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Abstract The aim of the present study was to assess
changes in electroencephalogram (EEG) phase locking
between fronto-parietal areas, including the frontal and
parietal motor areas, during audiomotor learning of contin-
uous tracking movements. Subjects learned to turn a steer-
ing wheel according to a given trajectory in order to
minimise the discrepancy between a changing foreground
stimulus (controllable by the subjects) and a constant back-
ground stimulus. The results of the present study show that
increasing practice of continuous tracking movements that
are continuously performed in the presence of auditory
feedback is not accompanied by decrease in phase locking
between areas involved. Moreover, the study conWrms that
internally produced movements show enhanced coherent
activities compared to externally guided movements and
therefore suggests that the motor-parietal network is more
engaged during internally produced than externally pro-
duced movements.

Introduction

Purposeful skilled movements result from orchestrated
interactions within a network of brain regions. Extensive
transformation and integration processes are especially
required for movements guided by external stimuli in order
to coordinate current sensory stimuli with upcoming move-
ment commands. To this end, brain regions are assumed to
cooperate in a network-like fashion on the basis of synchro-
nized task-speciWc electric brain activity. Such so-called
functional coupling between diVerent brain regions has
been studied using coherence and phase locking analysis of
EEG (Classen et al. 1998; GerloV et al. 1998; Manganotti
et al. 1998; Lehmann et al. 2006).

Practising a particular motor skill, which is necessary in
order to reach an expert level of motor performance, has
been proposed to be associated with changes in the strength
and pattern of functional coupling (e.g., Serrien and Brown
2002, 2003). Results of a study by Andres et al. (1999)
investigating the learning of bimanual movements suggest
that enhanced inter-hemispheric sensorimotor coupling was
necessary in response to higher task demands in the early
training phase of bimanual learning. After subjects reached
a proWcient level of task performance, inter- and intra-hemi-
spheric coupling decreased again. In addition, Serrien and
Brown demonstrated a general increase in coherence in the
alpha and beta frequency bands at the beginning of learning
a new bimanual task followed by a decrease as task perfor-
mance improved (Serrien and Brown 2003). Hence, there is
evidence that in an over-learned stage, execution of biman-
ual movements may become less dependent upon the func-
tional coupling between sensorimotor regions. It seems
likely that motor programs that are not dependent on sensory
input are established during learning. And, it is plausible to
assume that movement execution based on recall of
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established motor programs necessitates functional coupling
between brain regions to a lesser degree. Whether this idea
applies for movements guided by continuously available
external information was addressed in a previous study of
our group (Blum et al. 2007). In this previous study we
employed a tracking task during which movements were
guided by continuously available external information.
Thus, motor control required ongoing processing and trans-
formation of sensory information into motor commands,
leading to ongoing distributed computations within the sen-
sorimotor network. These results emphasized the impor-
tance of inter-hemispheric coupling between frontal and
parietal regions during early learning of continuous auditory
and visual tracking movements. During auditorily guided
tracking, a learning-related increase was evident in inter-
hemispheric phase locking between areas of audio-motor
integration (inferior parietal lobule) and intra-hemispheri-
cally between motor and superior parietal area in the left
hemisphere. During visually guided tracking, performance
of the task correlated with intra-hemispheric phase locking
between the motor and the superior parietal area bilaterally.

Since in that study subjects did not clearly reach a learn-
ing plateau, the question remains whether coupling in that
fronto-parietal network decreases when the tracking move-
ment is well learned, as has been previously suggested by
studies using bimanual coordination learning tasks or learn-
ing tasks based on discrete uni- or bimanual movements
(Andres et al. 1999; GerloV and Andres 2002; Serrien and
Brown 2003; Serrien et al. 2004). We hypothesize that
interregional coupling (e.g., between brain areas associated
with motor control) will not change with increasing prac-
tice of tracking movements. We therefore anticipate stable
coherence measures because sensory motor interactions are
necessary, even for the well-learned tracking movements.
This Wnding would certainly be diVerent to those of previ-
ous studies that have reported changes in coherence mea-
sures obtained for bimanual movements without continuous
sensory tracking. In addition, trials with no sensory feed-
back were embedded as a control condition to examine
whether diVerences in coherence indeed reXect integration
of sensory information or, alternatively, reXect some other
cortical processes involved in for example establishing an
internal movement representation. These non-feedback tri-
als are assumed to solely rely on internal movement repre-
sentation. Therefore, we hypothesize that the performance
of non-feedback trials shows reduced coherence compared
with feedback trials.

