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Chapter 2

Neural changes induced by
learning a perceptual-motor task

The question is not what you look at, but what you see.
Henry David Thoreau

Published as: S. Houweling, B.W. van Dijk, A. Daffertshofer and P.J. Beek – “Neural changes induced
by learning a perceptual-motor task,”, NeuroImage, vol. 41, pp. 1395–1407, 2008.

Abstract
We studied the neural changes accompanying the learning of a perceptualmotor task involving polyrhythmic bimanual force production. Motor learning was characterized by an increase in stability of performance. To assess after-effects in the corresponding neural network, magnetoencophalographic and electromyographic signals were recorded and analyzed in terms
of (event-related) amplitude changes and synchronization patterns. The topology of the network was first identified using a beamformer analysis, which
revealed differential effects of activation in cortical areas and cerebellar hemispheres. We found event-related (de-)synchronization of β-activity in bilateral cortical motor areas and α-modulations in the cerebellum. The αmodulation increased after learning and, simultaneously, the bilateral M1
coupling increased around the movement frequency reflecting improved motor timing. Furthermore, the interhemispheric γ-synchronization between
primary motor areas decreased, which may reflect a reduced attentional demand after learning.
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ven in simple tasks like unimanual repetitive finger movements the spatiotemporal patterns of associated neural activity appear very rich and extensive. Various brain areas are active that include contralateral primary motor cortex (M1), premotor cortex (PM1), supplementary motor area (SMA), and
primary sensorimotor cortex (Kawashima et al., 1994; Okuda et al., 1995; Pollok
et al., 2003), as well as bilateral secondary somatosensory areas, basal ganglia and
the (ipsilateral) cerebellum (CB) (Deiber et al., 1991; Mima et al., 1999; Marsden
et al., 2000; Rao et al., 1997). There is increasing evidence that in unimanual tasks
the neural activity, especially in M1 and PM1, is not restricted to the respective
contralateral hemisphere but occurs bilaterally (Baraldi et al., 1999). The activation depends on the type of motor performance: during non-recurring motor
tasks unilateral cortical activations seem predominant, whereas (symmetrical) bihemispheric activations are found in repetitive sequential unimanual movements
(Cheyne and Weinberg, 1989; Pulvermüller et al., 1995; Andrew and Pfurtscheller,
1999) indicating the presence of an active cross-talk or coupling between bilateral motor areas, bilateral central areas close to the midline and prefrontal regions. Due to this cross-talk, for instance, an increased amplitude of the ipsilateral motor-evoked fields, in particular the readiness field, can be observed when
the unimanual movements are becoming more complex (Salinas and Sejnowski,
2001; Hoshiyama et al., 1997; Babiloni et al., 1999). These findings suggest the existence of intricate, diversified communication processes within and across hemispheres. In the case of bimanual movements, the exchange of neural activity between hemispheres is, of course, even more evident as one finds frequency- and
phase-locked activations of left and right motor cortices (Lang et al., 1990; Gerloff
and Andres, 2002; Daffertshofer et al., 2000b).

E

Oscillatory activity generally translates to synchronization characteristics of
a neural ensemble or between ensembles (Salenius and Hari, 2003). Neurons
synchronize their firing pattern in accordance with different behavioral states.
Thus, changes in instantaneous amplitude or power reflect changes in local synchronization, i.e., within an ensemble or within an area. In contrast, changes
in instantaneous relative phase or coherence reflect changes in more global, distributed synchronization, i.e., between ensembles or between areas. In fact, synchronized activity across neural networks is believed to offer an effective mecha-
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nism for information transfer, especially when discriminating between frequency
and phase-locked activity (Mima and Hallett, 1999; Toma et al., 2002; Salinas and
Sejnowski, 2001; Womelsdorf et al., 2007; Fries, 2005; Schoffelen et al., 2005; Ohara
et al., 2001; Gross et al., 2005; Baker et al., 1999; Alegre and Artieda, 2000).
The current study was designed to gain more insight into the functional role
of the oscillatory activities in the motor network and, in particular, of the timed
coupling between them. In three distinct frequency bands, namely the α-, β- and
γ-bands, we investigated interhemispheric and cortico-spinal synchronization to
see to what degree these components contribute to a change in motor behavior. Both rapid timing adjustments and continuously changing network topology
due to different task demands require the study of dynamical interactions between cortical areas. We chose for assessments with high temporal resolution and
a sufficient spatial sampling as provided by magneto-encephalography and appropriate source localization. Additional simultaneous recording of the activated
muscles were used to monitor activity along the ‘entire’ neural axis by means of
cortico-muscular or cortico-spinal synchrony, another possible information carrier (Kilner et al., 1999; Pohja et al., 2005; Halliday et al., 1998).
To achieve changes in the network topology we probed motor performance
through slow adaptation (Androulidakis et al., 2007; Serrien et al., 2004; Serrien
and Brown, 2004) and invited subjects to learn a polyrhythmic motor task requiring an integration of perceptual and motor components. We expected an improved motor timing and hence an increased activation of the CB as a direct consequence of establishing proper feedback in the complex bimanual perceptualmotor task (Mechsner et al., 2001). Improvement of motor performance was further expected to yield a reduction in motor-related β-activity in motor areas and,
when performance became ‘automatized’, the (attention-related) γ-synchrony was
likely to drop.

