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Summary

Electrophysiological Correlates of Motor Control and Error-Monitoring in
Healthy Pianists and Pianists with Musician’s Dystonia

María del Carmen Herrojo Ruiz

Performing excellence requires the ability to monitor ongoing behavior, detect
errors and modify the performance in response to changing environmental condi-
tions or goals. On the one hand, motor behavior research has long been interested in
how learning from errors can benefit motor skills and how relevant is set-shifting
for an adequate performance. On the other hand, more recently, the neuroscientific
community has set out to investigate the neural correlates of error-monitoring and
execution and inhibition of motor programs.

The present thesis aims at providing new insights into the neural mechanisms
subserving: (i) Detection and processing of errors; (ii) movement planning and
execution; and (iii) response inhibition. The novelty of the present investigation
is to focus on a natural kind of piano performance as an example of a complex
multimodal task, which requires high skills.

Recent neurophysiological studies have presented evidence for the hypothesis
that musician’s dystonia (MD), a form of focal task-specific dystonia, is associated
with impaired inhibitory function and abnormal movement preparation. Further-
more, disturbed executive functions such as error-processing have been reported in
other conditions with dysfunction of the basal ganglia-thalamic-frontal circuit such
as Parkinson’s Disease or Tourette’s Syndrome. Consequently, the investigations in
the present thesis extend from healthy pianists to pianists affected by MD.

The empirical data of this work were collected from three electrophysiological
(EEG) experiments. The subsequent data analysis focused on the role of oscillations
and synchronization of the EEG signal and their putative relevance for the patho-
physiology of MD. This methodological approach was motivated by the several lines
of evidence that point to a fundamental role of local and global neural synchrony in
the brain functional integration and segregation.

In the first experiment, the question whether or not MD affects the inhibition
(INH) of long-term overlearned motor programs was addressed. For that purpose,
the neural correlates associated with INH of long-term overlearned motor memory
traces were investigated in MD and healthy pianists. The findings supported the
hypothesis of a deficient phase coupling between the neuronal assemblies required
to inhibit motor memory traces in patients with MD. Further, EMG recorded from the



right flexor pollicis longus muscle confirmed that patients with MD had a disrupted
INH in NoGo trials. Last, the patterns of weaker beta oscillations in MD pianists
suggested that pianists with MD may have set-shifting deficits.

In the second experiment, the electrophysiological correlates of executive control
mechanisms, in particular error detection, were investigated during memorized
piano performance in the presence and absence of auditory feedback. The main
finding was that around 70 ms prior to errors a negative component, termed preERN,
is elicited in the event-related potentials and is generated by the anterior cingulate
cortex. Interestingly, this component was independent of the auditory feedback.
Furthermore, the loudness of errors was reduced, suggesting that a corrective mech-
anism had been initiated. The auditory information did modulate the processing of
the errors after their execution, as reflected in a larger error positivity (Pe).

In the last experiment, the main aim was to understand in greater detail the
fast feedforward mechanisms of error detection and the implementation of control
during the performance of overlearned motor programs in both healthy and MD
pianists. The main result in healthy pianists was a pre-error increase in beta phase
synchrony between the medial ACC and the right lateral prefrontal cortex, which
was related to the corrective mechanisms of reduction in loudness of errors (correla-
tion analysis). The results obtained with MD patients suggest that this group has
(i) a distinct pattern of phase synchronization for the feedforward implementation
of control; and (ii) an enhanced emotional evaluation of errors, as reflected in the
larger post-error beta activity.

In sum, the findings presented here foster our better understanding of the neural
underpinnings of executive functions and set-shifting in highly skilled performance
in healthy pianists and in its degradation in pianists with MD.



Zusammenfassung

Elektrophysiologische Korrelate von Motorischer Kontrolle und
Fehlerkontrollprozessen in Gesunden Pianisten und Pianisten mit

Musiker-Dystonie

María del Carmen Herrojo Ruiz

Exzellente Performanz erfordert die Fähigkeit, ablaufendes Verhalten zu be-
obachten, Fehler zu erkennen und die Performanz in Reaktion auf veränderliche
Umweltbedingungen oder Ziele zu verändern. Einerseits bestand im Rahmen der
Erforschung motorischen Verhaltens Interesse an der Frage, wie Lernen aus Fehlern
motorische Fähigkeiten verbessern kann und wie relevant Einstellungswechsel (“set-
shifting”) für eine adäquate Performanz sind. Andererseits hat die Neurowissen-
schaft in letzter Zeit angefangen, die neuralen Korrelate von Fehlerkontrollprozessen
sowie Ausführung und Inhibition motorischer Programme zu untersuchen.

Die vorliegende Arbeit versucht, neue Einsichten zu vermitteln bezüglich: (i)
Erkennung und Verarbeitung von Fehlern; (ii) Bewegungsplanung und -ausführung;
und (iii) Reaktionsunterdrückung. Der besondere Ansatz der vorliegenden Untersu-
chung besteht dabei darin, sich insbesondere mit der Performanz des Klavierspielens
– als Beispiel für eine viel übung erfordernde multimodale Aufgabe – auseinander-
zusetzen.

Neuere neurophysiologische Studien belegen die Hypothese, daß Musiker-
Dystonie (MD), eine Form fokaler aufgabenspezifischer Dystonie, in Zusammenhang
mit gestörter Inhibition und abnormaler Bewegungsvorbereitung steht. Darüber
hinaus wurde über gestörte Exekutiv-Funktionen (wie z.B. Fehlerkontrolle) in Zu-
sammenhang mit Störungen des Netzwerks von Basalganglien, Thalamus und
frontalem Cortex (wie z.B. der Parkinson-Krankheit oder dem Tourette-Syndrom)
berichtet. Dementsprechend werden in der vorliegenden Arbeit sowohl gesunde
wie auch an MD leidende Pianisten untersucht.

Die empirischen Daten der vorliegenden Arbeit stammen aus drei elektrophy-
siologischen (EEG-) Experimenten. Die Analyse konzentrierte sich auf die Rolle von
Oszillationen und Synchronisationsprozessen im EEG-Signal und ihre vermutete
Relevanz für die Pathophysiologie von MD. Dieser methodologische Ansatz wurde
durch eine Reihe verschiedener Befunde motiviert, die auf eine grundlegende Rolle
von lokaler und globaler neuraler Synchronisation bei der funktionalen Integration
und Segregation im Gehirn hinweisen.

Das erste Experiment untersuchte die Frage, ob MD einen Einfluß auf die Inhi-



bition (INH) von motorischen Programmen hat, die über einen langen Zeitraum
hinweg über-lernt worden sind. Zu diesem Zweck wurden die neuralen Korrela-
te der Inhibition solcher motorischen Programme in an MD leidenden Pianisten
untersucht. Die Befunde unterstützten die Hypothese, daß bei diesen Pianisten
eine unzureichende Phasen-Kopplung zwischen den neuralen Zellverbänden, die
an der Inhibition motorischer Gedächtnisspuren beteiligt sind, vorliegt. Darüber
hinaus bestätigten EMG-Messungen vom rechten flexor pollicis longus-Muskel, daß
MD-Patienten eine gestörte INH in NoGo-Durchgängen aufweisen. Und schließlich
deuteten Muster abgeschwächter beta-Oszillationen in an MD leidenden Pianisten
auf mögliche Defizite bezüglich “set-shifting” hin.

Im zweiten Experiment wurden die elektrophysiologischen Korrelate exekutiver
Kontrollmechanismen, insbesondere der Fehlerkorrektur, während des Klavierspiels
aus dem Gedächtnis mit und ohne auditorischer Rückmeldung untersucht. Der
Hauptbefund war, daß etwa 70 ms vor dem Auftreten von Fehlern eine negative
EKP-Komponente namens preERN erscheint, die durch den anterioren cingulären
Kortex erzeugt wird. Zudem war die Lautstärke fehlerhafter Noten reduziert, was
darauf hinweist, daß ein Korrekturmechanismus eingesetzt hat. Wurde auditori-
sches Feedback gegeben, beeinflusste dies die Verarbeitung von Fehlern nach ihrem
Auftreten, angezeigt durch eine vergrößerte Fehler-Positivität (Pe) im EKP.

