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Abstract 
Long-term intensive sensorimotor training alters functional representation of the motor and 
sensory system and might even result in structural changes. However, there is not much 
knowledge about how previous training impacts learning transfer and functional 
representation. We tested 14 amateur pianists and 15 musically naïve participants in a short-
term finger sequence training procedure, differing considerably from piano playing and 
measured associated functional representation with functional magnetic resonance imaging. 
The conditions consisted of encoding a finger sequence indicated by hand symbols 
(“sequence encoding”) and subsequently replaying the sequence from memory, both with and 
without auditory feedback (“sequence retrieval”).  
Piano players activated motor areas and the mirror neuron system more strongly than 
musically naïve participants during encoding. When retrieving the sequence, musically naïve 
participants showed higher activation in similar brain areas. Thus, retrieval activations of 
naïve participants were comparable to encoding activations of piano players, who during 
retrieval performed the sequences more accurately despite lower motor activations. 
Interestingly, both groups showed primary auditory activation even during sequence retrieval 
without auditory feedback, supporting previous reports about coactivation of the auditory 
cortex after learned association with motor performance. When playing with auditory 
feedback, only pianists lateralized to the left auditory cortex.  
During encoding activation in left primary somatosensory cortex in the height of the finger 
representations had a predictive value for increased motor performance later on (error rates). 
Contrarily, decreased performance was associated with increased visual cortex activation 
during encoding.  
Our study extends previous reports about training transfer of motor knowledge resulting in 
superior training effects in musicians. Performance increase went along with activity in motor 
areas and the mirror neuron network during pattern encoding.  
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Introduction  
The acquisition of new motor skills includes two main components, motor adaption and motor 
transfer (Seidler and Noll, 2008). Motor transfer has recently gained in interest to identify the 
basic principles for the transfer of formerly acquired motor abilities. This comprises 
associated brain activations as well as behavioral aspects.  
Motor transfer increases the learning rate and performance as a result of practicing similar 
skills (Brashers-Krug et al., 1996; Zanone and Kelso, 1997). Several studies provided 
behavioral evidence for a positive transfer of learning to subsequent tasks (Brashers-Krug et 
al., 1996; Seidler, 2004, 2005; Seidler and Noll, 2008; Zanone and Kelso, 1997). Seidler and 
Noll (2008) showed that learning can be facilitated by prior practice of similar skills. 
Additionally, motor skills develop over time, leading to better retention, improved 
performance, and facilitated learning of other motor tasks (Brashers-Krug et al., 1996). This is 
in line with previous findings of the persistence of acquired skills for faster subsequent 
learning (Smith et al., 2006).  
The majority of these studies deal with participants without long-term training and 
experience. Moreover, the main interest was focused on behavioral aspects and not on the 
cerebral networks, which may form the basis for the mentioned benefits.  
Many imaging studies describe representation of movement observation and transfer of 
already trained movement sequences. These processes have ben described as a perception-
action matching system or mirror neuron system (MNS) (Rizzolatti, 2005). In man, the MNS 
consists predominantly of the caudal part of the inferior frontal gyrus (BA 44), the ventral 
premotor cortex (vPMC) and the rostral part of the inferior parietal lobule (Rizzolatti et al., 
2001). It has been described that the vPMC has a unique function as a motor pattern storage 
for instance during the recall of writing movements with different limbs (Rijntjes et al., 1999). 
The MNS translates the observed actions (as presented by video clips or real movements) into 
the motor representation of the same actions (Buccino et al., 2004). Previous data on 
observation of guitar chords in guitar players underline increased involvement of the frontal 
MNS in experienced compared to naïve subjects (Vogt et al., 2007).  
However, also classical motor areas have been described to be involved in the observation of 
movement patterns. For instance, an additional activation in the supplementary motor area 
(SMA), present only during meaningful movement observation, might be internally generated 
by a participation of programs of action plans (Decety and Grezes, 1999). Overall, especially 
areas involved in motor preparation might be crucial in recall and transfer of movement 
patterns (Decety et al., 1994; Krams et al., 1998). In musicians tight sensorimotor associative 
representations have been found. Movements on the instrument evoke somatosensory 
feedback which is again associated with auditory feedback. Repetitive associations during 
training anticipate sensory feedback and result in primary somatosensory activation even 
when feedback is not provided (e.g., Lotze et al., 2003). This anticipation might already be 
present during encoding of the motor sequence. 
Up to know, no imaging data have been published on the transfer of long-term sensorimotor 
training on another motor task. Additionally, it is not clear whether the presentation of hand 
symbols, which code for a finger sequence, might enhance motor or MNS activation 
especially in those subjects, who already trained finger sequences before. We therefore 
conducted a study investigating piano players and musically naïve participants during 
encoding of symbols of finger sequences, which had to be performed later on. Trained 
associations between motor and auditory system might additionally be investigated if auditory 
feedback is withdrawn (Bangert and Altenmuller, 2003; Lotze et al., 2003). We therefore 
investigated the same subjects during the performance of a finger sequence (retrieval) without 
presenting the auditory feedback. We were interested whether increased pre-knowledge on 
audio-motor associations in other tasks is transferred in increased primary auditory cortex 
activation even when playing a newly designed audio-motor task. In the pianists, we expected 
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increased activation during encoding in areas associated with motor representation including 
the MNS.  Furthermore, we expected a transfer of motor sequence experience on the 
performance of the newly learned motor sequence task. An increased activation in areas 
which have been already described to be increased in musicians compared to in naïve subjects 
during encoding of the sequence might therefore well be positively associated with the later 
motor performance. 
We presumed that superior performance of motor sequences for the pianists should be 
associated with a more economic motor representation during retrieval (Hund-Georgiadis and 
von Cramon, 1999; Lotze et al., 2003). Additionally, we assumed that extended musical 
training had increased pianists’ working memory capacity (Pallesen et al., 2010; Patston et al., 
2007), which might lead to stronger activation in areas associated with music processing 
strategies (i.e. in the dorsolateral prefrontal cortex (Ohnishi et al., 2001)). 
 