2.1

Methods

Subjects
Nine subjects (3 female, 6 male, age 26 to 40 years) participated in the experiment
that was conducted in full compliance with the guidelines of the ethical committee of VU University Amsterdam. All subjects signed an informed consent form
prior to participation. All subjects were right-handed (Oldfield, 1971).
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Procedure
While seated in a comfortable position, subjects were asked to exert isometric
flexion forces with their index fingers either unimanually (left or right) or bimanually (1:1, i.e., isofrequency, or in a 3:2 polyrhythm). To improve performance,
we provided visual feedback by mapping all performances, including the 3:2
polyrhythm, to the simple 1:1 coordination (Mechsner et al., 2001): the left and
right forces were shown as two disks that, in the case of proper performance, rotated both at the frequency of the fast finger (Fig. 2.1). Frequencies for the right
and left hands were 1.2 Hz and 0.8 Hz, respectively, except for the 1:1 bimanual
performance, for which we used 1.2 Hz. Pacing of the right hand’s frequency was
provided at the right ear (EARTone 3A, Cabot Safety Corporation; pitch 440 Hz,
tone duration 50 ms; in the unimanual left condition we paced at 0.8 Hz instead of
1.2 Hz). The subjects’ task was to manage the visual feedback in synchrony with
the acoustic metronome at a ratio of 3:2. After an extended learning (or training)
session of about 30 min (40 polyrhythmic trials of 45 s each; results will be reported elsewhere) almost all subjects were able to control the display, and hence
to maintain the 3:2 polyrhythm1 .
The simple unimanual and isofrequency bimanual performances were implemented originally as control conditions for the (learning of the) polyrhythmic
performance. As will be shown in detail, however, we found significant differences between the controls before and after learning. Hence, we here considered
the learning phase as intervention and concentrated on the analyses of two sets
of pre and post trials, i.e., 2×8 unimanual and 1×8 isofrequency bimanual (each
performance with eight repetitions of 25 s each); see Fig. 2.2. Every experiment
started with a baseline condition with pure auditory stimulation at 1.2 Hz, with
again eight repetitions of 25 s each, that served as baseline (see below).

Data Acquisition & Preprocessing
Brain activity was recorded using a 151-channel MEG system (CTF Systems Inc.,
Vancouver) using 3rd -order synthetic gradiometers. EMG was assessed from bilateral extensor and flexor digitori with a reference electrode at the left wrist
(unipolar Ag-AgCl electrodes: Ø 1cm and about 2cm inter-electrode distance for
1 Performance, expressed as the normalized overlap between the power spectral densities (Daffertshofer et al., 2000b) of both force sensors at the required 3:2 ratio of the movement frequencies,
improved significantly after learning.
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F IGURE 2.1: Experimental setup: subjects produced isometric forces; the periodic
signals from the sensors were displayed as two rotating disks such that a 3:2
polyrhythm appeared as isofrequency (1:1) pattern.

off-line bipolar montage). Isometric forces were recorded using MEG-compatible
sensors that were mounted on the two armrests (Boonstra et al., 2005). All signals,
including acoustic stimuli, were low-pass filtered at 400 Hz prior to digitization
at a rate of 1250 Hz.
All signals were mean-centered and high-frequency noise was eliminated with
a 2nd -order bi-directional Butterworth low-pass filter at 400 Hz. In addition, EMG
signals were high-pass filtered at 10 Hz to remove movement artifacts, and rectified using the Hilbert transform (Myers et al., 2003). To optimize MEG quality, all
segments containing artifacts like eye or head movements, neck muscle contraction, etc. were removed. All but one subject were able to properly perform the
unimanual task. This (male) subject was excluded from further analysis.
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condition: pre learning

left / right / bimanual

intervention: bimanual learning

condition: post learning left / right / bimanual
F IGURE 2.2: Experimental design: ‘simple’ performances before and after learning
yielded two sets of pre and post trials: 2×8 unimanual and 1×8 isofrequency bimanual. In the beginning of the experiment we also conducted a ‘baseline’ recording during which subjects only listened to the metronome — see text for further
details.

