or if they 
were using centrally active medications such as anticonvulsants, sympaticomimetics, 
neuroleptics, antidepressants, benzodiazepines, lithium, antihistamines and methyl-
phenidate. Motor function of PD patients was assessed using the Unified Parkinson 
Disease Rating Scale (UPDRS) (table 1). All healthy subjects had a UPDRS motor score 
of < 3. All subjects were self-proclaimed right-handed. The protocol of the study 
was approved by the local medical ethical committee of the VU University Medical 
Center, and all subjects gave their written informed consent prior to the experiment.

Procedure
Subjects were instructed to make bimanual circular drawing movements on a digi-
tizer at an auditory pacing frequency. The movements were recorded with a graphics 
tablet (Wacom Intuos A3) with matching electronic pencils, at a sampling rate of 99 Hz 
and a spatial resolution of 0.15 cm. Eight different movement conditions were exam-
ined, involving two modes of bimanual coordination: in-phase (simultaneous activity 
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of homologous muscles) and antiphase (simultaneous activity of non-homologous 
muscles). In this study, the in-phase conditions consisted of simultaneous movements 
of both hands either towards (inwards) or away (outwards) from the body midline. 
The antiphase conditions consisted of simultaneous movements of both hands either 
to the right (clockwise) or to the left (counter-clockwise)., Each mode was performed 
at 1 Hz (low frequency) and 1.75 Hz (high frequency). Four 20 s trials were performed 
in each condition. In this manner a total of 32 trials were recorded. Prior to the first 
session, subjects were given the opportunity to practice each of the eight different 
movement conditions for 12 s per condition. Subjects were instructed to draw circles 
rhythmically on a digitizer as specified by the movement condition. They were free to 
choose a comfortable amplitude and midpoint of movement, but had to synchronize 
with the pacing signal and maintain the instructed phase relation (inwards, outwards, 
clockwise, counter-clockwise). Subjects were free to take short breaks between trials. 

Data analysis
Task performance and all movement parameters (see below) were compared be-
tween PD patients (n = 13) and healthy subjects (n = 13). The data were analyzed 
in Matlab. To eliminate sampling noise and low-frequency drift, the data were band-
pass filtered, using a 4th order Butterworth filter between 0.25 and 10 Hz. The first 
three and the last movement cycle of each filtered trial were removed to eliminate 
filtering artifacts. The dominant movement frequency was established utilizing the 
power spectrum (computed via Welch’s modified periodogram method). The mean 

Table 1 Clinical characteristics of the Parkinson’s disease patients.

Patient Age/Gender Duration of di-
sease (months)

Hoehn and 
Yahr

UPDRS
motor score

Most affected 
side

1 M / 70 24 2 18 R
2 F / 67 23 2.5 20 R
3 F / 52 24 1.5 15 L
4 M / 63 25 1.5 12 R
5 M / 60 18 2 13 L
6 M / 49 18 2 13 L
7 M / 62 10 1.5 14 R
8 M / 50 24 1 13 R
9 M / 57 20 2 15 L

10 F / 64 18 2 11 R
11 M / 43 8 1.5 12 L
12 M / 76 13 2.5 26 R
13 F / 69 3 1.5 14 R
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Hilbert phase between left and right hand and its variability were calculated using a 
previously described method 28. 
 The total number of trials for all PD patients and healthy subjects was 32 (see 
Procedure), except for one healthy subject. This subject had a total of 20 trials avail-
able for analysis due to technical problems in four in-phase / high frequency, four 
in-phase / low frequency and four antiphase / low frequency trials. 
 In-phase data were obtained by averaging data obtained in both inward (n=4) 
and outward (n=4) trials. Similarly, antiphase data were obtained by averaging data 
obtained in both clockwise (n=4) and counter-clockwise (n=4) trials. Thus, four sets 
of data were created for further analysis: in-phase / high frequency; in-phase / low 
frequency; antiphase / high frequency; antiphase / low frequency. 

Task performance
Overall task performance was judged on the basis of the percentage of unsuccessful 
trials. An unsuccessful trial was defined according to the following criteria:
1. Difference between movement and pacing frequency >0.2 Hz and / or,
2. Difference between the movement frequencies of the two arms >0.2 Hz and / or,
3. Hilbert phase between both hands >90° and / or,
4. Standard deviation of the Hilbert phase between the hands >45°.
The individual task performance for each condition was calculated using the follow-
ing formula: 

 number of unsuccessful trials in each condition
 total number of trials in each condition * 100%

 
The so obtained percentages were averaged for the 13 PD patients and the 13 healthy 
subjects, respectively, and a Mann-Whitney U-test was used to compare differences 
between patients and healthy subjects and between in-phase and antiphase condi-
tions.