Materials and Methods 
Participants 
We trained and tested 14 piano players and 15 musically naïve participants. Demographic 
data and information about piano experience was obtained with a standardized questionnaire 
before fMRI measurements which included questions about the individual education, musical 
training, and average practice time per week (in the last three month). The piano players (6 
women, 8 men; mean age 24.00, SD (±) 3.11 years) had started practicing the piano at an 
average age of 8.43 ± 2.98 years and had played piano for 11.36 years ± 4.58 overall. All of 
them reported an average of 6.61 ± 9.30 hours of piano-practice per week during the last 3 
months. The musically naïve participants (6 women, 9 men; mean age: 25.40 ± 1.18 years) 
had not received any musical training except music instruction at school. All participants were 
strictly right-handed (handedness score: 97.93) according to the diagnostic criteria of the 
Edinburgh Handedness Inventory (Oldfield, 1971) and had no neurological impairments. 
In an additional questionnaire subjects provided data on computer use and experience in 
playing video games per year, per week and per day. There were no significant group 
differences for experience with a computer and gaming between groups but a strong trend for 
the item “time spent working with a computer per week” with 26.4 hours for the musically 
naïve subjects and only 19.4 hours for the pianists (t(26) = 1.81; n.s.). 
 
Experimental procedure 
All subjects explored the tone-to-key assignment of eight keys and then replayed visually 
presented finger sequences with or without acoustic feedback during training and during an 
fMRI session. Participants were positioned supine in the MRI scanner and were given four-
finger-key pads (LUMItouch, Harvard, USA) adapted for each hand. The keyboards were 
placed on both sides beside the body trunk. Each key was dedicated to one finger (leaving out 
the thumbs) and key-specific tones were delivered via MRI-capable headphones (MR-confon. 
Magdeburg, Germany) when auditory feedback was provided. The assignment of notes to 
keys was mirror inverted compared to the usual order of white keys on the piano keyboard. 
The range of notes was c-c’ with 100 ms keystroke, 590ms sound (until completely settled), 
600 ms recording. The tuning relative to a standard pitch of 440Hz (A440) was of equal 
temperament such that every pair of adjacent notes had an identical frequency ratio musical 
temperament.  
The performance on the keyboards was picked up by dual photoelectric barriers and 
transferred by optical fibers to an electronic processor outside the scanner. The sequences of 
keystrokes were stored in log-files and were evaluated post-hoc.  
Task instructions were presented using Presentation (Neurobehavioral Systems, Albany, 
USA) and were projected on a screen, which could be observed via a double mirror system 
affixed to the head coil.  
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The finger sequences to be encoded and replayed consisted of eight keystrokes. They were 
coded by marked fingers in a row of eight images of hands (see Figure 1). To alleviate the 
distinction between the left and right hand, the hands were displayed in two stacked rows. 
Each row was indicated with a “L” for the left and “R” for the right hand (see Figure 1). A 
total of 52 sequences were constructed, in which no two subsequent keys were the same and 
not more than two subsequent keys were played by the same hand. Twelve sequences were 
used during training and 40 different sequences were used during scanning. The scanning 
session was divided into two runs. The first run consisted of 20 sequences with auditory 
feedback, the second run included 20 sequences without auditory feedback. 
Training session and task instruction 
The training session began with an initial 5 minutes practice time during which subjects were 
encouraged to explore and play freely. During exploration they received auditory feedback. 
Then, they were trained in replaying visually presented sequences. Each trial started with 
encoding of symbolic representation. A finger sequence was presented for 24 seconds, which 
should be memorized without any finger movement. As soon as the sequence vanished from 
the screen, participants were asked to replay the sequence for 12 seconds with auditory 
feedback. They were told to continue playing until the fixation cross was shown, which then 
lasted for another 12 seconds (this fixation interval served as baseline during the following 
scanning sessions). A set of 12 different sequences was used twice for both training sessions 
(training I, training II). In between these training sessions a break of 3 minutes was included. 
 