Data Analysis
Since we monitored motor performance over a reasonably long period, we first
tested for exercise-related behavioral changes and possible occurrences of muscle fatigue. That is, we assessed changes in motor timing (i.e., frequency and
phase locking between metronome and force), mean EMG amplitude and median
EMG frequency during the ‘simple’ tasks. Recall that the median frequency decreases with fatigue due to a reduced conduction velocity in muscle fibers while
the former increases due to additional recruitment of active motor units (Lippold
et al., 1960). We determined the EMGs’ power spectral densities using Welch’s
periodogram method (Hanning windows of 1024 samples length, overlapping
by 75%). Given the task demands we restricted analysis to the flexor digitori and
computed, for each subject, averages of mean power and median frequency (from
the non-rectified EMG) over the trials within each condition. All values were subjected to a three-level ANOVA with repeated measures and within-subject factors
level (pre, post), hand (left, right) and type (unimanual, bimanual). To anticipate,
none of the factors yielded any significant effect on either frequency- and/or
phase locking, mean amplitude or median frequency, nor were any significant
interactions present.
The MEG signals were mapped from sensor space to source space using a
minimum linear variance approach known as synthetic aperture magnetronomy
(SAM) (Vrba and Robinson, 2001). In brief, covariance matrices were constructed
by concatenating filtered signals from the pre and post levels. Here, the fre-
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quency bands of interest were sensorimotor related oscillations around 10 Hz
(α-band: 7–11 Hz), motor-related oscillations in the β- (20–30 Hz) and γ- (40–70
Hz) band. Weight distributions of sensors were estimated for a set of 3D locations
bounded via a probabilistic brain template (ICBM152; see, e.g., Mazziotta et al.,
1995, for details); note that we used three reference coils (nasion and left/right
ears) for intermittent head position registration to allow for an offline positioning
of the MRI templates (de Munck et al., 2001). For every movement condition we
hence obtained three beamformers (per voxel). Changes in power, normalized to
unit variance, were interpreted as altered neural activity due to changes in level
(i.e., between pre and post learning conditions). We computed these changes for
each subject and movement condition and ranked the changes iteratively identifying peak pseudo-t values while disregarding voxels in the immediate vicinity
(Ø 40mm) of the previously found ones, until pseudo-t values dropped below
2. Cluster weights (C) were computed as the portions of voxels within the vicinity of mean values exceeded 50% of the peak; clusters with weight less than 10%
were discarded.
After projecting the MEG on so-defined locations, we first analyzed the corresponding event-related fields (Cheyne et al., 2006) as a function of time and
frequency. For this sake we disentangled amplitude and phase changes by computing the instantaneous amplitude and phase of the analytical signal computed
via the Hilbert transform. Prior to transform, the signals were band-pass filtered
within [fi − ∆f, fi + ∆f ] with fi = 3, 6, . . . , 69 and ∆f = 3. To specifically address pairwise interactions between brain areas, we examined the relative phases
between corresponding time series in terms of the phase differences’ (circular)
variability over movement cycli. That is, phase uniformity was used as measure for synchrony between widely separated brain areas2 . In addition, phase
locking to the motor event was indexed by the circular variability of the phase
(phase uniformity) of the filtered signal aligned to the motor event. Grand averages of time-resolved amplitude and phase uniformity values were computed
by averaging over trials and subjects (after mean removal) using a window of
1250 ms (equivalent to 1/0.8 Hz) around the motor event (see also Fig. 2.3). Note
that prior to the non-parametric paired test we accounted for the within-subject
2 Adaptive beamformers like SAM suppress linearly correlated sources. However, this suppression
is only effective when the correlation is sufficiently strong and persistent without temporal modulation (Hadjipapas et al., 2005).
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variance by defining an appropriate t-statistic for the amplitude differences via a
pooled estimate of variance. For both phases and (corrected) amplitudes we employed a permutation test (Singh et al., 2003; Nichols and Holmes, 2002) assessing
differences between pre and post distributions. We used α = .05 as significance
level.