Das Hauptziel eines dritten Experiments bestand darin, die schnellen Feedfor-
ward-Mechanismen und die Implementation von Kontrolle während der Ausfüh-
rung über-lernter Motor-Programme sowohl bei gesunden wie auch an MD leiden-
den Pianisten genauer zu verstehen. Der wichtigste Befund bei gesunden Pianisten
war eine Verstärkung der Phasen-Synchronisation im beta-Band zwischen dem
medialen anterioren cingulären Kortex und dem rechts-lateralen präfrontalen Kor-
tex vor dem Auftreten von Fehlern, die mit der durch korrektive Mechanismen
hervorgerufenen verringerten Lautstärke falscher Noten korreliert. Die bei MD-
Patienten gemachten Beobachtungen sprechen dafür, daß sich diese Gruppe durch
(i) ein spezifisches Muster der Phasen-Synchronisation im Rahmen der Feedforward-
Implementation von Kontrolle und (ii) eine verstärkte emotionale Bewertung von
Fehlern (angezeigt durch eine erhöhte beta-Aktivität nach ihrem Auftreten) aus-
zeichnet.

Die hier präsentierten Befunde tragen zu einem besseren Verständnis der neura-
len Grundlagen von exekutiven Funktionen und Einstellungswechseln bei der Per-
formanz gesunder Pianisten sowie ihrer Verschlechterung bei an MD leidenden
Pianisten bei.
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Chapter 1

Introduction

So to the music of his strings he sang,
And all the bloodless spirits wept to hear;
And Tantalus forgot the fleeing water,
Ixion’s wheel was tranced; the Danaids
Laid down their urns; the vultures left their feast,
and Sisyphus sat rapt upon his stone
Then first by that sad singing overwhelmed,
The Furies’ cheeks, it’s said, were wet with tears;
And Hades’ queen and he whose sceptre rules
The Underworld could not deny the prayer,
And called Eurydice.

Ovid, Methamorphose

The figure of Orpheus belongs to the collective imaginary as an archetype
of the master musician and poet. His extremely moving singing and playing
of the lyre made him capable of arousing deep emotions even in Hades
and Persephone. Communicating expressive effects and true emotion is a
special skill in music performance which is difficult to acquire. It is only
possible after extensive training, which first aims at the development of the
more earthly technical sensory-motor skills. Once the technical skills can
be performed at an automated level, more freedom is left to the expressive
aspects of the musical interpretation. The refined sensory-motor skills in
music performance are of special interest for my work.

The present thesis focuses on the study of the patterns of electrophysio-
logical activity associated with the execution and monitoring of voluntary
movements in piano performance, as an example of a complex sensory-motor

1



2 1 Introduction

behavior. Voluntary movements are goal-directed, purposeful and largely
learned, and can therefore reach high levels of proficiency (Kandel et al., 1992).
Another important aspect of voluntary movements is that , with increasing
levels of practice and proficiency, they demand less conscious attention. Pi-
ano performance is a particular case of complex voluntary movements and
refined sensory-motor tasks that concerns my work. However, other tasks,
such as dancing, playing tennis, speaking a language or even leaping in a
rhythmic gymnastics exercise, can also illustrate the daunting capabilities of
our motor systems in conjunction with neural systems in charge of sensory
modalities.

As will be further described in the next section, there is a strong interrela-
tion between motor and sensory systems. This cooperation is fundamental
both for learning a novel motor task and for performing an overlearned
motor task. In particular, sensory information is used by the motor systems
to detect and correct errors through feedback and feedforward mechanisms
(Bernstein, 1967; Kandel et al., 1992). Feedback mechanisms use sensory
information from an ongoing response to control continuously for errors.
The continuous sensory inflow produces a feedback signal (efference copy)
of the current motor outflow. This signal is compared with a reference signal
of the motor command, and in case of a mismatch, an error signal is triggered
to correct the motor output (Bernstein, 1967). These mechanisms are slow
because of the time required to process sensory input from the environment
(e.g., several hundred milliseconds for visual input) and are consequently
limited to slow movements, such as maintaining posture or a force, and se-
quential acts. In the case of fast movements, such as playing the piano, doing
gymnastics or shooting a ball through the basket, a precise execution can
only be achieved by using sensory information provided in advance. Through
fast feedforward mechanisms, a prediction of the motor output to match
the goal of the movement can be used to control in advance variables of the
movement, such as the position and angles of the joints or the force of the
muscles.

The perfect functioning of feedforward mechanisms is only possible with
the aid of internal representations of the movements in the specific envi-
ronment, acquired through learning with the assistance of feedback signals
(Wolpert et al., 1995). Therefore, the long-term training of movement patterns
with continuous auditory and somatosensory feedback turns music perfor-
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mance into an excellent paradigm to investigate fast predictive processes.
Nevertheless, an excessive training of the temporal and spatial move-

ment patterns, characteristic in music performance, may degrade the neural
networks subserving the implementation motor memory traces and the
execution of such voluntary movements, thus leading to the condition of
musician’s dystonia. Whether or not feedforward mechanisms are affected in
this movement disorder has remained unclear up to date and, consequently,
is also a focus of my investigations.

1.1 Thesis outline

In this introductory chapter, I define the main principles of the anatomy
and function of the motor system (Section 1.2), describe the main character-
istics of music performance (Section 1.3) and discuss the pathophysiology
of focal hand dystonia and one of its specific forms, which affects musi-
cians: musician’s dystonia (MD, Section 1.4) . At the end of this chapter,
the aims of the present thesis are outlined. In Chapter 2, I explain some
concepts underlying this work. These concepts include basic knowledge
about electrophysiology (EEG, Section 2.1) and event-related potentials (Sub-
section 2.1.1), electromyography (Section 2.2), and a first description of the
phenomenon of neural synchronization (Section 2.3). The phenomenon of
neural synchronization is further highlighted in Chapter 3, which presents
elements of the data analysis methods used in this work. The subject of
Chapter 4 are the empirical approaches to investigate the aims of this work
along with the corresponding findings and discussion. This chapter consists
of three sections which correspond to three EEG experiments. In Section 4.1,
a first experiment studying the relevance of inhibitory mechanisms in piano
performance in healthy pianists and pianists with MD is presented. The
fast, efficient action-monitoring mechanisms in piano performance are in-
vestigated in the two following experiments, one with healthy professional
pianists (Section 4.2) and another one with pianists with MD (Section 4.3).
I conclude the thesis by summarizing the findings and suggesting a focus
of future neurophysiology studies of action-monitoring on complex multi-
modal tasks which require highly trained skills. In addition, I emphasize
the necessity to investigate the pathophysiology of MD in paradigms using
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natural kinds of music performance.

1.2 Anatomical and functional principles of the
motor system

Several neural structures are involved in the production and control of volun-
tary movements: the premotor and primary motor cortex, the brain stem, the
spinal cord, the basal ganglia and the cerebellum. The neural systems that
monitor movements of the hand and arm – the limbs which are responsible
for piano performance – are of particular interest for the present thesis.

There are three key organizational features of the motor system (Follow-
ing Kandel et al., 1992): First, sensory information is very important for the
monitoring of movements because it provides a representation of the outside
world and our position in it. Sensory inputs from skin, muscles and joints
ascend to the thalamus and are relayed to the somatic sensory areas. From
there, somatosensory information is transmitted to the motor cortex and is
used to modulate motor performance. The second organizational feature is
the functioning of the motor system in a hierarchy of control levels. Higher lev-
els of processing located in the motor cortex send general motor commands
to be executed by the lower levels (brain stem and spinal cord); lower-levels
of processing compute the fine details of the generation of movement, such
as the force and angle of the joints, and execute them. Each level is provided
with sensory information, but the most detailed sensory monitoring goes to
the lower levels of the motor hierarchy that monitor the moment-to-moment
features of the response. The hierarchical organization makes possible that
there is a great flexibility in the movement execution. Finally, there is the
parallel functioning of the motor system. This feature concerns the different
descending pathways from the motor cortex to the spinal cord, direct ones
and indirect ones, which largely overlap in their final projection to the mo-
toneurons of the spinal cord. The indirect pathways travel from the motor
cortex through the brain stem to the spinal cord. The direct ones constitute
the corticospinal tract, which consists of monosynaptic connections between
the pyramidal cells in the layer V of the pre- and postcentral gyrus in the
cortex and the motoneurons on the spinal cord. The motor commands reach
the motoneurons in the spinal cord and then go from there to the muscles.
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The cortical regions which give origin to the descending motor pathways
correspond to the agranular cortex of Brodmann’s regions 4 and the caudal
area 6 (Following Nieuwenhuys et al., 2008). Region 4 is located in the
precentral gyrus and corresponds to the primary motor cortex (M1), where
the big pyramidal cells of Betz are present. Caudal area 6 corresponds to the
premotor cortex and consists of multiple premotor areas, as recent studies
have revealed (Matelli et al., 1985, 1991). However the number of premotor
areas might increase with future studies. The current parcelation of premotor
areas delineates six regions in monkeys (F2–F7), although homologue regions
have been proposed for the human brain (Nieuwenhuys et al., 2008): F2–F5
are found in the caudal BA6 and are the origins of the corticospinal tract
together with M1 and F6–F7, these latter located in the rostral BA6 (Fig. 1.1).