Scanning session 
During the scanning session, immediately following the training, encoding and replaying 
sequences was performed first with auditory feedback as during training and in a second run 
without auditory feedback. Sequence encoding was required in each trial and consisted of 
studying the finger sequences as described in the training session. In the first run, encoding 
was immediately followed by sequence retrieval with auditory feedback (Figure 1a). 
Participants were asked to retrieve the finger sequences by performing them on the keyboard 
and received auditory feedback. In the second run, no auditory feedback was presented 
(“sequence retrieval without auditory feedback” Figure 1b). In total, 40 finger sequences 
were presented during scanning. After 20 sequences with auditory feedback, participants 
rested for 5 minutes before they continued with 20 sequences without auditory feedback.  

 
Figure 1: Design 
Demonstration of the task-design. During the first condition (“encoding”) the finger sequence was presented for 
24 seconds. The participants were asked to remember the sequence without actually moving their fingers. During 
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the second condition (“retrieval with auditory feedback”, a) the participants were asked to retrieve the finger 
sequences by performing them on the keyboard without any visual control but with auditory feedback. They 
continued playing until the fixation cross was shown. During the third condition (“retrieval without auditory 
feedback”, b) participants were instructed to play the sequence but did not receive any auditory feedback.  
 
Data acquisition 
A 3T Siemens Magnetom Verio (Siemens, Erlangen, Germany) equipped with a 12 - channel 
head coil was used to acquire both a T1-weighted structural volume of the whole head (MP-
Rage; 176 sagittal slices, voxel size: 1mm x 1mm x 1mm) and T2* - weighted echo-planar 
images (EPI; TR=2000ms, TE=30ms, flip angle 90°, 34 axial slices, voxel size of 3mm x 
3mm x 3mm, field of view (FOV) 192 mm). For each participant 965 3-D echo planar images 
were obtained, the first 5 dummy volumes in each session being discarded to allow for T1 
equilibration effect. The total imaging time was around 40 minutes. We used a rubber foam 
head restraint to avoid head movements. Instructions and finger sequences were presented 
through a double mirror system attached to the head coil.  
 
Data reduction and statistical analysis 
MRI and fMRI-data 
FMRI-data were analyzed with the Statistical Parametric Mapping software (SPM5: Wellcome 
Department of Cognitive Neurosciences, London, UK) running under Matlab 7.1 
(MathWorksInc; Natick, MA; USA). Spatial preprocessing included realignment to the first 
scan, unwarping, coregistration to the T1 anatomical volume images. Unwarping of 
geometrically distorted EPIs was performed using the FieldMap Toolbox. T1-weighted images 
were segmented to localize gray and white matter as well as the cerebro-spinal fluid. This 
segmentation was the basis for spatial normalization to the Montreal Neurological Institute 
(MNI) template, which was then resliced and smoothed with a 6 × 6 × 6 mm full width at half 
maximum Gaussian Kernel filter to improve the signal-to-noise ratio. To correct for low-
frequency components, a high-pass filter with a cut off of 128 s was applied. 
Statistical analysis was performed using the general linear model as implemented in SPM5.  
For analysis at the subject level, we used the realignment parameters as additional regressors. 
Between group comparisons in each condition as well as the main effects for retrieval with 
and without feedback were performed with the full factorial design at the 2nd level. The 
significance level was p < .05, corrected for the whole brain volume (false discovery rate, 
FDR; (Genovese et al., 2002)). We additionally inserted a cluster size of ≥ 5 contiguous 
voxels. Anatomical assignment was performed using ANATOMY (http://www.fz-
juelich.de/inm/inm-1/DE/Home/home_node.html). The ventral and dorsal parts of the lateral 
premotor cortex are clearly defined in the maquace brain as the disjunction of areas F4 and 
F2, respectively. To differentiate ventral and dorsal lateral premotor cortex, we referred to 
Buccino and colleagues (2004), who defined the border between ventral and dorsal with a z-
coordinate of 50 in the Talairach coordinate system that corresponds to the level of superior 
frontal sulcus in humans. For the MNI reference system the corresponding z-coordinate is 54. 
For areas not described cytoarchitectonically with ANATOMY (cerebellar hemispheric 
representation of the hand and lip (Larsell lobule H IV-VI), putamen, Brodmann’s areas 9 and 
46) we used automated anatomical labeling (AAL) (Tzourio-Mazoyer et al., 2002). 
To test the lateralization during the sequence retrieval with auditory feedback, we compared 
parameter estimates (betas) for highest activated voxels in the primary auditory cortex 
(Heschl’s gyrus; mask from AAL). These activations were corrected for multiple comparisons 
of voxels within the ROI (p < 0.05; FDR) and again only activations larger than 5 voxels were 
reported. Additionally, we evaluated a lateralization index (LI= LH- RH/ LH + RH) varying 
between -1 (right-sided lateralization) and 1 (Yuan et al., 2006). We calculated paired t-tests 
of beta values per ROI between hemispheres. 
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Behavioral data 
Performance was evaluated by counting errors in otherwise correct reproductions of the 
presented sequence. This was performed manually in order to avoid propagated mistakes 
when missing or additional button hits shift the reproduced sequence. The frequency of errors 
was then calculated as percentual errors of all button hits. These percentual errors were then 
compared between conditions (training, scanning with feedback; scanning without feedback) 
and subject groups (Naïve, Pianists) using an ANOVA followed by t-tests. Frequency of 
sequence tapping was averaged over conditions and subjects and then statistically compared 
between subject groups for each condition (ANOVA followed by t-tests). 
 