In the present study, coupling will be primarily assessed by
phase locking computations because learning-related changes
in our previous study were only detectable when analyzing the
phase locking measure (phase component only) but not the
coherence measure (amplitude and phase component respected
in the interrelation between two signals).

Materials and methods

Subjects

Sixteen (9 men and 7 women) healthy right-handed volun-
teers took part in the experiment. Their mean age was
28.3 § 5.0 (SD) years. To measure health a questionnaire
regarding neurological health, drug use, hearing and visual
deWcits was used. Handedness was assessed with the
Annett-Handedness-Questionnaire (Annett 1970, 1992).
The local ethics committee approved the study and all sub-
jects gave written informed consent.

Experimental design

In a compensatory motor tracking paradigm, subjects
learned to turn a steering wheel according to a given trajec-
tory in order to minimize the discrepancy between a chang-
ing foreground stimulus (controllable by the subject) and a
constant background stimulus. We attached the steering
wheel to a potentiometer in order to measure steering
movements between ¡125° to +125°, with nine bit resolu-
tion (512 steps).

The changing foreground stimulus was a train of short
sine tones which changed frequency in the range of 400–-
500 Hz in a predeWned manner. The background stimulus
was a constant sine tone of 2,875 Hz. The stimuli were con-
trolled by commercial experimental software (Presentation,
Version 9.81, Neurobehavioral systems, Albany, CA, USA)
and presented via commercial headphones (Technics Stereo
Headphones RP-F550). The stimulus was built up by 1,000
data points and the refresh rate was set at 60 Hz, resulting
in a trial time of 16.67 s. The duration of each foreground
stimulus tone was 8 ms, comprising 4 ms fade-in and 4 ms
fade-out. The intensity of the tone was adjusted to individ-
ual preference. Turning the steering wheel to the left
decreased the frequency of the foreground tones, whereas
turning the steering wheel to the right increased it. When
leaving the steering wheel at its position the foreground
tone deviated from the constant background tone along a
predeWned trajectory (Fig. 1). Subjects had to learn to turn
the steering wheel so as to keep the pitch of the foreground
stimulus and that of the background stimulus as similar as
possible. A Wxation cross was presented in the centre of a
computer screen to avoid eye movements, which contami-
nate the EEG recording.

Frequencies of the foreground tone were parameterized
according to a logarithmic frequency scale with 256 steps.
The diVerence between the foreground stimulus and the
background stimulus was continuously calculated by regis-
tering the position of the steering wheel at each of the 1,000
data points, forming the sequence of one movement. The
diVerence between the position of the steering wheel and
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the required position given by the target track was taken as
a measure of precision of the tracking performance. The
subjects were informed about their performance directly
after each trial by presenting the deviation from the target
track (sum of data point diVerences between foreground
and background stimulus). The single trials were initiated
by the subjects themselves, pressing a start button on the
steering wheel.

The experimental design consisted of four sessions on
subsequent days. In session 1 (pre-training) and 4 (post-
training) EEG was recorded. In the Wrst session subjects
were given time to practice the handling of the steering
wheel and to become familiar with the principle of the
compensatory tracking task. After that, data collection
began in a baseline condition (eyes open, eyes closed).
The real pattern of the task was subsequently presented
twice so that subjects could listen to the changing pat-
tern and acquire a Wrst impression of the required move-
ment. Subjects then performed the task in Wve
subsequent blocks, each of which consisted of seven
feedback trials with three intermittent non-feedback tri-
als. During the non-feedback trials only the background
stimulus was presented and subjects had to execute the
movement without auditory guidance. These trials were
indicated by a diVerent colour of the Wxation cross.
Between each of the blocks, 2 min of baseline condition
was recorded (eyes open/eyes closed). Session 4 was
similar to session 1 with the exception that the practice
condition before data registration was redundant. Ses-
sions 2 and 3 consisted of training sessions without EEG
recordings. Subjects performed at least the Wve blocks of
the task. After the two training sessions, subjects should
have reached a consistent performance level.