F2 is the caudal part of the dorsal premotor cortex (PMDc), located ante-
rior to M1. F3 in the medial hemisphere of area 6 is the supplementary motor
cortex (SMA). F4 and F5 are located in ventral area 6 and are the caudal and
dorsal parts of the ventral premotor area, respectively (PMVc and PMVd).
Areas F2–F5 are bidirectionally connected with M1 and with some parietal
regions, and are therefore also known as the parietal-dependent premotor areas.
They also receive projections from cingulate areas.

In the rostral BA6 are located areas F6 and F7. F6 is anterior to SMA and
is termed pre-SMA. F7 corresponds to the rostral part of the dorsal premotor
area (PMDr). Both F6 and F7 are connected with M1 indirectly through more
caudal premotor areas and receive corticocortical connections from prefrontal
regions. Consequently, they are known as prefrontal-dependent premotor areas.

The large-scale organization of the motor cortex is somatotopic, a prop-
erty which is maintained at the different hierarchical levels of the motor
system. The existing literature describes a rough body map with some over-
lap between the representations of different body parts, some fractures in the
representations, and some re-representations (Fulton, 1938; Donoghue et al.,
1992; Park et al., 2001). The somatotopic maps can be better understood in a
statistical way due to the high variability of the maps across animal species
and even across individual animals within a specie (Graziano, 2006).

Any complex, behaviorally relevant movement combines muscles from
many parts of the body. To account for such a complexity in the movement
repertoire, it seems that the neurons in the motor cortex are tuned to a vast
set of motor patterns that may be entrained through experience and that may
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Figure 1.1: A. The primary motor and premotor areas of the monkey and their connections
with the prefrontal, cingulate, and parietal cortices. B. The macaque primary motor cortex
(F1) and the premotor areas F2–F7 as defined by Matelli et al. (1985, 1991). The descriptive
nomenclature used in this section is also illustrated. C. Proposed homologies between the
monkey and human primary motor and premotor areas. Reproduced with permission from
Nieuwenhuys et al. (2008). The human central nervous system. Copyright c©2008 Pergamon
Press.
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reflect the behavioral needs of the animal (Graziano, 2006).
The direct and indirect descending pathways have a lateral and a me-

dial/ventral projection to the motor columns in the enlargements of the
spinal cord. These projections can be intercalated by spinal interneurons
located in the intermediate zone. The indirect descending pathways also
have an aminergic projection. Projections terminate also in a somatotopical
pattern.

Lateral brain stem systems project contralaterally directly to motoneurons
located in the dorsolateral part of the lateral motor column or via interneu-
rons of the dorsolateral and central intermediate zone that finally project
to the motoneurons. These lateral brain stem pathways control movements
of the extremities, especially those of their distal parts (Nieuwenhuys et al.,
2008). Medial brain systems terminate, often bilaterally, either directly at
motoneurons in the medial motor columns or via spinal interneurons lo-
cated in the ventromedial part of the intermediate zone. These medial brain
stem pathways exert their actions bilaterally on axial and proximal mus-
cles, for example, to control postural and orienting movements of the head
(Nieuwenhuys et al., 2008).

The corticospinal tract consists of the lateral and ventral pathways. It
originates in the primary motor cortex (BA4), in the caudal premotor areas
(caudal BA6) and in the somatic sensory cortex (BA1, 2 and 3). From the
million of axons in the corticospinal tract, around 80% of them cross over
to the contralateral side in the medulla oblongata (pyramidal decussation)
and descend along the lateral corticospinal tract to project predominantly
(around 80–90% of them) to the interneurons of the dorsolateral intermediate
zone or directly to the motoneurons in the dorsal parts of the lateral columns
in the spinal cord. Another 10% axons enter the lateral corticospinal tract on
the same side. Finally, 10% of the remaining axons that do not cross descend
bilaterally to the medial columns in the spinal cord and constitute the ventral
corticospinal tract. Of special interest for the present review is the lateral
corticospinal tract, which provides fine motor control of limbs and digits
(Kolb and Whishaw, 2003; Nieuwenhuys et al., 2008).

The overlapping of the terminations of the descending motor pathways
in the motor columns of the spinal cord, which ultimately innervate the
skeletal muscles, is responsible for the reorganization and good recovery
of motor function when a part of the system is damaged. Moreover, the
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Figure 1.2: A. Lateral corticospinal tract. The lateral tract crosses at the pyramidal
decussation and terminates contralaterally in the shaded area of spinal gray matter. B.
Ventral corticospinal tract. The uncrossed pathways terminate bilaterally in the shaded area
of spinal gray matter. Reproduced with permission from Kandel et al. (1992). Principles of
Neural Science. Copyright c©1992 Mc-Graw Hill.
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corticospinal tract enables agility and speed, as well as fractionation and
independence of the movements, which is the key to fine motor control.
In non-human primates and humans the corticospinal tract is much more
evolved than the lateral brain stem systems and therefore takes over control
of distal movements of the hand and arm (Kandel et al., 1992).

In addition to the descending brain systems, the cerebellum and the basal
ganglia also regulate motor control through the cerebello–thalamocortical
and basal ganglia–thalamocortical connections. The cerebellum acts on the
motor cortex and the brain stem to monitor their activity and the sensory
information they receive from the periphery in order to improve the accuracy
of the movements. It has a role both in execution and in sequence control.
For voluntary limb movements, the cerebellum is clearly important for both
precision and temporal order in the execution of motor programs (Catalan
et al., 1998).

The basal ganglia receive inputs from motor and nonmotor areas extending
from almost the entire cortex to the striatum. The output of the basal ganglia
projects to more than a single cortical area (Akkal et al., 2007). Some models
have been proposed for the corticostriatal connectivity and can be character-
ized by parallel loops from the cortex to three functional subdivisions of the
striatum into associative, motor and limbic loops (Postuma and Dagher, 2006).
As part of the cortico–basal ganglia–thalamocortical loop, the basal ganglia
enable the fine tuning of the movement by adjusting the inhibition through
the indirect pathway within the basal ganglia, and activation through the
direct pathway of the motor commands. This view, however, might be too
simplistic because new data have shown that all striatal cells project to the
external segment of the globus pallidus (GPe, originally considered part of
the “indirect pathway”), but that a subpopulation of cells also project to the
internal segment (GPi, as part of the direct pathway, Lévesque and Parent,
2005). Concerning the relevant functions of the basal ganglia within the
context of motor control, some existing evidence claims that the basal ganglia
can facilitate adaptive motor commands and suppress others, thus having
an important role in response selection (Basso and Wurtz, 2002; Frank, 2006).
Moreover, in the cognitive domain the basal ganglia seem to also play a
role in decision-making (Middleton and Strick, 2000). These findings are of
particular interest because they link the basal ganglia to action-monitoring
and conflict-monitoring.
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I can now summarize the findings that associate the higher levels of motor
control in the cortex with the voluntary complex movements of the arm
and hand. The exact functions of the premotor and motor areas are still
under debate, and a major revision of the classical cortical hierarchical view
is required (Nieuwenhuys et al., 2008; Graziano, 2006). According to that
view, premotor areas control various high-order aspects of movement; the
primary motor cortex decomposes movement into simple components in a
body map; and these simple movement components are then communicated
to the spinal cord for execution. Recently, however, Graziano (2006) found
that complex movements are generated when stimulating with long impulse
trains the M1 and caudal sector of premotor cortex. This evidence thus casts
some doubts on the previous simplistic view of M1.