Correlation analysis 
To test a possible correlation between experience with the piano and the number of errors 
during the retrieval condition, we conducted a correlation analysis between years of practice 
and number of errors (Spearman Correlation). Furthermore, we performed a regression 
analysis on the BOLD-response in the primary motor (M1), somatosensory (S1) and the MNS 
(BA 44) during encoding and later motor performance (error rate). We restricted the 
regression analysis on these regions since we expected the activation magnitude in these areas 
during encoding to be positively associated with the later error rate. Previous data on 
observation of guitar chords in guitar players underline increased involvement of the frontal 
MNS in experienced compared to naïve subjects (Vogt et al., 2007). Additionally, in the same 
study guitar players showed substantial primary motor and somatosensory representation 
during visualization of the finger positions on a guitar chord. 

Results 
Behavioral performance during scanning session 
The mean proportion of errors in performing sequences is shown in Figure 2. An ANOVA 
including the between-subjects variable group (naive and pianists) and the within-subjects 
variable condition (training, with feedback; without feedback) showed a significant difference 
between the groups (F(1, 27) = 8.16; p < 0.01) and a significant effect of condition, (F(2, 54) 
= 26.37; p < 0.001) .The interaction was not statistically significant (F(2, 54) = 1.61; n.s.).  

 
Figure 2: Results of the retrieval conditions 
Bars indicating proportion of errors of musically naïve participants (white) and piano players (grey) during 
finger sequence performance on the keyboard. Error bars display the standard error of the mean training, 
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performance with auditory feedback, and performance without auditory feedback. Errors are plotted in percent 
where 100 % equals the highest possible errors. Significance level: * p≤.05; ** p≤.01.  

Pianists performed with a lower error proportion than naives in all three conditions: during the 
training (t(27) = 3.57; p < 0.001; d = 1.33), in the scanner with feedback (t(27) = 2.09, p < 
.05; d=0.78), and without feedback (t(27) = 2.60; p < 0.05; d = 0.97; see Figure 2). Both 
groups improved across the sequence of conditions. The decrease in error proportion from 
training to the condition with feedback was larger in the naïve group (t(14) = 3.79; p < .01; d 
= 0.90) than in the pianist group (t(13) = 1.14; n.s.; d = 0.30). The decrease from the condition 
with to the condition without feedback was larger in the pianist group (t(13) = 5.13; p < 
0.001; d = 1.37) than in the naïve group (t(14) = 1.67; n.s.; d = 0.43). ANOVA showed no 
significant between subject effect for frequency for the three conditions tested (F(1, 26)  = 
0.73; n.s.). 

Correlation analysis 
Correlation analysis between years of experience with the piano and the number of errors 
performed during the retrieval condition within the pianist group revealed significant effects 
during both retrieval runs (with feedback: r = -0.60; p < 0.05, without feedback: r = -0.56; p < 
0.05).  
 
fMRI: within group comparisons 
The main effect of the three conditions for each group is presented in Figure 3.  
Encoding 
Overall, pianists presented high motor and mirror neural activation bilaterally whereas 
musically naïve did show less activation with representation sites located in the dorsal visual 
stream including bilateral dorsal premotor cortex (dPMC) and superior parietal lobe (SPL). 
Retrieval 
During retrieval both subjects groups recruited a large sensorimotor bilateral network. 
However, the pianists showed much less activation magnitude during both retrieval 
conditions. Interestingly, activation sites in pianists are centered on right DLPFC, BA 44, 45, 
dPMC, M1 and primary somatosensory (S1), primary auditory cortex (A1), and the parietal 
lobes. 
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Figure 3: Overview on the functional MRI results for the main effects for each condition within each group. Left 
side: pianists, right side musically naïve participants. Top row: Encoding; Middle row: retrieval with feedback; 
bottom row: retrieval without feedback. Activation maps are projected on a segmented MNI-brain (FDR 
corrected p<0.05).  
 
Encoding minus retrieval (Supplementary Figure, top) 
Whereas the pianists revealed a strong bilateral dPMC, M1, cerebellar and superior parietal 
activation, the musically naïves showed only left M1, right SPL and bilateral cerebellar 
activation besides of occipital lobe activation. 
Retrieval minus encoding (Supplementary Figure, middle) 
Both groups showed large representation maps. However, in the pianists predominantly the 
DLPFC, inferior parietal, superior temporal and ventrolaleral PFC bilaterally and BA 44/45 
predominantly on the right hemisphere were activated. The amateurs in contrast, recruited the 
primary and secondary sensorimotor cortices and the DLPFC extensively more during 
retrieval of motor sequences than during encoding. 
Retrieval with feedback minus retrieval without auditory feedback (Supplementary Figure, 
bottom) 
The condition with feedback showed increasing activation in pianist only in the right gyrus of 
Heschl whereas this activation was bilaterally observed in the musically naïve subject group. 
Retrieval without feedback minus retrieval with auditory feedback 
This contrast yielded no significant effect within each subject group. 
 
fMRI: between group comparisons 
Encoding of the sequence 
Comparing encoding activations between groups demonstrated increased activation for piano 
players compared to musically naïve subjects in S1 and M1 cortex bilaterally, in bilateral 
dPMC and in medial premotor cortex (supplementary motor area; SMA), in superior (SPL) 
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and inferior (IPL) parietal lobes, the insula, as well as subcortically in putamen and bilateral 
cerebellar hemispheres. Activations were also found bilaterally in inferior frontal cortex (IFC; 
BA 44, BA 45) especially in the left hemisphere, occipital and temporal areas as well as in the 
DLPFC (see Table 1; Figure 4 top). No significant activations were found for the reverse 
contrast. Interestingly, neither the piano players nor the musically naïve subjects showed 
relevant activation in Heschl’s gyrus (A1) during this condition. 

