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PERSPECTIVES

related plasticity, as is its behavioural signifi-
cance3,4. Animal research has also revealed
neuroplasticity at the molecular, synaptic and
macroscopic structural levels5,6.Although ani-
mal models are useful for studying the cellular
and molecular mechanisms of plasticity, the
typical laboratory animal is deprived of nor-
mal stimulation and might, therefore, be a
special case.Moreover, animal models are lim-
ited in the range of stimuli that are used, in the
behavioural manipulations that are associated
with these stimuli and in the duration of

training. In addition, it is far from clear how
the mechanisms that govern synaptic plastic-
ity at the cellular level are related to the 
flexibility of operations seen for large-scale
neuronal networks on the one hand, and 
cognitive processes on the other.

It is therefore important to extend these
investigations to the human brain. Significant
headway has been made by studying inter-
modal plasticity in congenitally blind7 or deaf
subjects8,9, or by monitoring the effects of
limb amputations10. In this article,however,
we are concerned with findings in profes-
sional musicians that have been described
over the past decade or so.Performing music
at a professional level is arguably among the
most complex of human accomplishments. A
pianist, for example, has to bimanually co-
ordinate the production of up to 1,800 notes
per minute (FIG. 1).Music, as a sensory stimu-
lus, is highly complex and structured in sev-
eral dimensions11, so it extends beyond any of
the stimuli that have been used in animal
research.Moreover, making music requires

Studies of experience-driven neuroplasticity
at the behavioural, ensemble, cellular and
molecular levels have shown that the
structure and significance of the eliciting
stimulus can determine the neural changes
that result. Studying such effects in humans
is difficult, but professional musicians
represent an ideal model in which to
investigate plastic changes in the human
brain. There are two advantages to
studying plasticity in musicians: the
complexity of the eliciting stimulus — music
— and the extent of their exposure to this
stimulus. Here, we focus on the functional
and anatomical differences that have been
detected in musicians by modern
neuroimaging methods.

The size and temporal organization of cortical
representations of stimuli are continually
shaped by experience1,2. Animal studies over
the past 20 years have gone a long way towards
explaining some of the rules of cortical plastic-
ity. For example, it has been shown that train-
ing to make fine-grained temporal judge-
ments yields an expansion of the bandwidth
or receptive field in both the auditory and
somatosensory modalities, whereas tasks that
require fine-grained frequency or spatial tac-
tile discrimination lead to a decrease in the
receptive-field size of cortical neurons1,3. This
effect has been explained by Hebbian learning
rules, whereby synapses are driven to change
by temporally coherent inputs in a competi-
tive neural network. Attention to the sensory
input is very important in driving experience-
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Figure 1 | Example of a hypercomplex musical score. Two three-second segments of the 11th
variation from the 6th Paganini-Etude by Franz Liszt. The depicted segments require the production of
1,800 notes per minute. Reproduced by kind permission of Peters Edition Ltd.



Neurophysiology of Practicing  
The whole brain is involved:  

Cerebrum  
Planning, Anticipation 
Voluntary Movement 
Hearing, Perception 
 
Cingulate Gyrus 
Emotional evaluation 
Error Monitoring  
 
Basalganglien 
Automation 
Emotional “labelling” 
 
Brain stem  
Posture, Reactions, 
Breathing 
 
Cerebellum 
Coordination, Timing 
Learning 
 
Spinal cord 
Reflexes 



Orbito-frontal Lobe 
Costs + Reward 
in a given context  

Basal Ganglia 
Selection 
Inhibition 
Integration 

State 
Change: 
Music 

Auditory 
Somatosens. 
System  

Limbic System 
Pleasure 
Anxiety 

Measured Sensory 
Consequences with time delay 

Feed Forward  
Model 
Efference  
Copy 

State  
estimation 

A. Cingulate G. 
Feedback 
Control Policy 

Body 
Environ-
ment 

Predicted 
Sensory C. 

Motor C. 

A holistic model of the performers‘ brain 

Pre-frontal Lobe, SMA, PMC 
Action planning and Motor 
Programming 
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The paradigm: Driving the Brain at its limits!  

Herrojo-Ruiz M, Jabusch HC, Altenmüller E. Cerebral Cortex 2009 



The musicians brain miracle: errors are 
detected, before they are committed  

The wrong note 



Error monitoring in the anterior cingulate gyrus  

Results of „Loreta- 
Analysis“ 

Herrojo-Ruiz et al. Cerebr. Cortex 2009 
Strübing et al. Ann. N.Y. Acad. 2011 



Sensory feedback is not necessary in 
skilled players (Cheng et al. 2016  Rest. Neurol.) 