Data acquisition

The EEG was recorded from 32 scalp electrodes using a
Brain Vision ampliWer system (BrainProducts, Germany).
Silver-silver-chloride-electrodes were used in association
with the “Easy Cap System” (FMS Falk Minow Services,

Herrsching-Breitbrunn, Germany) and were placed in the
following positions Fp1/2, F3/4, F7/8, Fz, FCz, FT7/8,
FC3/4, T7/8, C3/4, Cz, TP7/8, TP9/10, CP3/4, CPz, P7/8,
P3/4, Pz, O1/2 and Oz. The electro-oculogram (EOG) was
recorded from two additional bipolar electrodes placed
below the outer canthi of each eye to record horizontal eye
movements and above and below the centre of one eye to
detect vertical eye movements. The BrainVision Recorder
and Analyzer (BrainProducts, Germany) were used to
record (electrode impedance <5 k�, 0.5–70 Hz, 500 sam-
ples/s) and analyze the data.

EEG data were bandpass Wltered from 1 to 50 Hz. In
order to correct for eye artefacts (eye blinks, eye move-
ments), an independent component analysis (ICA) algo-
rithm provided in the BrainVision software was used. It has
been shown that ICA can eVectively detect, separate and
remove activity in EEG records from a wide variety of arti-
factual sources (Jung et al. 1998). In addition, all recorded
EEG-epochs were carefully and individually checked for
artefacts by visual inspection. The artefact-free EEG mate-
rial was segmented into the single movements. Each single
subject provided 35 feedback trials and 15 non-feedback
trials per EEG-session.

Data analysis

Behavioural data

The steering wheel position was compared with the
required target position separately for each of the 1,000
data points, which together form the sequence of one move-
ment, and the deviation for each movement was calculated
(Matlab Version 6.5, The MathWorks, Inc., Natick, MA,
USA). The mean absolute deviation from target track was
used as a performance measure. Each subject provided 35
feedback trials and 15 non-feedback trials. Feedback trials
and non-feedback trials were separately checked for outli-
ers (performance > §2SD). These trials were excluded
from further analysis for the cortical as well as the behav-
ioural data. Behavioural data were then subjected to a
regression analysis. Since subjects who still showed a sig-
niWcant regression after training (post-training condition)
did not reach a learning plateau they were excluded from
further analysis.

Cortical data

EEG-Data was segmented into epochs of 2 s duration.
These 2-s epochs were then imported into the LORETA-
KEY software (http://www.unizh.ch/keyinst/loreta). The
LORETA method (Pascual-Marqui et al. 1994) computes
cortical electric neuronal activity in the form of current

Fig. 1 Movement trajectory. The Wgure shows the movement
trajectory required by the change of the foreground stimulus
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density, which allows the estimation of intracerebral sig-
nals. These signals were then used to calculate the coher-
ence and phase locking between three deWned anatomical
regions of interest (ROI) in each hemisphere: The Wrst
region covers the sensorimotor area, the second the superior
and the third the inferior parietal region. The motor ROI
was deWned using MRIcro (http://www.mricro.com) based
on anatomical landmarks, as deWned in earlier studies
(Roland and Zilles 1996; Fink et al. 1997). The superior
and inferior parietal regions were deWned using the list of
Brodman area information for LORETA voxels provided
by the LORETA-KEY software package. The superior pari-
etal ROI included the voxels corresponding to Brodmann
area (BA) 7 and the inferior parietal ROI included the vox-
els corresponding to BA 39 and BA 40. All ROIs were
determined in the standardized MNI-space (Evans et al.
1993). In contrast to our previous study, in which the focus
was placed on the alpha frequency band, the present study
comprises the analysis of both the �- and the �- frequency
band. Previous studies examining interregional coherence
show that the �- and the �-frequency band are valuable in
motor tasks. While the �-frequency is discussed in terms of
general task demands and somatosensory processing, the
�-frequency seems particularly sensitive to motor aspects
of the task (Andres et al. 1999; GerloV et al. 1998; GerloV
and Andres 2002; Serrien and Brown 2002,  2003; Serrien
et al. 2003). Therefore, according to the division by the
LORETA software, phase locking was calculated in the
diVerent frequency bands �1: 8.5–10.0 Hz, �2: 10.5–12.0 Hz,
�1: 12.5–18.0 Hz, �2: 18.5–21.0 Hz, �3: 21.5–30.0 Hz.