2.2

Results

As shown in Fig. 2.3, events were defined at the maximal increase of force yieldpost
ing more than a thousand events per condition (#pre
left = 1041, #left = 1029,
post
pre
post
pre
#pre
right = 1400, #right = 1309, #bimanual = 1412, #bimanual = 1416, #baseline =
1472) — note that ‘baseline’ refers to the initial condition at which subjects only
listened to the metronome; there the tone onsets served as events.
Unimanual (left)

Unimanual (right)

1

1

0

0

−1

−1
−600

−300

0

Time [ms]

300

600

−600

−300

0

Time [ms]

300

600

F IGURE 2.3: Force profiles averaged over trials, events and subjects relative to maximal force increase (t=0 ms) in unimanual conditions, scaled (for graphical purposes)
to maximum in the unimanual left condition; black: mean, red: confidence band
with mean ± root mean squared error. Left (right) panel: unimanual left (right)
condition.
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As said the timing characteristics of the force signals did not yield any significant changes implying that frequency and phase locking with the metronome
were unaffected by the learning. Likewise the EMGs’ amplitudes and median
frequencies did not alter due to learning, that is, neither timing and amplitude of
force changed nor muscle fatigue had been induced post learning — in view of
the absence of any significant changes we abstained from adding further (correlation) analyses of these variables.

Source reconstruction
With motor learning we observed changes in the signal power for both unimanual and bimanual task conditions — see Table 2.1 for an overview of power
changes sorted according to different frequency ranges and conditions. In the
two unimanual conditions the areas of largest, significant power decreases in the
β-band were found in the corresponding contralateral primary motor areas (Fig.
2.4). Similar but less pronounced changes were found in the corresponding ipsilateral areas. Overall, changes in power and cluster size were larger in the left
than in the right condition and largest in the bimanual condition. A similar drop
in power at left and right motor areas was found in the α-band. As expected,
however, amplitudes and clusters were larger at low frequencies (Singer, 1993).
From here on we refer to these areas as M1left/right (displayed in bold in Table
2.1) in view of the pronounced β-modulation in event-related fields (see Fig. 2.5
below). The Euclidean distance between the different areas (green patches, Fig.
2.4) varied from 0 to 30mm, more so across frequency bands than across conditions, but the clusters were largely overlapping (i.e., the smallest cluster was for
more than 50% contained in the larger, with the exception of CBright with a minimal overlap of 17%). In contrast to the reduction in power in the M1s, areas in
the CB showed an increase in activity following learning. More precisely, bilateral CB activity increased most consistently in the γ-band, but extended to α- and
β-bands. While this effect in CBleft was most pronounced in the bimanual condition, CBright changed more in the unimanual conditions (Fig. 2.4, right panels).
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In fact, several other areas also displayed pre/post-learning changes in overall activity, to mention α/β-activity increases in parietal areas or α/β-activity decreases in prefrontal cortex and, in particular in the bimanual condition, changes
in SMA. None of these changes, however, were as pronounced, symmetric, or
regular as the here-discussed bilateral changes in M1s and CB.

TABLE 2.1: Mean power changes (t) and cluster weights (C) for the voxels containing
extrema in different conditions; note the rank within brackets.
Unimanual right

Unimanual left

Bimanual

t

C

t

C

t

C

M1right

α
β
γ

−3.9(4)
—
−2.7(2)

45
—
95

−7.4(1)
−5.5(1)
−3.7(1)

52
35
97

−7.6(1)
−6.2(1)
−3.9(1)

59
47
95

M1left

α
β
γ

−5.0(1)
−3.6(1)
−2.7(1)

63
46
99

−4.2(4)
−4.2(2)
−2.8(3)

78
42
92

−5.9(2)
−5.2(2)
−3.2(2)

65
56
88

CBright

α
β
γ

4.2(1)
3.3(2)
2.8(1)

47
37
10

—
2.8(1)
2.3(1)

—
30
15

—
—
2.2(2)

—
—
19

CBleft

α
β
γ

—
2.6(7)
2.5(2)

—
47
27

—
2.4(6)
2.1(2)

—
47
33

3.9(7)
3.4(5)
3.2(1)