Movement parameters
Pattern switching, i.e., the number of phase transitions (>180°) of each hand, deviat-
ing from the instructed phase relation between both hands, was used as a measure 
of the ability to maintain a constant relationship between the hands.
 Group differences in pattern switching were calculated using a Mann-Whitney 
U-test.
 The frequency deviation, defined as the mean absolute difference between the 
target frequency (1.75 Hz / 1 Hz) and the actual frequency was used as a measure of 
the accuracy of task performance. 
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 The mean squared amplitude (X and Y direction) was used as an indicator of hy-
pokinesia in PD.
 The standard deviation of the Hilbert Phase, i.e the (within-trial) standard devia-
tion of the difference (in radians) between the right and left hand movements. This 
parameter was used as a measure of the ability to maintain a constant, stable phase 
relationship between the hands. The lower the score, the better the performance. 
 The frequency deviation and amplitude were analyzed according to a 2 x 2 x 
2 x 2 repeated measures ANOVA with a mixed factorial design involving the be-
tween-subjects factor Group (PD, healthy subjects) and the within-subjects factors 
Frequency (1 Hz / 1.75 Hz), Mode (in-phase, antiphase) and Hand (dominant and 
non-dominant). The standard deviation of the Hilbert Phase was analyzed accord-
ing to a 2 x 2 x 2 repeated measures ANOVA with a mixed factorial design involving 
the between-subject factor Group (Parkinson’s disease, healthy subjects), and the 
within-subject factors Frequency (1.75 Hz / 1 Hz) and Mode (in-phase, antiphase). 
For post-hoc comparisons simple t-tests were used. 
 We considered the possibility that hand preference might be affected by the dis-
ease, i.e. in patients the preferred hand could be the least impaired rather than the 
dominant hand. On the other hand, hand dominance might influence performance 
of the affected hand. Therefore, we performed the repeated measures ANOVA and 
post-hoc comparisons between dominant and non-dominant hand as well as be-
tween preferred and non-preferred hand.
 We did not correct for multiple comparisons as our analyses were not aimed at 
testing a general null hypothesis, i.e. all null hypotheses being true simultaneously.

results 

Percentage of unsuccessful trials
The percentage of unsuccessful trials in the antiphase condition was significantly 
higher than in the in-phase condition (Mann-Whitney U-test; p = 0.045). 
 Compared to the healthy subjects, the percentage of unsuccessful trials was 
significantly higher in the PD patients for the in-phase / high frequency condition 
(Mann-Whitney U-test; p = 0.008) as well as for the antiphase / low frequency condi-
tion (Mann-Whitney U-test; p = 0.003). A trend towards significance (Mann-Whitney 
U-test; p = 0.069) was found for the antiphase / high frequency condition (fig 1). No 
significant difference was found for the in-phase / low frequency condition.

Frequency deviation
The frequency deviation in PD patients was significantly higher than in healthy sub-
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Figure 1.  Plot of percentages of unsuccessful trials for each condition; IP / HF= in-
phase / high frequency; IP / LF= in-phase / low frequency; AP / HF= anti-
phase / high frequency; AP / LF= antiphase / low frequency. Bars represent 
means and standard deviation.    

*  significantly different between PD patients and controls (p < 0.05)
** trend towards significance (p < 0.1 > 0.05)

jects [F(1, 24) = 6.04, p = 0.022]. In all subjects, the frequency deviation was larger at 
the high frequency (0.225 Hz) than at the low frequency (0.084 Hz) [F(1, 24) = 28.70, 
p < 0.001] and in the antiphase condition (0.172 Hz) than the in-phase condition 
(0.136 Hz) [F(1, 24) = 8.33, p = 0.008]. No significant effect of Hand was found. A sig-
nificant interaction effect was found between Frequency and Group [F (1, 24) = 4.88, 
p=0.037]: in the high frequency condition, the PD patients (0.289 Hz) performed 
significantly worse compared to the healthy subjects (0.161 Hz). No significant dif-
ferences were found in the low frequency condition. Furthermore, a significant in-
teraction effect was found between Hand and Group [F(1, 24) = 5.60, p=0.026]: PD 
patients showed a significantly larger frequency deviation for their non-dominant 
hand (0.208 Hz) than the healthy subjects (0.105 Hz). The frequency deviation of the 
dominant hand was similar between both groups. No significant interaction effect 
was found between Mode and Group. 
 Post-hoc comparisons showed that PD patients performed both the in-phase / 
high frequency condition (p = 0.015) and the antiphase / high frequency condition 
(p = 0.002) significantly worse with their non-dominant hand than the healthy sub-
jects (fig.2). No significant differences between groups were found for the dominant 
hand.
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Figure 2.  Plots of the frequency deviation in the four different conditions used for 
analysis (means / standard deviation); 