The M1 (and the primary sensory cortex S1) is always activated by volun-
tary movement, and therefore has long been envisioned as having primarily
an executive role (Catalan et al., 1998). However, this traditional view of M1
has been challenged by new data showing that the M1 hand area contains
subregions that are related to preparatory activity and subregions that change
their activity with the learning of new motor skills (Kawashima et al., 1994).
The SMA is also frequently activated during the execution of movements,
but in addition is activated by movement initiation in humans (Orgogozo
and Larsen, 1979; Deiber et al., 1996). SMA might take part in the prepara-
tion of internally referenced or remembered motor acts (Catalan et al., 1998;
Shibasaki et al., 1993; Sadato et al., 1996). Nevertheless, its precise role remains
elusive (Nieuwenhuys et al., 2008).

The premotor cortex (PMC) is activated by motor tasks involving the
generation of sequences from memory (Halsband et al., 1993; Shibasaki et al.,
1993), motor learning (Jenkins et al., 1994) and selection of movement (Deiber
et al., 1991).

Both the SMA and the PMC have been reported to play an important role
in the generation of motor sequences from memory that fit into a precise
timing plan and which have increased complexity (Orgogozo and Larsen,
1979; Roland et al., 1980; Grafton et al., 1992; Halsband et al., 1993; Rao et al.,
1993; Shibasaki et al., 1993). In the processing of complex sequential finger
movements, both the SMA and the contralateral M1 are involved (Gerloff
et al., 1997).

As mentioned earlier, the premotor pre-SMA and PMDr do not project
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directly to the primary motor cortex and thus may be less closely related to
the motor output (Dum and Strick, 2005; Lu et al., 1994; Tachibana et al., 2004).
PMDr is involved in movement selection and coding object locations for
orienting and coordinating arm-body movements (Nieuwenhuys et al., 2008).
Pre-SMA is activated by higher order movements which require learning
(Picard and Strick, 1996; Nieuwenhuys et al., 2008), prior to the execution
of movement sequences (Nachev et al., 2008). Additionally, the pre-SMA is
activated during nonmotor, cognitive tasks such as in conflict-monitoring
(Nachev et al., 2008).

In sum, despite the several findings of activations of the motor and pre-
motor areas in motor and nonmotor tasks, further investigations are required
to enable a better understanding of their precise functions.

1.3 Music performance as one of the most demand-
ing sensory-motor activities

Long-term music making places very high demands on sensorimotor pro-
ficiency (Elbert et al., 1995; Amunts et al., 1997; Gaser and Schlaug, 2003;
Bengtsson et al., 005), but to reach outstanding levels of performance other
highly specialized skills are required, such as auditory (Besson et al., 1994;
Pantev et al., 1998; Schlaug et al., 1995a), auditory-spatial and visual-motor
(Münte et al., 2001), and auditory-motor (Zatorre et al., 2007; Bangert and
Altenmüller, 2003). Moreover, truly musical expertise requires not only these
technical skills but also learning musical interpretation, communicating mu-
sically expressive effects, learning to play or sing from memory, cooperating
with other musicians, and improvising (Jørgensen and Hallam, 2009; David-
son, 2009). Thus, there can be no doubt that professional music performance
is one of the most challenging human tasks and that such sophisticated skills
are developed only with a great deal of time and effort. However, the efforts
invested are in most cases rewarded by the satisfaction of being able to ac-
complish the performance of a masterpiece and feeling the emotion of the
music itself. Consequently, music-making can be considered a goal-oriented
activity which highly engages the motivation and encourages the musician
through the years of skill acquisition.

During years of training, professional musicians learn the mapping be-
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tween the motor patterns of the hands and limbs (or lips and tongue) on
the instrument and the sounds produced – all this with a continuous flow
of auditory and somatosensory feedback from the propioceptors of the skin,
joints and muscles of the limbs (Altenmüller and Schneider, 2009). The steady
multisensory feedback is necessary to monitor the performance and correct
errors in timing or pitch. The control of pitch is required to produce specific
intervals (Zatorre et al., 2007, frequency ration). When the above-mentioned
technical skills are mastered by the musician, they can be performed at an
automated level, which enables the musician to focus on the expressive as-
pects of music performance, the key to convey emotion to the listeners. The
long-term training of musicians for their skill acquisition starts usually in
childhood (around 4–5 years) and extends to adulthood, thus enabling the
storing and maintenance of the musical skills for further regular practice
(Altenmüller and Schneider, 2009). This fact arguably indicates that in the
course of their lifetimes, musicians spend more years in learning and training
complex multimodal skills than other humans. As a consequence, they are
excellent subjects for the study of the brain adaptation mechanisms termed
plasticity (Münte et al., 2002) and the neural mechanisms behind highly skilled
auditory-sensorimotor tasks (Zatorre et al., 2007).

In the following, I summarize some of the plastic changes observed in
musician’s brains. There is widespread evidence for structural differences
between musicians and non-musicians in an extended network of brain
regions, changes which are accentuated in musicians who started before 7
years of age and steadily increased their musical training ((Altenmüller and
Schneider, 2009; Schlaug, 2009). The structural changes include enhanced
myelination, gray matter growth, and fiber formation of brain structures
involved in the specific task (Münte et al., 2002).

Plastic changes are primarily found in primary sensorimotor regions, with
an enlargement of the hand area in motor cortical areas (Amunts et al., 1997;
Elbert et al., 1995), and an increase of gray matter density in the correspond-
ing limb area (Gaser and Schlaug, 2003) and premotor areas including the
SMA. The primary auditory and auditory association cortices show further
structural changes in musicians (Schlaug et al., 1995a; Zatorre et al., 1998;
Gaser and Schlaug, 2003) due probably to the superior accuracy of musicians
in the perception of pitch and the spectral and temporal contents of music. In
addition, the size of the corpus callosum is larger in musicians with early mu-
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sical training, as an indication of a higher interhemispheric communication
(Schlaug et al., 1995b).

Secondary domains also present structural changes in musicians, in par-
ticular the inferior frontal gyrus (IFG) in the frontal lobe, the superior parietal
lobe (SPL), the inferior lateral temporal lobe and the cerebellum (Sluming
et al., 2002; Hutchinson et al., 2003; Gaser and Schlaug, 2003). The IFG has also
been found to be activated for auditory-motor tasks in functional imaging
studies, and more generally the inferior frontal lobe can be considered a key
brain region in music-processing and music-making (Koelsch et al., 2002; Lev-
itin and Menon, 2003; Zatorre et al., 2007). The SPL is prominently activated
in multisensory integration of information and in providing guidance to
motor operations through intense reciprocal connections with the premotor
cortex (Bushara et al., 1999; Gaab et al., 2003). For instance, tasks implicating
the SPL are (i) the transformation of the visuo-spatial information from the
music score into the performance sequence to be executed on an instrument
(Stewart et al., 2003) or (ii) vocalization-transformation operations, which
occur during the alto-part- and soprano-part- listening conditions compared
with a harmony-listening condition (Satoh et al., 2001, 2003). Similar practice-
dependent structural alterations in humans have been recently reported in
nonmusicians after short-term musical training (Lappe et al., 2008) and even
in a study with high level golfers (Jäncke et al., 2009). Further evidence from
animal studies has corroborated that long-term complex motor training has
an impact on brain structure, such as in M1 and the cerebellum (Anderson
et al., 2002).

Functional imaging studies have provided complementary results, inter-
estingly revealing both less and more localized activity in M1, premotor
and supplementary motor areas, and the cerebellum (Following Schlaug,
2009; Koeneke et al., 2004). On the one hand, these data can be interpreted
within the framework of efficiency in neural systems: Musical expertise
might require fewer neurons and lower blood demand to carry out a complex
sensorimotor task. On the other hand, the expanded representations of the
motor and auditory brain areas in musicians might enable a higher flexibility
and diversity of sensorimotor tasks to be produced.