17
42
35

The beamformers corresponding to values in boldface were selected for further analysis. The distance between the voxels to the selected sources took values from the
interval [0, 16] mm.
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F IGURE 2.4: Axial view of voxel images including averaged pseudo-t values. Green dots in middle and left panels indicate
beamformers selected for further analysis. Left panels: Motor areas contain minima in right (top, M1left : t=-3.6, M1right : t=3.6) and left (bottom, M1right : t=-5.5, M1left : t=-4.2) unimanual conditions filtered β-band, thresholded at 67% of minimum.
Middle panels: Motor areas contain minima in right (top, M1left : t=-2.7) and left (bottom, M1right : t=-3.7) unimanual
conditions filtered γ-band, thresholded at 85% of minimum. Right panels: Cerebellar areas contain maxima in right (top,
t=2.8) and left (bottom, t=2.5) unimanual conditions filtered in γ-band, thresholded at 60% of maximum.
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Motor areas: β-amplitude
The mean amplitude changes in the different frequency bands defined four distinct areas that were analyzed further with regard to their movement-related time
course at different frequencies. Next to a strong amplitude modulation in the
movement frequency (not shown), the event-related fields of M1contra/ipsi (‘contra’ and ‘ipsi’ refer to the sides contra- and ipslateral to the force producing finger,
respectively) revealed a strong decrease in β-amplitude around 100ms after the
motor event (Fig. 2.5). This decrease reflects the event-related β-desynchronization
that is accompanied by a β-rebound after approximately 200ms. The attenuation
of β-amplitude of M1right was stronger in the unimanual condition than in the bimanual condition. In M1left the attenuation was generally much weaker in both
unimanual and bimanual conditions when compared with M1right .
As mentioned above, we assessed pre/post differences in event-related amplitudes by pairwise comparing samples at every time/frequency instance. While
for amplitude increases no time/frequency instances with significant differences
could be found, significant amplitude decreases were clearly movement-related
(Fig. 2.6).
We summarized results for the M1s by integrating the time/frequency-dependent changes over time and, here, the γ-band (Fig. 2.6, right panel), since in all instances the amplitude decreased significantly. In all conditions the event-related
activity initially increased and after learning it decreased even below baseline.
This effect was always stronger for M1right than for M1left . Note that the uniformity in M1right showed an increase around the motor event in the post-bimanual
condition. Note also that similar patterns could be obtained by looking at the
aforementioned, less pronounced α- and β-related motor areas.
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Frequency [Hz]

Unimanual (left), M1 right

Bimanual, M1 right
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35
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8
6
4
2
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0

300

600

−600

−300

Frequency [Hz]

Unimanual (right), M1left

0
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600
0

Bimanual, M1 left

50
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−4
−6
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−600

20
−300
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300

600

−600

−8
−300

0

Time [ms]

300

600

Time [ms]

F IGURE 2.5: Event-related modulation of amplitude in contralateral M1 averaged
over subjects and epochs in unimanual (left panels) and bimanual (right panels)
conditions. The repetitive appearance reflects the shorter movement cycle (1.2 Hz)
in the bimanual and unimanual right conditions, whereas the displayed window
covers the period of the slowest movement frequency (0.8 Hz).
Amplitude change (%)

Frequency [Hz]

Deviation from baseline (%)

Time [ms]

Left

Bimanual

Right

F IGURE 2.6: Changes of event-related amplitude in M1right in the bimanual condition. Left panel: pairwise difference of normalized amplitude between pre and
post learning samples. Black lines enclose time/frequency instances that did not
change significantly (dark colors). Right panel: difference values of event-related
amplitude integrated over time and γ-band, relative to baseline (= ‘listening-only’
condition) in all conditions. Note that the drop in amplitude from pre to post learning ranged from ∼10 % to ∼14 %.
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Bimanual

Unimanual (right)
50

4

Frequency

[Hz]

50

2
35

35

20

20

0
−2

−600

−300

0

300

600

−600

Time [ms]

−4
−300

0

300

600

*10

Time [ms]

F IGURE 2.7: Grand average of the deviation of event-related phase uniformity between sensorimotor areas averaged over subjects and epochs during both, pre and
post learning trials. Event-related structures appeared in the bimanual case but
were clearly absent in both unimanual conditions (unimanual left is not shown).

Motor areas: bilateral phase synchrony
In contrast to the amplitudes, the phases of β-oscillations in M1contra and M1ipsi
were not locked to the motor event, as was evident from a more or less constant level of phase variability across conditions. The relative phase between bilateral motor areas, however, showed structural variations within a movement
cycle whose maxima corresponded to the time interval of highest amplitude in
M1contra (and pre learning also in M1ipsi in the unimanual right condition, see
above). This pattern disappeared in the unimanual conditions (Fig. 2.7).
The pre/post difference in phase locking revealed no temporal (i.e., eventrelated) signature. That is, phase locking between M1s did not change due to
learning. On average the baseline level of interhemispheric synchronization was
strongest in the β-band (≈ .22). Pairwise comparison of phase uniformity, however, revealed post-learning changes in various frequency bands that were summarized by integrating over time (Fig. 2.8).
Synchronization in the γ-band between the two M1s decreased across conditions indicating that the strength of bilateral coupling between M1s had decreased after learning. In contrast, interhemispheric synchronization increased
around the movement frequencies, implying that the efferent output of bilateral
motor areas was more strongly coupled after learning.
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Deviation from baseline (%)
90

γ−band
ωmov

60
30
0
Pre Post
Left

Bimanual

−30
Right

F IGURE 2.8: Phase locking values of relative phase of bilateral M1s integrated over
time in two distinct frequency ranges (around the movement frequency ωmov and
the γ-band). Only frequency ranges, in which changes across the full window
reached significance, are displayed.