To investigate changes related to a late learning phase,
EEG-data of the pre-training and the post-training EEG ses-
sion were compared. EGG data were analyzed by repeated
measures ANOVAs with three factors: Condition (feedback
trials vs. non-feedback trials); Training (pre-training vs.
post -training), and Connection with the following nine
levels: inter-hemispheric: motor-motor, BA7-BA7, BA39/
40-BA39/40; intra-hemispheric: motor-BA7, motor-BA39/
40, BA7-BA39/40, each for the left and the right hemi-
sphere. Additionally, EEG data of the pre-training condi-
tion were further analyzed to investigate the early learning
eVects. The Wrst ten movements of the feedback condition
were pooled (phase pre1) and compared with the pooled
feedback trials 21–30 (phase pre2). Repeated measures
ANOVAs with the following two factors: Phase (pre1 vs.
pre2) and Connection (with the same nine levels as above)
were used.

Greenhouse-Geisser correction was applied to guard
against eVects of heteroscedasticity. The repeated measures
ANOVAs were separately computed for the phase locking
measure obtained for each frequency band. In case of sig-
niWcant main eVects subsequent t-tests were conducted for
each of the nine levels of the factor Connection, separately

examining eVects of factor Condition or Training (e.g.,
Motor-motor, pre-training vs. motor-motor, post-training in
feedback trials).

Results

Behavioural data

Five of the 16 experimental subjects had to be excluded
since they still showed a signiWcant regression of perfor-
mance in the post-training condition and were therefore not
considered to have achieved suYcient proWciency. All
other subjects showed a stable performance in the post-
training condition (linear regression p > 0.05) and a signiW-
cant learning eVect from pre-training to post-training (two
tailed paired sample t test p < 0.05). The mean deviation in
the pre-training condition over all valid subjects was 31.2°
and in the post-training condition 12.3° for the feedback tri-
als and 40.4° and 21.6° for the non-feedback trials respec-
tively (see Figs. 2, 3). The mean deviation of feedback
trials was signiWcantly diVerent from those of the non-feed-
back trials in both the pre-training and the post-training
condition (two tailed paired sample t-test; pre-training
p < 0.01, t = ¡4.68, df = 10; post-training p < 0.01 t = ¡6.11,
df = 10). However, the learning eVect computed as the
diVerence of the mean deviation between pre-training and
post-training condition was equal for the feedback (18.9°)
and the non-feedback condition (18.8°).

Cortical data

The analysis of the phase locking data revealed a signiWcant
main eVect for the factor Condition, but only for the �3 fre-
quency band (F(1,10) = 6.2, p = 0.03, Eta2 = 0.38). SigniW-
cant interactions between the factors Condition and
Training were found for the phase locking measures in �1
(F(1,10) = 5.5, p = 0.04, Eta2 = 0.35) and �3 (F(1,10) =
7.3, p = 0.02, Eta2 = 0.42). Subsequent t-tests revealed that
these eVects occurred in the comparison of feedback trials
with non-feedback trials in phase 2: In general, non-feed-
back trials showed higher phase locking measures than
feedback trials after learning. In the �1 frequency band the
non-feedback trials showed signiWcant higher phase lock-
ing between the inferior and superior parietal region bilater-
ally compared with those of the feedback trials (left:
p = 0.02, t = ¡2.84, df = 10; right: p = 0.04, t = ¡2.35,
df = 10). Furthermore, phase locking between the motor
and the superior parietal region in the right hemisphere was
higher in the �1 range for non-feedback trials than for feed-
back trials once learning had taken place (p = 0.05,
t = ¡2.28, df = 10). Finally, non-feedback trials of phase 2
showed higher phase locking between the motor and the
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superior parietal region bilaterally than feedback-trials in
the range of �3 (left: p = 0.03, t = ¡2.48, df = 10; right: p =
0.04, t = ¡2.43, df = 10) (Table 1; Fig. 4).