 
Supplementary Figure: Within subject groups interactions for the given contrasts are shown on a segmented 
MNI-reference brain. 
Top: Encoding minus retrieval. The pianists showed strong bilateral dPMC, M1, cerebellar and superior parietal 
activation. The musically naïves showed only left M1, right SPL and bilateral cerebellar activation besides of 
occipital lobe activation. 
Middle: Retrieval minus encoding. As expected, representation maps during this condition are widespread in 
both groups. However, in the pianists predominantly the DLPFC, inferior parietal, superior temporal and 
ventrolaleral PFC bilaterally and BA 44/45 predominantly on the right hemisphere were activated. The amateurs 
in contrast, recruited the primary and secondary sensorimotor cortices and the DLPFC extensively more during 
retrieval of motor sequences than during encoding. 
Bottom: Retrieval with minus retrieval without auditory feedback. The condition with auditory feedback showed 
increasing activation in pianist only in the right gyrus of Heschl whereas this activation was bilaterally observed 
in the musically naïve subject group. 
 
Sequence retrieval with auditory feedback  
The comparison between groups revealed a significantly stronger activation for the musically 
naïve participants in areas largely overlapping with those seen in piano players during 
sequence encoding. These comprised the bilateral primary sensorimotor cortex, PMC, SMA, 
SPL, left IPL, the insula, the left occipital lobes, bilateral temporal lobes, as well as 
subcortical putamen and cerebellum bilaterally (see Table 2, Figure 4 bottom). Furthermore, 
naïve participants showed higher activation bilaterally in inferior frontal gyrus (BA 44, BA 
45) especially in the right hemisphere, occipital and temporal areas, and DLPFC also similar 
to encoding activations of piano players. Significant lateralization to the left Heschl gyrus was 
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only observed for the pianists, t(13)= 2.23; p< 0.05, but not for musically naïve participants, 
t(14)= 0.83; n.s.. The respective reverse comparison revealed no significant results. 

 
Figure 4: Functional MRI results of the between group-analyses (threshold: p<0.05; FDR-corrected) projected on 
the MNI-reference brain and an axial slice in the height of z=60 of the MNI-space (middle). (Top) The contrast 
piano-players minus musically naïve participants during encoding. Musicians manifested increased activation in 
bilateral sensorimotor areas, occipito-temporal areas in the parietal lobe, the left inferior frontal cortex (IFC; BA 
44, BA 45; indicated with a frame) and the DLPFC as well as subcortically (not seen here) in putamen and 
bilateral cerebellar hemispheres. (Bottom) The contrast musically naïve participants minus piano players during 
sequence performance with auditory feedback. Musically naïve participants exhibited increased activation in 
bilateral sensorimotor areas, occipito-temporal areas, left parietal lobe, as well as (not visible here) subcortical 
putamen and  cerebellar hemisphere bilaterally. Furthermore, naïve participants showed higher activation 
predominantly in the right inferior frontal gyrus (BA 44, BA 45; indicated with frame) and bilateral DLPFC. 
 
Sequence retrieval without auditory feedback 
We were interested to see whether training with auditory feedback in both subject groups does 
result in an associated activation in the primary auditory cortex even when no auditory 
feedback is provided. We found, that both subject groups showed significant co-activation in 
Heschl’s gyrus (see Table 3) when performing without auditory feedback. Group comparison 
revealed no significant difference in this area.  
 
fMRI: correlation analysis: 
During encoding activation in left primary somatosensory cortex in the height of the finger 
representation (MNI-coordinates: -51, -27, 54) had a predictive value for increased motor 
performance later on (error rate; t = 4.53; cluster: 16; pFDRcorr< 0.05; Figure 5).  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Figure 5: BOLD-response in left primary somatosensory cortex (S1) was positively associated   
with outcome in the later retrieval condition. In the graph (left) values for errors performed in percent of total 
button presses of the finger sequence is plotted against BOLD-magnitude (x-axis) during the encoding condition 
in the left S1. Each point indicates one participant (n=29). 
 