Cerebellum: α-amplitude
Like in the M1s, we found a marked and consistent amplitude modulation in the
signals at the bilateral CB sources, albeit in this case within the α-band. An amplitude decrease within 200 ms before the motor event was followed by an increase
at about 250 ms after the motor event in bilateral CB activity in the bimanual condition. This pattern was ‘stretched out’ in the unimanual left condition; in ipsiand contralateral CB this pattern was movement-related (Fig. 2.9).
The amplitude differed significantly between pre and post learning trials; in
the full movement cycle increases around the α-band were found across conditions; see Fig. 2.10 for the results of the two CB sources in the bimanual condition. To condense results, we again integrated over time (Fig. 2.10, right panel):
before learning the amplitude decreased below baseline, while after learning it increased to values above baseline. There was a larger initial decrease of amplitude
in the conditions requiring movement of the right hand. Post-learning changes
in phase uniformity between the CB sources appeared more pronounced in the
bimanual conditions than in the unimanual conditions. However, significant de-
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Unimanual (left), CB left

Bimanual, CB left
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F IGURE 2.9: Event-related modulation of amplitude in CBipsi averaged over subjects
and epochs in unimanual (left panels) and bimanual (right panels) conditions.
Amplitude change (%)

Frequency [Hz]

Deviation from baseline (%)

Time [ms]

Left

Bimanual

Right

F IGURE 2.10: Changes of event-related amplitude in CB. Left panel: pairwise difference of normalized amplitude between pre and post learning samples in
CBleft in the bimanual condition (similar results for CBright ). Black lines enclose
time/frequency instances that did increase significantly (bright colors) showing
that α-modulations were affected throughout the movement cycle. Right panel:
difference values of event-related amplitude integrated over time and frequencies
in α-band, relative to baseline in all conditions.
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creases as well as increases across time/frequency instances did not display any
event-related structure. In all frequency bands, most significant changes were
decreases, especially in the bimanual condition.

Cortico-spinal phase synchrony
Finally, we investigated changes in the cortico-spinal coupling by looking at the
variability of the relative phase between EMG and contralateral M1 time series,
which turned out to change rapidly during the movement cycle. In all conditions
the phase uniformity of the relative phase of movement-frequency related oscillations showed a strong initial increase from baseline that matched level post
learning. No significant change from baseline was found either before or after
learning in higher frequencies.