No signiWcant changes were detected in the range of �1
and �2. No signiWcant changes were observed from the pre-
training to post-training condition for the feedback trials or
the non-feedback trials.

The analysis of the early learning phase of feedback
trials showed a signiWcant interaction between Phase
and Connection (F(8,3) = 2.6, p = 0.00, Eta2 = 0.20) in

the range of �2. The subsequen t-test showed higher
phase locking in the pre2 condition compared with the
pre1 condition between the motor and superior parietal
area (p = 0.03, t = ¡2.54, df = 10) and between the
motor and inferior parietal area in the left hemisphere
(p = 0.02, t = ¡2.93, df = 10). In the range of �2 how-
ever the factor Phase was registered on a trend level
(F(1,10) = 3.4, p = 0.1, Eta2 = 0.253). Phase locking
decreased between the motor and the superior parietal
area in the left hemisphere (p = 0.09, t = 1.85, df = 10)

Fig. 2 Learning curve of 
feedback trials. The Wgure shows 
the mean absolute deviation 
from target track (in degrees) of 
the 35 feedback trials in the pre-
training condition marked in 
blue and the 35 movements of 
the post-training condition 
marked in green. Dashed lines 
of the respective colour indicate 
the learning curve § standard 
deviation

Fig. 3 Learning curve of non-
feedback trials. The Wgure shows 
the mean absolute deviation 
from target track (in degrees) of 
the 15 non-feedback trials in the 
pre-training condition marked in 
blue and the 15 movements of 
the post-training condition 
marked in green. Dashed lines 
of the respective colour indicate 
the learning curve § standard 
deviation
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and between the inferior parietal regions (p = 0.06, t = 2.10,
df = 10) (Table 2).

Discussion

Learning eVects in the pre-training phase were investigated
in order to replicate the Wndings of our previous study. This
complementary analysis of feedback trials in the early learn-
ing phase (movement 1–10 vs. 20–30 of the pre-training
condition) revealed signiWcant increases in phase locking
between the motor and the superior parietal and the motor and
the inferior parietal region in the left hemisphere. These
eVects took place in the range of the �-frequency band
(�2). This conWrms part of the results of our previous study
based on the same tracking task (Blum et al. 2007) and
corroborates the Wnding of enhanced coupling during the
acquisition phase of the task. In the �-frequency band (�2),
however, a converse pattern of early learning-related changes
was visible (although only marginally signiWcant) with a
decrease of phase locking between left-sided motor and

superior parietal regions and between the left and the right
inferior parietal lobe. According to the literature the increased
phase locking in the �-frequency band might indicate
somatosensory processing while the phase locking in the
�-frequency more strongly indicates control processes asso-
ciated with executive control aspects related to motor
coordination (Andres et al. 1999; Pfurtscheller et al. 1994;
Salmelin and Hari 1994; Serrien et al. 2004). Based on these
interpretations it is tempting to speculate that somatosensory
processing is predominantly operative.

The present study was designed to assess learning-
related changes from an early to a late stage of learning
tracking movements that were continuously guided by
external stimuli. The hypothesis was that interregional cou-
pling would be stable from an early to a late learning stage.
The results show indeed that increasing practice of continu-
ous tracking movements, which are continuously regulated
using auditory feedback, is not accompanied by a decrease
in phase locking between the involved brain areas. Our
Wndings stand in contrast to those reported by GerloV and
Andres (2002). Their results show that an increase in

Table 1 Mean phase locking measures of the �1 and �3 frequency band for the two conditions feedback trials (FB) and non-feedback trials (NFB)
after training, the diVerence between both and the eVect size (Cohen’s d)