Furthermore, the plastic adaptations observed in the brains of musicians
shows some specificity depending on the music instrument being played
(Pantev et al., 2001; Bangert and Schlaug, 2006). For instance, string-players
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develop higher fine motor skills in the left hand, whereas keyboard-players
set the highest constraints for fine motor control on the right hand – yet they
exhibit a greater degree of bilaterality (Jäncke et al., 1997). These character-
istics shape the precentral gyrus of both groups differently (Bangert and
Schlaug, 2006), as is reflected in the “Omega Sign”, which is more remarkable
on the left or right prefrontal gyrus of pianists or string-players, respectively.

Neurophysiological correlates of the structural changes in different groups
of musicians have also been reported: A study carried out with TMS to assess
the interhemispheric interaction in musicians found increased interhemi-
spheric inhibition (IHI) through the corpus callosum from left to right in the
keyboard-players and from right to left in the string-players (Schlaug, 2009).
The specific increased IHI observed with TMS in each group enabled inde-
pendent finger movements on both hands. Furthermore, in string-players the
intracortical facilitation was higher in the right than in the left hemisphere,
thus facilitating the fine motor control of the dominant left hand.

Finally, there are also striking differences between musicians and non-
musicians while listening to music. The regions affected include primary and
secondary perceptual regions and other areas in the frontal and parietal lobes
(Following Schlaug, 2009). In the frontal lobe one can mention the IFG (BA 44,
45 and 47) and the posterior middle frontal gyrus (BA 6). These differences
between musicians and non-musicians while listening to music may arise
in part due to the auditory-motor coupling observed in musicians (Bangert
and Altenmüller, 2003; Bangert and Schlaug, 2006). The strong link between
the motor actions and the auditory effects associated with them is generated
in musicians after the long-term training of the auditory-sensorimotor skills
required for music performance (Drost et al., 2005a,b). This link leads to the
co-activation of auditory and sensorimotor areas in the brains of musicians
when only one of the sensory modalities is triggered. Moreover, when
musicians simply visualize a performance of their instrument by watching
a pianist play, activation is observed not only in auditory and visual brain
areas but also in motor regions, such as the M1 or the cerebellum (Haslinger
et al., 2005). The IFG is part of the common auditory-visuo-sensorimotor
network, a fact which is not surprising since the IFG has been proposed to
be the homologue of the premotor area F5 in monkeys, where the mirror
neurons are located (Rizzolatti et al., 1996). Similar to the mirror neurons in
monkeys, which fire when the monkeys see a well-learned action or hear
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the sounds of the action being performed, the visuo-auditory-sensorimotor
network in musicians is activated when any of the modalities is presented.
Thus, it can be concluded that music performance is encoded in a common
abstract representation which covers the visual, sensorimotor and auditory
information.

I will now briefly describe some characteristics of music performance.
First, music – as well as speech – production is a time-based sequential be-
havior which requires planning by means of a memory representation to
prepare events for production (Pfordresher and Palmer, 2006). The perfor-
mance of the events requires basic motor control functions, such as timing,
sequencing and spatial organization of movement (Zatorre et al., 2007). In the
context of movement planning, studies of movement-related brain activity
have reported a specific component, the Bereitschaftspotential (BP), to be the
electrophysiological correlate of movement planning and self-paced motor
activity. This component appears around 1500 ms prior to movement onset
and consists of two parts: The initial subcomponent is triggered by the SMA
and is related to planning; the late subcomponent appears in the contralateral
M1 around 650 ms before movement onset and is associated with the actual
motor output (Ikeda et al., 1992).

Secondly, the theory of motor programming (Schmidt, 1985; Gentner, 1987)
suggests that in a musical context an individual performance is derived from
a mental representation of sequences of actions, often organized hierarchi-
cally (Windsor, 2009). This constitutes the motor program which becomes
automated after intensive rehearsal and thus makes possible fluency in the
performance (Davidson, 2009). Different performances can then be gen-
erated from the motor program by modifying the timing, which has been
proposed to be controlled by an internal timekeeper (Shaffer et al., 1985;
Madison, 2004). This serial timekeeper mechanism might be responsible for
the highly consistent timing microstructure observed in musicians across
performances (Gabrielsson, 1987). Notwithstanding the timing consistency
in each musician, this fact does not imply that the timing and rhythm are
exactly those by the notation scores. Indeed, each musician deviates from the
metronome, a fact which might be due to expressive purposes, to motor noise
or to context-dependent effects (Following Windsor, 2009). Related with the
expressive means of the performer are the variations in other measurements
of performance, such as patterns of dynamics, timbre and vibrato.
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Last but not least, there is another important skill of music performance:
performing from memory (Following Chaffin et al., 2009). When a musician
learns a new piece of music, the learning process first reaches a stage of
associative chains in which each element in the memorized sequence is cued
by the previous element. At this stage of learning, a punctual memory
failure would be dramatic because the musician would have to start from
the beginning again, since the future events cannot be retrieved from the
gap in the interrupted sequence. To avoid this, professional musicians must
learn several cues distributed across the piece that enable them to play the
piece from different points in case of mistakes that disrupt the performance.
This learning stage is termed content-addressable and is a prerequisite for all
professional musicians who go on stage to perform without the score. The
generation of cues is based on a hierarchical representation of the piece. The
remarkable challenge of playing music from memory is to integrate both
learning stages, such that the contents of the musical piece can be accessed
both by serial cuing (associative chains) and directly (content-addressable).
Here again one might find another similarity with language, since sequence
comprehension in the speech domain has also been reported to rely on a
content-addressable memory system (McElree, 2000).
In conclusion, in this section I have summarized the main complex cognitive
and sensorimotor skills which are learned and mastered by professional
musicians over their lifetimes of training and performance. Conducting
neurophysiological experiments that cover all aspects of musical expertise,
such as expressiveness and improvisation in music, presents a challenge
which has not yet been completely met. Nevertheless, as a first step to
understanding how the incredible capabilities of professional musicians
are reflected in brain activity, I go along with the previous efforts of the
music-neuroscience community by studying some features of the auditory-
sensorimotor skills in music performance. In particular, I will address the
sensorimotor integration and the role of the auditory and somatosensory
feedback in precise performance monitoring.
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1.4 Focal hand dystonia in musicians

Focal hand dystonia (FHD) is a movement disorder, often task-specific, which
is characterized by a loss of control of voluntary movement of the hand,
the co-contraction of agonist and antagonist muscles, and overflow into
inappropriate muscles (Lin and Hallett, 2009).

Musician’s dystonia (MD) and writer’s cramp are the most common cases
of task-specific FHD, and they are manifested normally only when a musician
is performing music or a patient is writing with the affected hand. Fig. 1.3
shows the typical patters of dystonic postures in MD. In MD the affected
limb is related to the instrument played due to the fact that every instrument
requires a different workload and spatiotemporal precision in each hand
(Altenmüller and Jabusch, in press). Around 1% of all professional – mainly
classical – musicians is affected with MD. In this section I will describe the
general pathophysiological findings associated with FHD – which extend
usually to other focal dystonias in which a single body area is affected – and
complement them with specific data for MD.

Figure 1.3: Typical dystonic postures in a pianist and a flute player.

The current view is that FHD is a multifactorial condition in which multi-
ple genes, along with several environmental risk factors, contribute to reach
the threshold of the disease (Defazio et al., 2007). Regarding the genetic contri-
bution to the disorder, there is evidence for both a common genetic substrate
and heterogeneity (Defazio et al., 2007). Some studies have pointed to muta-
tions in genes DYT1 and DYT7 (Gasser et al., 1996; Bhidayasiri et al., 2005),
yet other work has failed to reproduce such findings (Münchau et al., 2000;
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Defazio et al., 2003). In MD the mutations in genes DYT1 and DYT7 have not
been replicated, either (Schmidt et al., 2006).

Although the symptoms in FHD are unilateral, physiologic measures
have revealed abnormal bilateral activations – a finding which supports the
view of a genetic predisposition for FHD. This phenomenon is known as
“endophenotype” (Meunier et al., 2001; Meunier and Hallett, 2007). In MD,
the endophenotypic traits are additionally demonstrated by the presence of
other upper limb focal task-specific dystonia (FTSD) in family members of
these patients (Schmidt et al., 2006).