Discussion 
In this study we tested an experienced group in bilateral finger sequence performance (piano 
players) and a naïve group (age matched musically naïve controls). Behaviorally, we found 
better performance in the experienced group indicating a successful transfer to the new motor 
task. This is in line with the fact that longer experience with the piano leads to a lower number 
of errors during the retrieval conditions as shown in the correlation analysis. 
Thus, a formerly acquired motor skill resulted in a performance advantage in a similar, but 
novel motor task, which is in accordance with previous findings (Ollis et al., 2005). However, 
this performance advantage was present already initially when the fMRI-session was started. 
The absolute value of the training effect over time was comparable for both groups. Therefore 
we did not see an additional absolute increase in training effects in the pianists, as it has been 
observed for the transfer of pre-knowledge on training performance in other studies (Seidler 
and Noll, 2008). Yet, achieving the same absolute training effect starting from a higher level 
can be interpreted as a superior training effect. 
The main imaging results were observed for the sequence encoding condition: Already during 
encoding of the hand-and-finger notation, piano players activated a bilateral pattern of motor 
areas and the MNS more prominently in the left hemisphere. Moreover, significant 
subcortical activations were found in the cerebellum. This internal run through the motor 
sequences already during task encoding is quite remarkable considering that we used hand 
symbols and therefore avoided piano specific notations. A Hebbian mechanism associating 
visual and motor activation during repetitive training is conceivable (Keysers and Perrett, 
2004). These motor engrams might already be activated during visual presentation of the 
movement sequence since perception and action recruit common neural substrates (Rizzolatti 
and Craighero, 2004). Although subjects were not observing moving hands, the fact that 
experienced participants were told to perform the sequence presented afterwards already 
evoked motor and mirror neural activations during the presentation of hand symbols with 
colored fingers. Perceiving the hand symbols may elicit covert sensorimotor processes that 
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internally simulate the observed action (Rizzolatti and Craighero, 2004). In line with this 
assumption, studies on motor expertise show that activity in that network subserving action 
simulation increases with motor familiarity (Bangert et al., 2006; Lahav et al., 2007; 
Mutschler et al., 2007). Therefore, perceiving hand symbols matching stored motor patterns 
resulted in the internal activation of bilateral motor patterns.  
The resonance function of the MNS that elicits simulation processes mediates imitation 
learning (Vogt et al., 2007). We found bilateral activation of the MNS, IFC (BA 44), and IPL 
congruent with previous descriptions of the location of mirror motor neurons (Buccino et al., 
2004). In most of the studies recruiting the MNS, actual movement observation was required. 
In macaques, the mirror neurons only discharge when the biological effector (e.g. hand) 
interacts with an object (Small et al., 2010). Our results support the finding that observed 
dynamic movements are not required for an involvement of the MNS, but static images with a 
clear movement goal are sufficient for MNS involvement (Johnson-Frey et al., 2003). 
Additionally, this underlines the strong role of the MNS in vision-to-action translation, which 
comprises the transformation of observed action into the motor repertoire of the same actions 
(Buccino et al., 2004).  

Activation during encoding was increasingly present in Broca´s area in musicians. A left 
hemispheric lateralization of the MNS was proposed (Corballis et al., 2002) but seems to be 
also related to the hand observed or the hand that had to imitate the movements later on (Aziz-
Zadeh et al., 2006). In our study, the presentation of hand symbols and the executing hands 
were balanced in the motor sequences, which points to a left hemispheric process of 
recruitment of motor engrams in experienced participants in the inferior frontal gyrus.  

It is less likely that motor sequence encoding involves imagery in pianists. Although several 
studies reported an activation of BA 6, BA 44, BA 5 and 7 and cerebellar hemispheres during 
motor imagery (Lotze and Halsband, 2006), we and others demonstrated that motor imagery 
in musicians hardly involves primary sensorimotor areas (Langheim et al., 2002; Lotze et al., 
2003). 

Moreover, as attention has been shown to have significant influence on premotor activation 
(Rizzolatti et al., 1987), a previous motion observation task has demonstrated that attending to 
repetitive dynamic sequential stimuli combined with the demand of anticipation is sufficient 
to induce powerful activation of premotor cortex (Sakreida et al., 2005). Even though here we 
used passive observation of the finger sequence in the encoding phase, the task instruction 
involves later on sequence reproduction. Thus, highly attentional requirements are related to 
successful internal simulation during the encoding phase as characterized by the professional 
pianists.  