Standard deviations are given in brackets. FB2: feedback trials in the post-training, condition, NFB2: non-feedback trials in the post-training con-
dition, FB2–NFB2 comparison of feedback trials and non-feedback trials, Cohen’s d: the diVerence between the two mean values divided by the
pooled standard deviation (0.2 indicative of a small, 0.5 of a medium and 0.8 of a large eVect size) Connections inter-hemispheric: Mo-Mo
= motor areas, BA7-BA7 = superior parietal areas, BA39/40 = inferior parietal areas; intra-hemispheric: Mo-BA7 l motor-superior parietal area,
left hemisphere, Mo-BA7 r motor-superior parietal area, right hemisphere, Mo-BA39/40 l = motor-inferior parietal area, left hemisphere, Mo-BA39/
40 r = motor-inferior parietal area, right hemisphere, BA7-BA39/40 l = superior parietal-inferior parietal area, left hemisphere, BA7-BA39/40
r = superior parietal-inferior parietal area, right hemisphere. SigniWcant (p < 0.05) values are given in bold and italics, Trends (p < 0.1) in italics

FB 2 NFB 2 FB2 ¡ NFB2 Cohen's d

�1 (12.5–18 Hz)

Mo-Mo 0.794 (0.053) 0.798 (0.049) ¡0.004 (0.017) ¡0.09

Mo-BA7 l 0.297 (0.071) 0.294 (0.071) 0.003 (0.023) 0.04

Mo-BA7 r 0.288 (0.055) 0.305 (0.050) ¡0.017 (0.025) ¡0.33

BA7-BA7 0.816 (0.071) 0.816 (0.070) 0.000 (0.009) 0.00

Mo-BA39/40 l 0.206 (0.065) 0.212 (0.056) ¡0.006 (0.029) ¡0.10

BA7-BA39/40 l 0.365 (0.102) 0.386 (0.111) ¡0.020 (0.024) ¡0.19

Mo-BA39/40 r 0.200 (0.071) 0.201 (0.088) ¡0.001 (0.029) ¡0.01

BA7-BA39/40 r 0.380 (0.092) 0.391 (0.096) ¡0.010 (0.015) ¡0.11

BA39/40-BA39/40 0.211 (0.077) 0.219 (0.079) ¡0.009 (0.014) ¡0.11

�3 (21.5–30 Hz)

Mo-Mo 0.759 (0.055) 0.766 (0.064) ¡0.006 (0.028) ¡0.11

Mo-BA7 l 0.297 (0.099) 0.323 (0.122) ¡0.026 (0.034) ¡0.23

Mo-BA7 r 0.276 (0.083) 0.304 (0.102) ¡0.029 (0.039) ¡0.31

BA7-BA7 0.767 (0.057) 0.771 (0.058) ¡0.004 (0.010) ¡0.07

Mo-BA39/40 l 0.266 (0.087) 0.280 (0.085) ¡0.014 (0.026) ¡0.16

BA7-BA39/40 l 0.478 (0.169) 0.495 (0.147) ¡0.017 (0.041) ¡0.11

Mo-BA39/40 r 0.244 (0.111) 0.259 (0.118) ¡0.015 (0.026) ¡0.13

BA7-BA39/40 r 0.443 (0.144) 0.447 (0.148) ¡0.004 (0.024) ¡0.03

BA39/40-BA39/40 0.250 (0.126) 0.261 (0.122) ¡0.011 (0.028) ¡0.09
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functional inter-hemispheric coupling between motor areas
was only evident during early stages of bimanual co-ordi-
nation learning but not during learning of unimanual
sequences or during repetition of sequences. Over-learned
bimanual movements, on the other hand, revealed a subse-
quent decrease in inter-hemispheric coupling. These
dynamic changes in inter-hemispheric coupling may be
attributed to the establishment of motor routines. Our
results suggest that the performance of a tracking task
guided by continuously available sensory information stays
in relation to the sensory stimuli throughout the learning
stages. After an initial enhancement of phase locking dur-
ing the acquisition phase, no further learning-related
changes in coupling were detected. This may indicate ongo-
ing somatosensory processing also in later learning stages.
Based on the assumption that motor programs reduce the
amount of required somatosensory processing, the results
may be interpreted as indicating that post-training perfor-
mance of feedback trials does not depend on recall of motor
programs established during training phases. However, it
has to be considered that results of coherence computation
based on intracerebral model sources may be diVerent from
scalp data results (Lehmann et al. 2006). Furthermore, the
fact that coupling in the early learning phase was similar for
feedback trials and non-feedback trials indicates that the
amount of coupling is not due to the processing of external
stimuli. Moreover, the coupling does not change from the
early (pre-training) to the late learning stage (post-training)
even when the movement is executed without sensory