The main environmental risk factor that possibly triggers FTSD in predis-
posed subjects is the abuse of skilled repetitive motor production, such as
repetitive complex movements in patients with MD (Jabusch and Alten-
müller, 2006b). This assumption is supported by a study in which monkeys
had to perform excessively a complex manual task that led to dystonic symp-
toms (Byl et al., 1996). It has been proposed that in addition to repetitive
movement patterns, musculoskeletal defects pose another environmental risk
factor for FTSD (Leijnse and Hallett, 2007). Interestingly, there are specific
psychological risk factors which have been related to MD and were present
before the onset of the disorder, such as extreme perfectionism, high anxiety
or social phobias (Altenmüller and Jabusch, in press).

Generally, FHD, as the rest of dystonias, is considered to be primarily a
basal ganglia disorder with dysfunction of cortical-striatothalamic-cortical
circuits (Naumann et al., 1998; Preibisch et al., 2001). Further important patho-
physiological findings in FHD which contribute to the understanding of this
condition are (i) deficient inhibition, (ii) abnormal sensorimotor integration
and (iii) sensory processing; and (iv) maladaptive plasticity.

(i) Deficient inhibition.
The motor system controls the execution of movements via the fine-
tuning of excitatory and inhibitory mechanisms. For example, in piano
performance, the highly skilled finger movements of the pianists re-
quire the specific activation of one finger to press the corresponding key
with the right timing and the simultaneous inhibition of the uninvolved
fingers (Altenmüller and Jabusch, in press). This example illustrates
the relevance of inhibition in motor control. However, in FHD the
inhibitory mechanisms are deficient at different levels of the central ner-
vous system (Lin and Hallett, 2009), as we will see in the following: Ia
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reciprocal inhibition between agonist and antagonist muscles is reduced
in patients with FHD (Panizza et al., 1989; Priori et al., 801-7; Valls-Solé
and Hallett, 1995). The lack of reciprocal inhibition at the spinal cord
level causes the con-contraction of pairs of muscles observed in writer’s
cramp (Chen et al., 1997). This abnormality may lead to the altered
processing of afferent input to the spinal cord or abnormal supraspinal
control of the spinal interneurons mediating presynaptic inhibition
in the spinal cord (Defazio et al., 2007). Another relevant inhibitory
mechanism of the motor system is surround inhibition, a mechanism by
which inhibition of uninvolved muscles is exerted to allow for the spe-
cific activation of a single muscle and thus enable independent finger
movements (Lin and Hallett, 2009). Surround inhibition has also been
reported to be abnormal in patients with FHD (Sohn and Hallett, 2004),
which explains the observed overflow to inappropriate muscle groups.
The loss of surround inhibition might be a consequence of the reported
lack of intracortical inhibition observed with noninvasive TMS in both
the affected and unaffected hand in FHD (Chen et al., 1997; Ridding
et al., 1995). This intracortical inhibition reflects an excessive cortical
excitability of the hand motor area and has been linked to abnormal
inhibitory interneurons in FHD (Levy and Hallett, 2002; Cimatti et al.,
2007).

In musicians with MD, deficient inhibition of motor programs has
also been demonstrated on several levels (for a review see Lim et al.,
2001): (i) On a “micro-level”, involuntary cramping of single fingers
can be interpreted as the defective inhibition of inappropriate motor
subroutines (Wilson et al., 1993). (ii) On a “macro-level”, the central-
nervous preparatory sets of movements seem to be disinhibited. This
has been reported, for instance, in data of the Bereitschaftspotential (BP,
Yazawa et al., 1999; Deuschl et al., 1995) and the Contingent Negative
Variation (CNV, Lim et al., 2001, 2004).

(ii) Abnormal sensorimotor control.
As mentioned previously, in MD as well as in writer’s cramp there is
such a remarkable degree of task specificity that the symptoms only
appear when performing music or writing with the affected hand. This
phenomenon might indicate that the organization of the established mo-
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tor programs rather than the movements themselves is dysfunctional
(Lin and Hallett, 2009). Support for the previous hypothesis has been
provided by several studies showing abnormal preparation in patients
with FTSD, as reflected in a reduced BP or CNV (Deuschl et al., 1995;
Ikeda et al., 1996) and in a decreased event-related desynchronization
in the EEG (Ibanez et al., 1999) and even in a weaker activation of motor
areas in fMRI studies (Tempel and Perlmutter, 1993).

According to Berardelli et al. (1998), the abnormal motor programming
and planning may contribute to the difficulties of muscle control at the
onset of movement. The problem could be related either to the retrieval
of movement from memory in response to external cues or to keeping
the movement in memory prior to execution.

(iii) Sensory abnormalities.
Abnormalities can be also demonstrated in the processing of sensory
input in patients with FHD. A clear example is the somatosensory recep-
tive fields, which are extremely enlarged and disorganized in the cortex
of patients with FHD. Another account of the abnormal processing of
sensory feedback in FHD is the reported “sensory trick” or geste antago-
niste, which refers to the improvement of the dystonic symptoms when
the somatosensory or propioceptive feedback is modified (Berardelli
et al., 1998). For instance, touching or holding the affected hand with
the contralateral hand can ameliorate the symptoms in writer’s cramp
(Meunier et al., 2001; Bara-Jimenez et al., 1998; Elbert et al., 1998). In the
music domain, some pianists with MD can play without problems if
they perform with latex gloves or even with a rubber band between
the fingers (Jabusch and Altenmüller, 2006a). Furthermore, the dis-
crimination of spatial and temporal stimuli is impaired in FHD, when
testing both the affected and unaffected hand (Bara-Jimenez et al., 2000;
Tamura et al., 2008). Finally, sensory retraining with spatial discrimina-
tion tasks leads to the improvement of the impaired sensory processing
in FHD and the recovery of fine motor control (Zeuner et al., 2002).
Overall, the previous findings suggest that the sensory abnormalities
might influence the motor symptomatology in FHD (Lin and Hallett,
2009). However, it seems unlikely that these abnormalities trigger FHD
(Berardelli et al., 1998). A current possible explanation is that the dys-
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functional sensorimotor integration in this disorder could induce the
aberrant sensory processing, and this in turn would cause the abnormal
movements (Lin and Hallett, 2009).

(iv) Maladaptive plasticity.
The faulty adaptation of the brain in FHD as reflected in dysfunctional
plastic changes might lead to the abnormal sensorimotor integration
and irregular sensory processing described in the previous sections.
Primarily, the maladaptive plasticity in FHD has been observed at
the level of the basal ganglia and the cortex, although some data also
point to structural changes in the cerebellum of patients with writer’s
cramp (Delmaire et al., 2007). Alterations of the map of different body
parts were found in the thalamus of patients with dystonia (Lenz and
Byl, 1999) and, more specifically, of the map of the hand in patients
with writer’s cramp (Delmaire et al., 2007). Also the putamen has
been reported to have a disorganized somatotopy of the sensorimotor
maps in patients with task-specific FHD (Delmaire et al., 2005). At the
cortical level, the finger representations in the primary somatosensory
cortex (S1) have been reported to be abnormal in FHD (Bara-Jimenez
et al., 1998; McKenzie et al., 2003). Similarly, in monkeys with dystonia-
like movements, caused by overtraining in a gripping task, the hand
representation in the primary sensory cortex was anomalously enlarged
(Byl et al., 1996). In musicians with MD convergent results were found;
namely, it was reported that the finger representation in S1 displayed a
high degree of overlap in the patients compared with healthy musicians
(Elbert et al., 1998).

In section 1.3 I explained how the enlarged sensory finger representa-
tions in healthy musicians might enable a higher degree of flexibility in
the control of skilled independent movements. Beyond modifying the
cortical maps, the intensive training in musicians may also affect the
morphology of the CNS (Watson, 2006). An extreme abuse of repetitive
movements in FHD might lead to the degeneration of the somatosen-
sory maps at different levels of the CNS observed in these patients, and
as a result, abnormal motor programs with altered muscle activation
patterns are consolidated.

In sum, in this section I have described the main aspects of the patho-
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physiology of FHD and have provided some specific factors which influence
MD, such as the psychological risk factors. Further research is needed on
MD in order to track the specificity of this disorder and its intriguing con-
nection with classical professional musicians as well as its connection with
a distinct emotional evaluation. In the context of MD, the validity of the
general pathophysiological findings in FHD must be tested in an ecological
paradigm in which musicians with MD perform motor programs with a
musical repertoire.