Besides the motor networks, we found significant BOLD response in the DLPFC, namely BA 
9 and BA 46, which has a decisive role for working memory (Curtis and D'Esposito, 2003; 
Fuster and Alexander, 1971). The DLPFC activation in piano players during the encoding 
condition could be attributed to the involvement in musical processing strategies (Ohnishi et 
al., 2001) as well as to the higher capacity of working memory in musicians (Pallesen et al., 
2010; Patston et al., 2007), which is also reflected in the superior performance of pianists 
already during training.  
For achieving a lower performance of finger sequence accuracy, musically naïve participants 
recruited substantially higher motor activation. Most interestingly, they evoked activations in 
similar sensorimotor areas compared to those seen in piano players during sequence encoding 
but right-sided activation of BA 44. Overall, activation of these areas is characteristic for the 
performance of complex motor patterns in subjects with low training in motor performance. 
After motor skill acquisition, movements gain speed, precision, automaticity, and adaptability. 
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These behavioral consequences of motor skill acquisition and practice are accompanied by 
neuronal economization and a focus on the primary motor and sensory cortices (Jancke et al., 
2000). Such aspects of learning an instrument were initiated for the musically naïve controls.   
Although the fMRI technique itself provides a rather poor time resolution of cognitive 
processes, our paradigm allows to point out not only transfer effects but shows the whole 
process of acquisition-to-retrieval of motor sequences. Whereas the pianists were able to 
encode the motor sequence early during the encoding condition, the sequence acquisition 
seems to be delayed in musically naïves, as performance of novel motor sequences is related 
to neural correlates within the sensorimotor network similar to the encoding condition in 
piano players. At this time step, i.e. during the sequence retrieval time interval, pianists use 
internal simulation through auditory cortex. 
Most interestingly, future performance during the retrieval task (less errors) could be 
predicted by increased left primary somatosensory activation in the finger area during the 
encoding task. In fact, we expected an association in the primary motor area or in the MNS. 
However, the internal anticipation of the motor sequence already during observation of the 
sequence and its somatosensory felt associations seems to be especially high for those 
participants who later perform with low errors. An associated primary somatosensory 
representation even during hand observation is not a new finding (e.g. in the monkey see Raos 
et al., 2007). However, that it is associated with success in performance of the later motor task 
is rather remarkable. This finding should therefore be studied in detail. It might also help us to 
understand associations of increased motor performance training after somatosensory training 
(Kalisch et al., 2008). Thus, an increase of somatosensory cortex facilitation might be capable 
of increasing motor performance during movement observation training. 
In musicians cross modal activation is a widely observed characteristic of functional cerebral 
adaptation to audio-motor training. After experiencing auditory feedback for movements, 
auditory coactivation occurs even when only the movement is performed but the feedback is 
withdrawn (Bangert and Altenmuller, 2003; Haslinger et al., 2005; Haueisen and Knosche, 
2001). Reversely, if after intensive training the trained piece is auditorily presented, the 
primary motor cortex is active (D'Ausilio et al., 2006). Hence, audiomotor training coactivates 
the auditory and the motor cortex in an associated manner. We did not observe a relevant A1-
activation during encoding. The primary auditory cortex is co-activated as a consequence of 
musical training but only if one system (motor or auditory) becomes activated by actual 
movement or live auditory stimuli: If the action is not performed, as for instance when 
musicians imagine performing a musical piece, A1 activation is absent (Langheim et al., 
2002; Lotze et al., 2003). However, this finding might also be associated with the coding of 
finger sequences shown as colored fingers instead of notes. Presenting a finger sequence 
might rather evoke motor but not auditory coactivation. 
 
Performing sequence retrieval without auditory feedback activated one element of the 
entrained Hebbian association and co-activated A1 in both subject groups. The primary 
auditory co-activation in our musically naïve participants demonstrates an evolved change of 
the cerebral activation patterns, due to both the scanning and the training session.  
It is known that musicians possess increased auditory activation within the left hemisphere 
during listening to a musical piece (Bever and Chiarello, 2009; Neylan, 2009; Schlaug et al., 
1995). Interestingly, professional musicians show even a higher gray matter volume in this 
region (Gaser and Schlaug, 2003), a structural enlargement of the left planum temporale 
(Pantev et al., 1998), and a right ear superiority (Bever and Chiarello, 2009). We found a 
lateralization of the primary auditory cortex to the left hemisphere in piano players, which 
suggests that advanced experience in piano play results in a transfer of analytic sequence 
processing in the left A1 also during a keyboard training condition quite different to piano 
play. 
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In contrast to findings of others (e.g. Conde et al., 2012) we found more sequence errors when 
providing an auditory feedback than without auditory feedback in the pianists during retrieval 
of the finger sequence. In their serial reaction time task Conde et al did also reversed the order 
of tones on the keypad. In contrast to our study, they presented the sequence order in a more 
gamut like way. The more unusual settings used in our study might have been more disturbing 
for the pianists. Different findings with respect to the profit of the musician group in response 
to auditory feedback might therefore well depend on different methodological procedures 
used. 
 
It might be criticized that firstly both subject groups had experience in motor sequence 
training due to writing on computer keyboards. In fact, a questionnaire demonstrated that the 
group of non-pianists did even show a tendency for spending more time per week with 
working on a computer keyboard. Therefore the non-pianists might show somehow increased 
performance training for that. This could not be avoided and might have decreased group 
differences in our experiment.  
Secondly, we cannot definitively rule out task associated muscle twitches already during the 
encoding interval. However, participants were controlled to keep their fingers in a relaxed 
position on the keyboards and no key hits were recorded during this encoding task. 
Thirdly, our hypotheses did not allow for randomizing the three conditions in temporal order. 
Therefore time effects might have influenced the within subject results.   
  