2.3

Discussion

We identified parts of the cortical-cerebellar network involved in movement production and/or the integration of simple visual feedback with a complex bimanual motor performance. Source localization was applied based on differences in
power in distinct frequency regimes pointing at altered functional states of multiple motor areas as a result of motor learning. While areas that are situated lower
in the efferent hierarchy of motor control (i.e., bilateral M1s) became less active
after learning, areas that are traditionally viewed as encoders of temporal information (i.e., bilateral CB) showed increased activity3 .
In support of earlier findings of Andres et al. (1999), learning of a complex
perceptual-motor task induced decreases in overall activity that were mainly confined to cortical motor areas in all conditions. Activity in bilateral M1s was more
reduced in bimanual conditions (cf. Gerloff et al., 1998). For the unimanual conditions contralateral decreases were stronger, agreeing with the classic view that
3 There is an on-going discussion about the appropriateness of MEG in assessing synchronized
neural activity for deep sources like the CB, but several studies reported CB activity using coherence
estimates (Gross et al., 2002; Timmermann et al., 2003; Martin et al., 2006; Jerbi et al., 2007), current
dipole modeling (Tesche and Karhu, 2000), or beamforming (Hashimoto et al., 2003) for source localization.
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M1 controls the opposite side of the body (in a somatotopic fashion). At the same
token, however, α- and β-decreases at the ipsilateral side were also present suggesting once more an active involvement of ipsilateral M1 in unilateral movement
(Baraldi et al., 1999; Alkadhi et al., 2002; Stippich et al., 2007; Gerloff et al., 1998;
Rau et al., 2003; Kawashima et al., 1994; Schnitzler et al., 1995; Daffertshofer et al.,
2005).
For unimanual conditions, activity changes in M1contra were larger when moving the left finger than when moving the right finger (Jäncke et al., 1998). When
movement with the left finger was required, the largest decreases occurred in
M1right , pointing at a pronounced role for M1right . Comparable differential changes
in bilateral M1s have been reported earlier in the context of isofrequency performances (e.g., Gross et al., 2005). Here, however, the asymmetry of the task, i.e., fast
versus slow motor performance, already implies an asymmetry in corresponding
brain activity. In fact, several behavioral studies stressed the importance of the
slow end-effector (here the left finger ∼ M1right ) in learning a polyrhythm: performance is achieved by interleaving the timing of the slow hand into that of the
fast hand (Summers et al., 1993b,a; Boonstra et al., 2007).
The cerebellum is known to be involved in many aspects of timing, with an
emphasis on control in which it receives more projections than it sends. It stands
out as primary site of adaptive change due to its capability of long-term depression of (synaptic strength of) parallel fibers. This is particularly so in motor control, since in this context it projects mainly to cerebral motor areas and is therefore a main contributor to the communication between PM1 and M1. Various
lesion and imaging studies have underscored the importance of the CB in motor
learning, e.g., through increases in CB activity during the learning of a visuomotor rhythm (Ramnani and Passingham, 2001) and in the learning of sequences
(Doyon et al., 1996; Rauch et al., 1995). Here, we also found overall power increases after learning in all conditions in bilateral CB, most consistently so in the
γ-band. CBright changed more in the unimanual conditions, while CBleft showed
a stronger increase in the bimanual condition. This may point at a differential
role for both CB hemispheres. Note, however, that we did not find a lateralized
activation pattern as in the M1s, despite the primarily non-crossed somatotopic
maps in the spinocerebellum.
Next to the overall pre/post power changes in the M1s and in CB we also
found changes in event-related patterns by looking at the time-frequency distri-
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butions of activity. In general, an amplitude change in a frequency band relative
to baseline can be interpreted as an event-related (de-)synchronization (Neuper
and Pfurtscheller, 2001). Interestingly, reports on synchronization phenomena in
continuous, dynamic motor tasks are few and far between (for an example see
Boonstra et al., 2006). Reason for this might be the distinct role of β-synchrony in
movement initiation and termination, which is typically less pronounced in continuous motor task. Our current findings suggest, however, that not only eventrelated β-(de-)synchronization is present in the case of rapid movements but also
that the extent to which β-amplitude decreased (suppression of β-oscillations) in
contralateral M1 is larger in movement with the non-dominant hand (cf. Stançak
and Pfurtscheller, 1997). We also found the β-modulation in M1left to be rather
similar across unimanual and bimanual conditions. In fact, the β-rebound occurred simultaneously in both M1s in the bimanual condition.
Across conditions, pre/post changes in event-related γ-amplitude revealed
a pronounced lateralization (Fig. 2.6, right panel). Indeed, several studies on
motor performance (rhythmic timing tasks) have already shown correlations between task conditions and spectral power, underscoring the functional role for
M1. For instance, Mayville et al. (2001) showed that β-power in M1contra appears lower during (unimanual) syncopation than during synchronization. The
submitted cause may be summarized as a change in attentional demand, since
syncopation appears more difficult than synchronized motor performance. Our
results do not support this notion maybe due to differences in experimental design. In an experimental setting that is more comparable to ours, Andres et al.
(1999) reported decreases in α- and β-power in unimanual control sequences after learning a complex bimanual sequence. However, in a later report of the same
experiment one finds that the region covering electrodes overlaying motor cortex
“was activated before and after bimanual training, without a consistent change
toward increased or reduced activation as a consequence of training” (Gerloff and
Andres, 2002, page 174, 1st par.), implying that α- and β-power did not decrease.
For the changes in CB it seems important to note that modulatory activity
in CB in the α-band (∼ 6-12Hz) has been found using stimulation of the finger
and median nerve (Tesche and Karhu, 2000) — however see also Ivry (2000). We
found bilateral modulations of α-oscillations in the CB and, moreover, showed
that their amplitude increased after learning. Recall that the level of neither force
nor fatigue had changed. Hence, it is not very likely that this increase in CB
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amplitude was caused by changes in propioceptive input. We therefore suggest
that the enhanced stimulus-locked α-oscillations reflect increased precision in the
timing when processing the somatosensory and/or cortical input. Thereby, the