Figure 2.  (2a.) Non-dominant hand: IP / HF = in-phase / high frequency; IP / LF = 
in-phase / low frequency; AP / HF = antiphase / high frequency; AP / LF = 
antiphase / low frequency; 

Figure 2.  (2b.) Dominant hand: IP / HF = in-phase / high frequency; IP / LF = in-
phase / low frequency; AP / HF = antiphase / high frequency; AP / LF = 
antiphase / low frequency. 

* significantly different between PD patients and controls (p < 0.05).
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 Similar results were obtained when using preferred vs. non-preferred hand in-
stead of dominant vs. non-dominant hand.

Amplitude
For all subjects, amplitude decreased significantly during in-phase condition tasks 
[X direction: F(1, 24) = 4.73, p=0.040] and at the high frequency [X direction:F(1, 24) 
= 29.75, p < 0.001, Y direction: F(1, 24) = 22.16, p < 0.001]. No significant interaction 
effects were found. Repeated measures ANOVA for amplitude (X and Y direction) 
did not show a significant group effect.

Standard deviation of Hilbert phase 
Repeated measures ANOVA for the standard deviation of the Hilbert phase between 
hands did not show a significant group effect. All subjects performed the movements 
with higher variability at high frequency (0.215°) than at low frequency (0.053°) [F(1, 
24) = 32.55, p < 0.001]. In addition, the performance in the antiphase condition 
tasks (0.185°) was more variable than in the in-phase tasks (0.084°) [F(1, 24) = 18.50, 
p < 0.001]. No significant interaction effects were found.

Pattern switching
Pattern switching occurred significantly more often in the PD patients than in the 
healthy subjects for the antiphase / low frequency condition (Mann-Whitney U-
test; p = 0.036). No significant difference was found in this regard for the in-phase / 
high frequency, in-phase / low frequency and antiphase / high frequency condi-
tions.