Task: C-major scales as regular as possible 
synchronization-continuation paradigm  
(e.g.Pfordresher and Benitez 2007) 

Synchronization 
30 sec 
80 bpm, 16 notes 
(IOI = 187.5 ms) 
Normal auditory 
Feedback 

Continuation 
Repeat 2 octaves of scales 
1 of the 4 Conditions Applied 

Start End 

…
  

…
  

Conditions 
1. normal 
2. mute 
3. delay (90ms) 
4. glove 



Playing regularity of 
C-major scales 
in 16 professional 
pianists 

(Cheng et al. 2016  
 Rest. Neurol.) 

Results 



The impact of stress on motor performance 

Ioannou, Furuya and Altenmüller, Neuropsychologia 2016 



Stress does not affect playing  
in healthy pianists 

No difference in  
Scale playing precision 
 
Although some pianists  
were quite stressed: 

Ioannou, Furuya and Altenmüller, Neuropsychologia 2016 
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Why practice?  

Improvement of auditory, sensory-motor and mental skills 
 
Primary Goals:  
 
Improvement of co-ordination, touch,  sonority, etc. 
Improvement of memory and mental representations  
Improvement of performance skills, “Bühnenpräsenz” 
 
Secondary Goals: 
 
Improvement of practising: 
Improvement of self awareness  and critical self-evaluation 

  
Like playing, practising is mainly a “procedural” skill 
 



How to Practice?  

How long? 
 
How can I increase speed? 
 
How many pieces should I practice in one session? 
 
Is variable practice better than blocked? 
 

 
 
 
 
 
 
 



(Hettinger et al. Geschicklichkeit und deren Übbarkeit. Z.Arbeitswiss.1975;29:223) 

 

     ?    

Zunahme der 
Fingergeschicklichkeit nach 
zweiwöchiger Übung in 
Abhängigkeit von der Zahl der 
Arbeitsbewegungen pro 
Übungseinheit. 



(Hettinger et al. Geschicklichkeit und deren Übbarkeit. Z.Arbeitswiss.1975;29:223) 

Zunahme der 
Fingergeschicklichkeit nach 
zweiwöchiger Übung in 
Abhängigkeit von der Zahl der 
Arbeitsbewegungen pro 
Übungseinheit. 



John Williams Waterhouse: Penelope and the suitors (1912) 



The Penelope-effect 

(Hettinger et al. Geschicklichkeit und deren Übbarkeit. Z.Arbeitswiss.1975;29:223) 

Zunahme der 
Fingergeschicklichkeit nach 
zweiwöchiger Übung in 
Abhängigkeit von der Zahl der 
Arbeitsbewegungen pro 
Übungseinheit. 

Teach the art to stop  
practicing in the right moment 



Reasons for Deterioration 
 
1.) Reduced motivation 
2.) Reduced attention  
3.) Fatigue of the muscles 
  

Conclusion: 
 
Organize your practice sessions interesting  
Try not to practice un-attentively 
Stop practice when fatigued (exception: endurance training) 
           Include pauses in your practice schedule 
         



How to increase speed? 



“Zielgerichtete Handbewegunge, die 
weniger als 250 ms erfordern, sind im 
voraus programmiert.” Hettinger 
Sportmedizin S. 135 
 
Beginn der Aktivierung in der SMA u. 
in M1 ca 1 Sekunde vor Beginn der 
Bewegung, bei sehr komplexen 
Bewegungen länger. 
 
Geregelte Bewegungen: SMA etc. 
(closed-loop) 
Ballistische Bewegungen _ 
Automatisation - Basalganglien?(open-
loop), evtl: cerebellum:Efferenzkopie: 
Bewußtwerdung des Vergleiches 
zwischen Efferenz und Afferenz bzw. 
zwischen Ausführung und 
propriozeptiver Rückmeldung nur 
beim Auftreten von Fehlern 
 
Geschwindigkeitsbarriere (Osolin 
1949) Am ungünstigsten: Frühes 
Längeres Üben im Grenzbereich 
hoher Geschwindigkeit (Über längere 
Zeit am Stück) festigt suboptimale 
Bewegungskoordination und -
programme. Daher neben dem 
Langsamen Üben auch früh schnell 
üben, aber KURZE Abschnitte (keine 
Ausbelastung), hierbei auch 
Vernachlässigung der Präzision 
akzeptieren. Mental schnell üben. 