control in the cortical motor circuits could be exerted with less effort leading to a
reduced activation in these areas.
The timing was particulary addressed via the synchronization patterns of the
(relative) phases in the different areas. In contrast to, e.g., Andrew and Pfurtscheller
(1999), we found modulations of interhemispheric synchronization between bilateral motor areas. In the bimanual condition, phase synchronization increased
simultaneously with β-event-related synchronization, in line with findings of
Nikouline et al. (2001). Interestingly, around the onset of β-synchrony a period of
synchronization between M1s was present4 . Recall that the event-related amplitude decreased after learning from baseline level, with the exception of instances
that coincided with the interval of event-related synchronization. As mentioned
earlier, the β-rebound is, of course, known for its functional role in motor control,
in particular in movement termination (Salmelin et al., 1995). Our results clearly
show, however, that the β-rebound remained unaltered hence in all likelihood its
function did not change.
As a result of learning, the event-related synchronization between bilateral
motor areas changed in different frequency bands. In all conditions the synchronization at the movement frequency increased considerably indicating that motor
areas became increasingly coupled. This increase may well reflect an increased
inhibition of interhemispheric cross-talk: unimanual performance is realized by
suppressing that cross-talk since it may yield unwanted activation of homologous
muscles and the stronger the inhibition the better the performance (Daffertshofer
et al., 2005). Inhibition may be seen as negative excitation, or since the M1 activation was here periodic, inhibition reflects an anti-phase excitation that increased
in the course of learning — in Houweling et al. (2007) we showed this for unimanual performance. Efficiency of performance demands inhibition that is correctly
adjusted with respect to its strength and timing. Since CB and PM1/SMA are
known to be implicated in the timing of coordinated movements, they appear
good candidates as mediators of interhemispheric connections. Proper performance hence requires M1 vs. CB and PM1/SMA to be phase-locked, whereas in4 This may well have been caused by a simultaneous amplitude increase and does hence not necessarily reflect a ‘true’ synchrony between areas (Pfurtscheller and Andrew, 1999).
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sufficient timing results in behavioral instabilities (Daffertshofer et al., 2005). That
is, CB and PM1/SMA contribute to the stabilization of performance by transferring or even providing the relevant temporal information.
Without doubt, the (stabilization of) the performance of the perceptual-motor
task required quite some attention. Since performance was easier after learning
one may submit that the attentional demand had dropped, which was here accompanied by a decrease of γ-synchronization in bilateral motor areas (compare,
e.g., Womelsdorf et al., 2007, for a similar interpretation) — see also Gerloff and
Andres (2002) and Serrien and Brown (2004) for related findings at lower frequencies. Notice that all pre learning tasks could be executed with an attention level
(γ-synchrony) identical to baseline, i.e., performance did not cost any cognitive
effort other than picking up the beat of a metronome and fixing gaze. Importantly, attention decreased even below this baseline after learning implying that
motor performance became ‘easier’ or less demanding than an initial listening
without any motor performance. One may speculate that this (relative) change in
γ-synchrony was correlated with the (relative) change in γ-amplitude since both
were of the same order of magnitude, 15 ± 5%. Different conditions, however,
had different effects: for both M1s amplitude decreases were smallest in the unimanual left condition, while there the decrease in γ-synchrony was largest.
In contrast to the clear-cut results for cortico-cortical synchronization changes
in synchrony between cortex and spinal cord turned out to be rather variable.
When looking at single subjects, however, we did observe adjustments of phase
uniformity between EMG and contralateral M1 after learning. The lack of consistency across subjects might be readily explained by the fact that the build-up
of neural synchronization along the neural axis requires more time when compared with cortico-cortical synchrony. In the here studied rapid movements the
dynamical change in motor performance hence caused cortico-spinal synchrony
to be largely transient or, at least, very different between subjects. Note that the
large majority of studies on cortico-spinal or cortico-muscular coherency therefore focused on static force production (Kilner et al., 1999, e.g., precision grip).
To summarize, learning the perceptual-motor task led, as expected, to changes
in neural activity in different brain areas and changes in the synchronization between brain areas. Most noticeable was a decreasing activity in bilateral M1s
and an increasing activity in bilateral CB. Left and right M1s displayed the wellknown event-related amplitude modulation in the β-band as well as an event-
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related synchronization pattern between each other. With performance improvement motor production became easier and, hence, required less attention. Accordingly, the interhemispheric γ-synchronization between M1s decreased significantly, i.e., after learning γ-activity was ‘no longer necessary’ since performance
became largely automatized. The improvement in performance was also accompanied by a decrease in bilateral cross-talk, especially at the movement frequency,
hinting at an increased and properly timed interhemispheric inhibition. As candidate timer the CB showed event-related activity at frequencies in the α-band
underscoring once again its pronounced role in motor production in perception.
We conclude that our findings point to a functional role for interhemispheric
synchronization in motor control and, more specifically, in the establishment of
visuo-motor coordination patterns. Hence, our experimental design turned out
to be an excellent approach in disentangling the different compounds of the functional network for perception and movement production. The distinct effects of
learning on the different cortical areas are interesting in their own right but the
reported links with conditions did not (and cannot) provide conclusive insights
into the causes of performance adaptation. In the present experimental setting
this causality could be addressed best by looking at the dynamical adjustment
of both performance and the here-defined neural correlates. Using polyrhythmic
performances allows for tracking left/right constributions during coordinative
tasks. Indeed, the transient phase between the pre and post learning task of the
present experiment will be used to investigate whether CB α-band changes preceed performance-related adjustments in motor areas, be it M1 or PM1/SMA.
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