Conclusion: 
Our data offer new insights in learning strategies and the transfer of knowledge. We 
demonstrated that experienced participants did initially recruit a broad pattern of motor 
regions including mirror neurons but also working memory during encoding of a finger 
sequence presented with hand symbols whereas naïve participants showed increased motor 
activation during the performance of motor sequences. Most probably, the initial increased 
recall of motor patterns by the pianists are due to a Hebbian mechanism associating visual and 
motor activation during repetitive training, thus, this might enable the superior performance 
during the actual retrieval of the sequence in musicians. During this retrieval period a 
substantial economization of motor representation characterized the experienced group.  
Future studies might concentrate on the feedback centered aspects of experienced motor 
performance. Is the pattern observed specific for an audio-motor training or, for instance, do 
secretaries show the same characteristic increase of performance and economization of neural 
resources during retrieval and motor recall during encoding already? 
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Table 1: fMRI results between subject groups (piano players minus musically naïve participants) for the 
encoding task (p<0.05; FDR corrected for the whole brain) 
 
side, area 

 
t-value 

 
cluster  MNI-coordinates  

    x y z 
Primary somato-sensory 
cortex (S1), left, (BA) 
Brodmann area 1,2,3 

     4.21 
 

159 
 

-42 -27 51 

S1, right, BA 1,2,3 3.93 7 36 -45 57 
 
Primary motor cortex 
(M1), le, BA 4 

3.19 
 

27 -39 -18 57 

M1, ri, BA 4 3.46 12 39 -18 54 
Supplementary motor 
area (SMA), le, BA 6 4.15  

96 -9 -3 60 

SMA, ri, BA 6 4.79 217 3 9 63 
Dorsal premotor cortex 
(dPMC), le, 
BA 6 

6.69* 
 

44 -39 -6 57 

dPMC, ri, BA 6 4.20 10 36 -15 60 
SPL, le BA 7  3.84 10 -27 57 54 
Inferior parietal lobe 
(IPL), le, BA 39,40  4.76  

72 -42 -33 36 

IPL, ri BA 39,40  3.47 
 

6 66 -36 21 

Inferior frontal gyrus 
(IFG), le, BA 44  4.56 

 
49 

-51 9 39 

 

Cerebellar hemisphere, le 3.76  
20 -24 -51 -24 

Cerebellar hemisphere, ri 5.35*  
32 33 -51 -24 

Dorsolateral pre-frontal 
cortex (DLPFC), le, BA 
9,46  

4.30 
 

9 -51 6 39 

Fusiform gyrus ri 6.50* 59 42 -48 -12 
Fusiform gyrus le 3.86 10 -42 -54 -15 
Occipital lobe ri 5.36 37 54 -60 -9 
Occipital lobe le 3.86 29 -42 -54 -15 
MT le, V5 4.19 8 -39 -69 -3 
Insula le 5.59* 56 -30 18 6 
Insula ri 3.64 13 39 3 6 
Temporal lobe (TL), 
superior gyrus le 4.19  

16 -63 -30 17 

TL, superior gyrus ri 3.47 6 66 -36 21 
TL, middle gyrus ri 4.41 29 54 -60 -3 

 
• corrected for FWE  over the whole measurement volume 
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Table 2: fMRI results between subject groups (musically naïve participants minus piano players) for the retrieval 
task with auditory feedback (p<0.05; FDR corrected for the whole brain) 
side, area t-value cluster  MNI-coordinates  
    x          y                    z  
S1, le, BA 1,2,3 4.46 207 -54 -27 42 

S1, ri, BA 1,2,3 3.64  
21 51 -15 45 

M1, le, BA 4 3.91 49 -42 -24 -60 
M1, ri, BA 4 3.91 15 51 -12 45 
SMA, le, BA 6 3.73 75 -15 -15 72 

SMA, ri, BA 6 4.22 39 
 27 -15 66 

vPMC, ri 4.38 48 60 0 33 
dPMC, le, BA 6 4.33 61 -45 -18 57 
dPMC, ri, BA 6 3.98 35 30 -15 63 
IPL, le, BA 39,40  4.62 16 -57 -24 42 
IFG, ri, BA 44  3.50 22 60 9 21 
Cerebellar hemisphere, le 
(Larsell’s lobule H IV) 

 
4.49 

 
127 

 
-12 

 
-72 

 
-21 

Cerebellar hemisphere, ri 
(Larsell’s lobule H VI) 

 
5.04* 

 
 

146 
 

33 
 

-51 
 

-24 

Putamen, le 3.27 47 -27 6 12 
Putamen, ri 3.42 70 27 0 9 
DLPFC, ri, BA 9, 46  4.07 22 63 6 24 
Occipital lobe ri 4.13 23 15 -84 -15 
Occipital lobe le 3.43 19 -6 -87 -12 
Insula le 3.31 11 -33 -18 12 
Insula ri 3.52 19 36 -9 12 
TL, middle gyrus le 3.79 93 -48 -51 9 
TL, superior gyrus le 3.58 14 -48 -42 18 
TL, superior gyrus ri 3.36 6 42 -36 3 

 
• corrected for FWE  over the whole measurement volume 



  19 

Table 3: Retrieval of the sequences without auditory feedback; Masked for the gyrus of Heschl  (p<0.05; FDR 
corrected for the ROI) 

piano players                           musically naïve participants     
 
   

 
   

 
  

            

side, 
area  t-value 

 
cluster  

MNI-
coordi
nates 

 t-value 
 

cluster  
MNI-

coordinat
es 

 

          
    x y z   x y z 
Left gyrus of 
Heschl (A1)      3.76  

  6 -33 -24 6 

 
Right gyrus of 
Heschl (A1) 

3.67 
 

     5 45 -18 12 3.05 
 

7 33 -30 12 

 