guidance (non-feedback trials). Given that performance of
movements was stable after training even when executed
without sensory guidance, it may be assumed that internal
movement representations exist. On a cortical level, how-
ever, movement execution does not seem to beneWt from
established motor programs, which we assumed to be reX-
ected in a decrease of interregional coupling. We therefore
suggest that even at a skilled level of performance, imagi-
nation and recall of the movement requires coupling within
the sensorimotor network. This means that not the engage-
ment of a sensorimotor network by external stimuli is
essential for the coherent activity but that purely internally
generated movements require also sensory processing and
extensive interactions between motor and parietal areas.

In fact and contrary to our assumptions, we found a sig-
niWcant diVerence in coherent activity after training
between externally (feedback trials) and internally guided
movements (non-feedback trials). Although the eVect size
of the diVerences was only small, the results indicate that
engagement of the control centres by external stimuli seems
to lead to reduced coherent activity compared with inter-
nally generated movements. A study of GerloV et al. (1998)
supports this unexpected result. The authors report higher
functional coupling during internally paced Wnger exten-
sions than during externally paced extensions. The amount
of functional coupling is also discussed in relation to task
complexity, with enhanced coherent activity during more
complex assignments (GerloV et al. 1998; Manganotti et al.
1998; Serrien and Brown 2002). Therefore, higher com-
plexity of internally guided movements may implicate
higher functional coupling within the sensorimotor network
during internally guided than during externally guided
movements. Alternatively, in respect of the fact that perfor-
mance in non-feedback trials was poorer that in feedback
trials, the diVerences in coupling may merely be due to the
performance diVerence. This however seems doubtful, as
performance diVerences were already present in the pre-
training condition where no diVerences in phase locking
were observed.

In the present study, diVerences in phase locking
between feedback and non-feedback trials occurred in the
range of �1 and �3. In the �1-frequency band non-feedback
trials showed higher phase locking between the superior
and the inferior parietal region bilaterally. These parts can
be attributed to the dorsal stream of information processing.
Fogassi and Luppino (2005) remark that the visual dorsal
stream may be functionally divided and propose that the
superior parietal lobule (SPL) is involved in visuomotor
transformation processes, whereas the inferior parietal lob-
ule (IPL) is involved in high-level visuomotor representa-
tions. They further propose that the IPL in the left
hemisphere contributes to the storage of complex represen-
tation of actions and the right IPL to perception of spatial

Fig. 4 Feedback vs. non-feedback trials: Solid lines show signiWcant
higher phase locking of non-feedback trials compared with feedback-
trials in the post-training condition in the range of �1 and �3. Motor
ROIs in red, superior parietal lobule ROIs in green, inferior parietal
lobule ROIs in blue
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relationships. The involvement of the inferior and the supe-
rior parietal lobules in our task is further supported by stud-
ies of speech perception that include the investigation of
audio-motor integration. Hickok and Poeppel (2000, 2004)
propose an auditory ventral and dorsal stream similar to the
ventral stream and the dorsal stream of the visual modality.
The dorsal auditory stream predominantly in the left hemi-
sphere would be critical for audio-motor integration.
Besides some reported lateralization eVects, the authors
remark that both hemispheres participate in speech percep-
tion. In the range of �3 we registered enhanced phase lock-
ing between the motor region and the superior parietal
region bilaterally during non-feedback trials. Interactions
between the superior parietal region and the motor region
suggest linking of spatial information and movement exe-
cution. The diVerence between feedback and non-feedback
trials may therefore reXect greater demands on integrative
sensorimotor processes when the movements are not
guided by external stimuli.

SigniWcant diVerences between feedback and non-feed-
back trials were only registered in the range of the �-band.

As mentioned above �-frequency seems more sensitive to
motor aspects of coordination. Thus, it can be supposed that
signiWcant diVerences between feedback and non-feedback
trials in the late learning stage were related to diVerences in
the processing of motor commands.