1.5 Aims

As mentioned in the previous sections, the study of the execution – in terms of
sensorimotor processing – and monitoring of music performance in healthy
pianists and pianists with MD forms the background of the present thesis.
The specific aims of each EEG experiment are delineated in the following:

1. In the first experiment, I was interested in investigating whether FTSD
also affects the inhibition of long-term overlearned motor programs.
Consequently, I investigated in a Go/NoGo paradigm the neural corre-
lates associated with the activation and inhibition of long-term over-
learned motor memory traces in pianists with musician’s dystonia
(MD), a form of FTSD, during a relevant motor task under constraint
timing conditions with multichannel EEG.

2. In the second experiment, my purpose was to investigate the electro-
physiological correlates of executive control mechanisms, in particular
error detection, during piano performance of memorized music pieces.
Thus, the target was to extend the previous research efforts on un-
derstanding of the human action-monitoring system by selecting a
complex sensory-motor task, which requires high skills. In addition, I
was interested in studying the interplay between auditory and sensori-
motor information in the processes triggered by an erroneous action,
considering only wrong pitches as errors.

3. The aims of the last experiment were threefold: to understand in greater
detail the fast feedforward mechanisms of error detection in healthy
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pianists; to study the interaction between the neural mechanisms in
charge of monitoring and implementation of control adjustments, also
in healthy pianists; and finally, to investigate a possible disturbance in
the executive functions of pianists with MD, with focus on the following
subcomponents: (a) Error detection; (b) Implementation of corrective
adjustments; and (c) Conscious evaluation of errors.





Chapter 2

Basic concepts

2.1 Electroencephalography

The electroencephalogram (EEG) is a record of the oscillations of brain electric
potential recorded from electrodes placed on the human scalp (following
Nunez and Srinivasan, 2006). The scalp EEG provides very large-scale and
robust measures of neocortical dynamic function. The cerebral cortex (or
neocortex in mammals), has a folded structure with thickness of about 2 to 5
mm and contains around 1010 neurons (nerve cells).
Cortical neurons are strongly interconnected. For example, the surface of a
large cortical neuron may be covered with as many as 104 to 105 synapses that
transmit inputs from other neurons (Fig. 2.1). There are two types of synaptic
inputs to a neuron: those that produce excitatory postsynaptic potentials (EPSPs)
across the membrane of the target neuron, thereby making it easier for the
target neuron to fire an action potential; and inhibitory postsynaptic potentials
(IPSP), which act in the opposite manner to the output neuron. In the case of
an EPSP, the synaptic current is carried by positive ions. In the case of an IPSP,
the corresponding current is carried by negative ions (Lopes da Silva and
Rotterdam, 2004). Because by convention, positive current is defined as the
direction of positive charge movement, EPSP produce local membrane current
sinks – directed to the intracellular medium – and corresponding distributed
passive sources; IPSP produce local membrane current sources – directed
to the extracellular medium – with more distant distributed passive sinks.
These postsynaptic potentials are thus the main source of extracellularly
measurable potentials, but not the only ones, since there are other slow
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variations of membrane potentials that also may contribute (Lopes da Silva
and Rotterdam, 2004).

The cortex is composed of gray matter, which contains cell bodies, and
of white matter, which is situated below and contains nerve fibers (axons).
80% of the neurons in the neocortex are so-called pyramidal cells, whose
cell bodies are roughly of pyramidal (or rather conical) form. The neocortex
has a columnar structure in which local groups of about 100 pyramidal cells
arrange vertically into a microcolumn of 0.06 mm diameter. Further, groups
of about 1000 microcolumns constitute macrocolumns of around 105 neurons.
There is a large number of white matter interconnections between cortical
regions (corticocortical fibers). About 1010 corticocortical fibers with axon
lengths from 1 to 15 cm range interconnect different regions of the cortex. In
addition, neocortical neurons within each cerebral hemisphere are connected
by short intracortical fibers with axon lengths smaller than 1 mm.

Pyramidal neurons are strongly interconnected and aligned in parallel,
thus constituting a superposition of many aligned and synchronous dipole
sources that facilitates the creation of large potentials. Generally, these dipole
layers (which might also be folded in and out of cortical fissures and sulci)
are believed to produce nearly all spontaneous scalp EEG, with a source
strength varying as a function of cortical location as indicated in Fig. 2.2.

There is a delay of 10–30 ms in the transmission for action potentials
along corticocortical axons. Additionally, local delays due to capacitive-
resistive properties of single neurons are typically in the 1 to 10 ms range.
These characteristics impose limits on the timing of sensory and cognitive
processing, processing which is critically associated to neocortical dynamic
function.

Spatial resolution in EEG. A single electrode provides estimates of synaptic
action averaged over tissue masses containing between roughly 10 million
and 1 billion neurons (Nunez, 1995). The space averaging of brain potentials
resulting from extracranial recording is a data reduction process forced by
current spreading in the head volume conductor (Nunez and Srinivasan,
2006). As a consequence of the space-averaging of scalp potentials, scalp
data are largely independent of electrode size. Extracranial electric fields
are due mostly to sources coherent at the scale of several square centimeters
with special geometries that encourage the constructive superposition of
potentials generated by many local sources. Generally, the spatial resolution
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Figure 2.1: (a) The human brain. (b) Section of cerebral cortex showing microcurrent
sources due to synaptic and action potentials. There are about 105 neurons per mm2 of
surface. (c) Each scalp EEG electrode records space averages over many square centimeters
of cortical sources. A four-second epoch of alpha rhythm and the corresponding power
spectrum are shown. Reproduced with permission from Nunez and Srinivasan (2006), Fig.
1–1. In Electric fields of the brain: The neurophysics of EEG. Copyright c©2006 Oxford University
Press.
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Figure 2.2: Comparison of extracranial EEG and magnetoencephalographic (MEG) record-
ings. EEG is most sensitive to correlated cortical dipole layer sources placed in the gyri
(ab, de, jk) and detects weakly the dipole layers located in the sulcus side hi. Opposing
correlated dipole layers, such as those located in sulci bcd and efg, or random dipole layers
(ijklm) are not detected by EEG. Reproduced with permission from Nunez (1995), Fig. 1–4.
In Neocortical Dynamics and Human EEG Rhythms. Copyright c©1995 Oxford University Press.
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of scalp EEG is limited by

1. the volume conduction, due to the smearing effect of the skull and
cerebrospinal fluid and the separation distance between electrode and
neural sources,

2. the effect of the reference electrode placement, because it is not possible
to find a reference electrode position to measure the potentials with
respect to infinity (Nunez, 1995),

3. electrode density.

The spatial resolution in scalp EEG can nowadays be improved by using
dense electrode arrays together with computer algorithms to project scalp
potentials on the dura surface. One class of algorithms can be referred to as a
spatial deconvolution or cortical imaging (Nunez, 1995). These algorithms
use a volume conductor model of the head. Another class of algorithms that
increases the spatial resolution is the Laplacian or source current density
(Nunez, 1995; Nunez and Srinivasan, 2006, see also Section 3.2.1). In this
case, a spline function is used to fit the distribution of the surface potential at
each time instant. The second spatial derivative – the Laplacian operator –
of the spline function with respect to two local surface tangent coordinates
estimates the local current passing perpendicular to the skull surface into the
scalp and local field potential.

Temporal resolution in EEG. The temporal resolution of EEG is around 1 ms,
and the spectral content lies approximately between 1 and 100 Hz. There is a
wide variety of EEG rhythms that can be recorded, each one changing over
time and on the scalp location. Conventionally, the oscillatory components of
EEG are classified into the following frequency bands: delta ( < 4 Hz), theta
(4–7 Hz), alpha (8–13 Hz), beta (13–30 Hz), and gamma (roughly > 30 Hz).
Examples of these oscillations can be found in Fig. 2.3. From these rhythms,
alpha waves (∼ 10 Hz) are most prominent because they can be observed in
an awake relaxed human at an amplitude ranging from 20 to 50 µV. But it is
important to emphasize that generally EEG signals contain simultaneously
all of these rhythms, some of them with a higher amplitude than others
and, thus, being more relevant for different cases. For example, decreases in
beta band oscillations are a reliable neural correlate of the preparation and
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Figure 2.3: Characteristic EEG rhythms. Standard terminology for various frequency
ranges of importance in both clinical and research work.

initiation of movement (Pfurtscheller et al., 1997). Gamma band oscillations,
on the other hand, have been related to the binding of temporal and spatial
information necessary to build a coherent perception (Gray and Singer, 1987;
Tallon-Baudry et al., 1997).