disCussion

This study shows that untreated patients with early stage PD have more difficulty 
in performing bimanual coordination tasks than healthy subjects. They appear to be 
particularly impaired in high frequency in-phase and antiphase bimanual coordina-
tion tasks with their non-dominant hand. Furthermore, early stage, untreated PD 
patients have more difficulty in maintaining a constant phase relationship between 
hands during low frequency antiphase movements.
 Although in some previous studies, describing the performance of PD patients 
on bimanual coordination tasks, slightly different movement paradigms for in-phase 
and antiphase tasks were used, our findings support the general observation that 
both PD patients and healthy subjects have more difficulty in performing antiphase 
bimanual movements than in-phase bimanual movements16-18. Moreover, our results 
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are consistent with earlier observations that pattern switching in the antiphase con-
dition is increased in PD patients relative to healthy subjects16,19-21. 
 In the present study, early stage, untreated PD patients were not able to perform 
high frequency in-phase and antiphase tasks as accurately as healthy subjects, sug-
gesting that in early stage PD frequency (low or high) seems to have a greater impact 
on the performance of bimanual coordination tasks than mode (in-phase or anti-
phase). This finding is consistent with the observation in a recent study of bimanual 
coordination that PD patients (Hoehn and Yahr 1 - 2.5) experience more difficulty 
than healthy subjects in achieving the required movement frequency at higher fre-
quency (1,75Hz) compared to lower frequency (1 Hz)18. By contrast, in other studies 
using bimanual coordination tasks in PD, there was no influence of frequency on 
task performance16,17,20. 
 An important difference between our study and previous studies investigating 
the influence of PD on bimanual coordination is the study population. We included 
PD patients with subjective symptom duration of maximally 25 months, whereas all 
previous studies were performed in PD patients with an average disease duration 
ranging from 3 to 12 years. Moreover, all previous studies involved PD patients re-
ceiving optimally balanced anti-parkinsonian medication and were tested in the “on” 
phase. All PD patients in the present study were drug naive. The effects of dopami-
nergic medication on bimanual coordination tasks have not been studied to date. 
Considering the fact that dopaminergic treatment (apomorphine) improves SMA ac-
tivity in PD patients performing unimanual coordination tasks29,30, at least some ef-
fect can be expected on bimanual coordination tasks. Studies in treated patients may 
therefore reveal only those deficits in bimanual coordination that are unresponsive 
to dopaminergic agents. The present study in a population of early stage, untreated 
PD patients is unbiased by any treatment effects and thus provides a more reliable 
view of bimanual coordination function in early stage PD. The data suggest that in 
early stage PD, neural control of movement frequency is disturbed more than neural 
mechanisms involved in maintaining a stable phase relationship between hands in 
antiphase bimanual movements.
 In this study, impaired bimanual coordination in PD patients involved mainly 
the non-dominant hand. Differences in task performance between the dominant 
and non-dominant hand have not been noted in previous studies of bimanual co-
ordination in PD16-18,20,21. This may be related to the aforementioned differences 
in disease stage between the present and previous studies. Possibly, at an early 
disease stage, the hand with the greatest dexterity, i.e. the dominant hand, can at 
least partly compensate for deficits in bimanual coordination function. With ad-
vancing disease stage, bimanual coordination function will also manifest itself in 
the performance of the dominant hand. In a previous study on visuomotor coor-
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dination in PD patients, we found a similar influence of hand dexterity on task 
performance31. 
 External cues can have profound positive effects on both movement perfor-
mance and frequency in PD, highlighting the role of the basal ganglia in internally 
cued movements16,32-35. The use of an auditory cue in the present study may there-
fore have improved performance in the PD patients relative to the control group. 
We may thus have underestimated the actual differences in bimanual coordination 
performance between early stage, untreated PD patients and healthy subjects. How-
ever, this would strengthen rather than weaken the main conclusion drawn from our 
results i.e. that bimanual coordination dysfunction is a very early sign of PD. 
 Several cortical areas are involved in the precise timing and execution of biman-
ual movements; including the supplementary motor cortex (SMA), primary motor 
cortex (M1), and the premotor, cingulate motor and posterior cortices8-12. Functional 
imaging studies have shown that, in PD patients, activation of the SMA, M1 and 
cingulate cortex is impaired during both unimanual and bimanual performance of 
motor tasks29,30,36,37. The inability of PD patients to maintain a constant frequency 
and phase relationship between hands during bimanual coordination tasks as dem-
onstrated in the present study, may therefore be related to decreased activity in these 
cortical areas. The decrease in SMA activity in PD patients can be normalized by 
dopaminergic medication29,30,38. Although it is to be expected that bimanual coordi-
nation will improve with the administration of dopaminergic agents, this remains to 
be demonstrated in future studies.
 Motor dysfunction in PD is closely associated with a loss of nigrostriatal dopa-
minergic neurons39-41. As the onset of dopaminergic neuronal loss precedes the ap-
pearance of the cardinal motor features of PD by as much as 4-6 years22-24, it is quite 
likely that subtle motor impairments will be present prior to the emergence of full-
blown parkinsonism. For example, changes in handwriting and handgrip force have 
been demonstrated in the subjectively unaffected arm of early stage PD patients25. 
Impairments of wrist flexion and extension, as part of a so-called PD Test Battery, 
have been reported in subjects with signs suggestive of PD, but not fulfilling all clini-
cal diagnostic criteria26 This may also apply to bimanual coordination dysfunction, 
particularly for antiphase movements at high frequency. Considering the overlap in 
bimanual coordination function between healthy subjects and untreated, early stage 
PD patients, it is unlikely that a bimanual coordination task as a single test would be 
useful for early diagnostic purposes. Instead, a bimanual coordination task may be 
combined with, for example, an olfactory task42, to ultimately yield an early diagnos-
tic test battery for PD with high sensitivity and specificity.
 In conclusion, the results of this study demonstrate that bimanual coordination 
dysfunction is a very early motor impairment in PD. The relationship of bimanual 
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coordination dysfunction in PD with the nigrostriatal dopaminergic deficit as well as 
its responsiveness to dopaminergic agents remain to be established. Future studies 
in asymptomatic individuals with an increased risk of developing PD are required to 
determine the putative early diagnostic potential of bimanual coordination testing in 
combination with other motor and/or non-motor tasks.
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