Conclusion

The acquisition phase of tracking movements which are
continuously guided by external auditory information is
accompanied by an initial increase in interregional cou-
pling. Further practice does not lead to subsequent
changes in coupling. The present study therefore supports
the suggestion that continuous tracking movements are
constantly regulated by sensory feedback, which requires
continuous processing of sensory stimuli. This is also true
for movements that are well learned. However, the
amount of coupling is not due to integration and transfor-
mation of external sensory stimuli. The present study
demonstrates that performance of internally produced

Table 2 Mean phase locking measures of the �2 and �2 frequency band for of the feedback trials 1–10 (pre1) and the feedback trials 21–30 (pre2)
of the pre-training conditions, the diVerence between both and the eVect size (Cohen’s d)

Standard deviations are given in brackets Pre1: feedback trials 1–10 of the pre-training condition, Pre2: feedback trials 21–30 of the pre-training
condition, Pre1– Pre2: comparison of feedback trials 1–10 and feedback trials 21–30, Cohen’s d: the diVerence between the two mean values di-
vided by the pooled standard deviation (0.2 indicative of a small, 0.5 of a medium and 0.8 of a large eVect size) Connections inter-hemispheric:
Mo-Mo = motor areas,  BA7-BA7 = superior parietal areas, BA39/40 = inferior parietal areas; intra-hemispheric: Mo-BA7 l = motor-superior pari-
etal area, left hemisphere, Mo-BA7 r = motor-superior parietal area, right hemisphere, Mo-BA39/40 l = motor-inferior parietal area, left hemi-
sphere, Mo-BA39/40 r = motor-inferior parietal area, right hemisphere, BA7-BA39/40 l = superior parietal-inferior parietal area, left hemisphere,
BA7-BA39/40 r = superior parietal-inferior parietal area, right hemisphere. SigniWcant (p < 0.05) values are given in bold and italics, Trends
(p < 0.1) in italics

Pre1 Pre2 Pre1– Pre2 Cohen’s d

�2 (10.5–12 Hz)

Mo-Mo 0.872 (0.049) 0.849 (0.082) 0.023 (0.042) 0.34

Mo-BA7 l 0.343 (0.118) 0.378 (0.132) ¡0.035 (0.046) ¡0.28

Mo-BA7 r 0.361(0.107) 0.370(0.133) ¡0.010(0.053) ¡0.08

BA7-BA7 0.853(0.053) 0.861(0.058) ¡0.008(0.026) ¡0.14

Mo-BA39/40 l 0.225(0.043) 0.283(0.074) ¡0.057(0.065) ¡0.94

BA7-BA39/40 l 0.369(0.055) 0.386(0.066) ¡0.017(0.059) 0.27

Mo-BA39/40 r 0.262(0.075) 0.259(0.076) 0.003(0.051) 0.04

BA7-BA39/40 r 0.423(0.124) 0.419(0.1219 0.003(0.067) 0.03

BA39/40-BA39/40 0.271(0.073) 0.261(0.076) 0.010(0.066) 0.13

�2 (18.5–21 Hz)

Mo-Mo 0.772(0.054) 0.760(0.068) 0.012(0.042) 0.20

Mo-BA7 l 0.310(0.097) 0.260(0.097) 0.050(0.090) 0.52

Mo-BA7 r 0.311(0.117) 0.271(0.122) 0.040(0.076) 0.33

BA7-BA7 0.795(0.058) 0.784(0.078) 0.010(0.044) 0.15

Mo-BA39/40 l 0.309(0.107) 0.303(0.093) 0.007(0.139) 0.07

BA7-BA39/40 l 0.463(0.093) 0.428(0.120) 0.035(0.104) 0.32

Mo-BA39/40 r 0.321(0.096) 0.292(0.115) 0.029(0.065) 0.28

BA7-BA39/40 r 0.425(0.138) 0.399(0.149) 0.026(0.098) 0.18

BA39/40-BA39/40 0.240(0.073) 0.213(0.056) 0.027(0.043) 0.42
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movements, which is assumed to solely rely on internal
movement representation, also requires extensive interac-
tion between motor and parietal areas. In fact, internally
produced movements show enhanced coherent activity
within the motor-parietal network compared with exter-
nally guided movements. This might be indicative of
higher demands on the sensorimotor system during inter-
nally guided movements.
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