slow 
movements  

rapid, “ballistic” 
movements  

closed loop 
feedback for any 

note 

in the execution 
phase:  

correction possible 
at any time 

open loop 
no immediate 

feedback  

no correction 
possible in the 

early  
execution phase  



Slow, guided movements: 
SMA 

Automated fast  
movements 

Basal Ganglia 

Timing:  
Cerebellum 

There are different places in the brain, where 
slow and fast movements are stored:  
  



Teachers know and knew this: 
Example: P. L. Graf, Work-Up, Schott-Verlag 





10 Clarinetists:  
Task:  
a.) blocked 12. min Concerto exposition 
     blocked 12. min Etude  
 
b.) interleaved 4x 3 min  (other) Concerto exposition 
     mixed with 4 x 3 min (other) Etude 
 
Measures: Expert video rating after sight-reading, before and after 
practice day 1 and practice day 2 

   

 
 



mh...not so clear, raters judge differently 

C. Carter, J. Grahn, Frontiers 2016  



C. Carter, J. Grahn, Frontiers 2016  

Interleaved practice seems to be slightly better 
in  retention-tests 

Average improvement from the end of day 1 to day 2: 
 = retention test 





Variability and practice	

Spatial variability of movements during learning is believed 
to enhance learning rate through action  
Exploration, retention and transfer of  
motor memories	

Wu et al. 2014 Nat Neurosci 
Schmidt 1975 (“Scheme theory”) 

However, 
In music practicing not so clear: 





Participants 

Median min max 

Age /yrs 19.9 18.1 27.6 

Age at Commencement (piano) /yrs 13.0 6 22 

Cumul. years (piano) 5.3 1.4 19.5 

Cumul. hours (piano) 824 151 4625 

Handedness (Oldfield) 100 69 100 

LH active digit 1-5 span /cm 19.5 16.5 24.0 

Randomly assigned to one of two matched groups 
(between-groups Mann-Whitney tests for any of the above metrics p > 0.05) 

20 right-handed music students (11 male, 9 female) 

piano as their minor subject 



Results: Hit Rate 

•  Main Effects for 
Session/Interaction 
for Group x 
Session,  p, pη2 

•  Anova pcorr 
(Huynh-Feldt) 

•  Wilcoxon pcorr 
(Bonferroni) 

•  Mann-Whitney pcorr 
(Bonferroni) 

CORRECTED : 
Nothing 
significant here 



Results: Leap Execution Time:  
slightly better in variable practice  

•  Main Effects for 
Session/Interaction 
for Group x 
Session,  p, pη2 

•  Anova pcorr 
(Huynh-Feldt) 

•  Wilcoxon pcorr 
(Bonferroni) 

•  Mann-Whitney pcorr 
(Bonferroni) 

CORRECTED (17 Tests) 
Session Effects (Friedman 4): 
•  VAR TRG: pcorr = 0.024  
•  VAR TRF: pcorr = 0.087 
 
Wilcoxon 8: 
•  Var TRG: PRE-PST: pcorr = 0.048  
•  Var TRG: PRE-RET: pcorr = 0.07 
•  Var TRF: PRE-RET: pcorr = 0.096 

UNCORRECTED  
Session Effects (Friedman): 
•  VAR TRG: pcorr = 0.006  
•  VAR TRF: pcorr = 0.029 
 
Wilcoxon: 
•  Var TRG: PRE-PST: pcorr = 0.006  
•  Var TRG: PRE-RET: pcorr = 0.010 
•  Var TRF: PRE-RET: pcorr = 0.016 

Across-Session Effects: 

* pcorr = 0.024 (Friedman)  

Between-Session Effects: 

* pcorr = 0.048 (Wilcoxon) 

 

After Bonferroni-correction 

*(VAR/TRG) 

*(VAR/TRG) 
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Theory is based mostly on tests in sport psychology 
 
e.g. Golf 
Putting: 
Who will hole in 



The optimal theory 



Summary:  
Some ingredients for optimal practice 

Encourage autonomy of the student  

Encourage “high” goal-setting 

Provide positive feedback 

Provide social comparative feedback: e.g. joint concerts 

Encourage self-modeling: “I am a Chopin-freak”  

Reduce perceived task difficulty: sheet music editors! 

Conceptions of ability: proudness of being a performer 

Extrinsic rewards: well coached competitions  

Positive affect: your optimism is contagious  
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