Unfortunately for the EEG analysis, there are many possible sources of
electrical activity on the scalp other than the cortical layer. For example,
electrocardiogram (EKG), eye or tongue movement and muscle contractions
can produce potentials with larger amplitudes than EEG does. Additionally,
an external noise source is the power line, which contaminates the EEG with
oscillations at 50 Hz (or 60 Hz, depending on country). A proper analysis of
EEG data requires first to remove these artifacts, either by visual rejection or
by means of artifact-correction algorithms, such as independent-component
analysis (ICA) or wavelet-enhanced ICA (see Methods Chapter 3).

The International Federation of Electroencephalography and Clinical Neu-
rophysiology adopted initially the 10–20 electrode placement system from
Jasper (1958), which consisted of 21 electrodes. This system was later modi-
fied by the American Electroencephalographic Society (1991) to include up to
75 electrode positions, as shown in Figure 2.4. There are three anatomically
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defined main measures, which constitute three lengths, to make sure that
the montage is the same in subjects with different head sizes: (i) Nasion to
Inion via Cz, as the anterior-posterior length; (ii) Left ear-channel opening to
right ear-channel opening, as the left-right length; (iii) Nasion to Inion via the
left ear-channel opening, as the lateral anterior-posterior length. Electrode
arrangements with e.g. 32 or 64 positions are constructed by filling the spaces
between the anatomical positions in 10%-steps. The modified combinatorial
nomenclature (MCN) labels odd-numbered electrodes on the left and even-
numbered electrodes on the right, with the letter designating the anatomic
area (Reilly, 2004).

In addition to the standard 10–20 scalp array, electrodes to monitor eye
movement, EKG, and muscle activity are essential for discrimination of
different vigilance or behavioral states. Additional electrode placement
systems involving more electrodes are also available.

The choice of the reference electrode is an ongoing issue (Nunez and Srini-
vasan, 2006). Ideally, one should measure the potential between a surface
electrode and a point at infinity, which means a location “far” from all sources
of electrical potential. However, no location on the body is a genuine ref-
erence at infinity or , in other words, there is no quiet or inactive reference
electrode. This fact constitutes a problem since the electrical activity of the ref-
erence electrode “contaminates” the activity of the electrode being recorded.
In the case of monopolar recordings – as used for my experiments– the elec-
trodes at various placements over the scalp are all referenced to one single
electrode or to the electrically combined activity from two or more electrodes
(Reilly, 2004). Thus, the potential recorded at each electrode position is the
difference between the surface potential at that point and the potential of
the reference electrode. One standard solution to the reference problem is
to select anatomical positions which are expected to be less active such as
the mastoid bones or the nose. In the case of bipolar electrode placement,
both recording electrodes are positioned so as to have approximately equal
opportunity to reflect the activity of interest (e.g., both electrodes on the
scalp).

After the recording, the electrical potentials can be re-referenced to a
common average reference or transformed with the Laplacian operator, yield-
ing a reference-independent estimation of the dura potential (see Methods
Section 3.2.1).
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Figure 2.4: Standarized electrode placement using the “international 10–20 system”.
Reproduced with permission from Carsten Allefeld.
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2.1.1 Event-related potentials

Generally, the electrical activity measured at the scalp is divided in two
major categories: spontaneous potentials such as alpha and sleep rhythms
and evoked potentials or event-related potentials (Nunez and Srinivasan, 2006).
Human spontaneous EEG occurs in the absence of specific sensory stimuli.
Evoked potentials (EP) are the direct response to some external stimulus
like an auditory tone or a light impulse. They are typically estimated by
time-averaging of single-stimulus waveforms to remove the spontaneous
EEG and the sources of variability, which can be of biological origin or due
to the recording apparatus (Nunez, 1995). The variability due to biological
noise is of two kinds: First, the time-locked EPs can be considered to be a
transient small impulse response in the EEG which consequently exhibits
temporal nonstationarity. Second, small random changes in the parameter
space result in different qualitative behaviors when repeated measurements
are performed over time (beim Graben et al., 2007). On the one hand, these
nonstationarities contribute to a reduction in the averaged amplitude of the
EP. On the other hand, multiple measurements are required in order to im-
prove the signal-to-noise (SNR) of the recording.
The previous general characteristics also hold for event-related potentials
(ERP). ERPs are recorded and averaged similarly to EPs, but depend addi-
tionally on the state of the brain and have longer latencies relative to the
presentation of the stimulus. The number of stimuli required to produce the
averaged EP or ERP depends on the paradigm, but might be between 10 and
several hundred. The averaged waveforms for EPs and ERPs exhibit some
maxima and minima typically occurring before 500 ms after stimulus-onset.
Transient responses in the temporal ERP waveform are determined not only
by stimulus properties or motor activity (exogenous factors) but also by
cognitive processing (endogenous factors).

Important parameters such as the latency (time of the maximal deflection),
amplitude or covariance of each peak-component are studied in connection
with a cognitive task (ERP) or in the absence of a task (EP). Regarding the
labeling of EPs and ERPs, the convention is that “P” stands for positivity
and “N” for negativity, letters which are followed by a number indicating
the latency in ms of the peak.

For the present thesis, ERPs are of paricular importance as I will argue in
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Chapter 4. A large number of ERPs has been reported in the literature, the
number rising with the increasing efforts of the neuroscientific community to
pin down the electrophysiological correlates of different aspects of cognition.
Here I will only mention two examples. One relevant ERP component which
has been broadly studied is the P300, a positive potential with maxima within
the parietal lobe and latency of roughly 300 ms after stimulus. The P300 is
elicited by unpredictable stimuli presented in an oddball paradigm (Sutton
et al., 1965). Its amplitude depends on the perceived significance of the
stimulus and on its frequency. If a stimulus is a salient event in a regular
environment (e.g. a salient tone in a series of repeated tones) or if the person
being tested has to detect and count this target event, the P300 response is
elicited. Another well-known transient response is the N400 component,
elicited by semantically incongruous words (Kutas and Hillyard, 1980). The
N400 has a topographic maximum over central-parietal sites on the scalp
and a latency of 300–500 ms .

2.2 Electromyography

Surface electromyography (EMG) is a widely used method in experimental
research on muscle activity in humans, especially due to its painlessness and
non-invasiveness, because it is recorded by means of electrodes placed on
the skin. EMG can also be recorded from needles inserted in the muscle.
Generally, EMG records myoelectric signals, which originate when an im-
pulse from the spinal cord motoneurons reaches the myoneuronal junction, a
wave of contraction spreads over the muscle fibre resulting in a brief twitch
followed by rapid and complete relaxation (Basmajian and De Luca, 1978).
The amplitude and oscillatory properties of the surface EMG depend on
certain properties of muscle fibre membranes as well as on the timing of the
motoneuron potentials. Consequently, surface EMG reflects both peripheral
and central properties of the neuromuscular system (Farina et al., 2004).

In behavioral or EEG studies, EMG activity is usually recorded to monitor
the onset of a movement and – in the case of EEG studies – correlate it with
the EEG activity.
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2.3 Neural synchronization

Many neuroscientists conjecture that dynamic brain behaviors result from
the interactions of neurons and assemblies of neurons that form at multiple
spatial scales (Nunez, 1995, 2000a,b). In particular, the large-scale integration
of different brain areas is believed to be required for the manifestation of a
complete cognitive structure (Varela et al., 2001). A fundamental problem
in modern neuroscience is to understand how this integration is achieved.
Several lines of evidence point to a fundamental role of neural synchrony in
the brain functional integration and segregation (Varela et al., 2001; Nunez,
2000a; Klimesch, 1996).

Neural synchrony refers to the phenomenon in which neurons coding
for a common representation synchronize their oscillatory firing activity
within a restricted frequency band (Trujillo et al., 2005; Varela et al., 2001).
There are two main approaches to the study of neural synchrony with EEG
which provide complementary information about the underlying neuronal
processing (Le Van Quyen and Bragin, 2007): the spectral power and the
phase synchronization analyses. The analysis of the spectral power of the
oscillatory activity focuses on the local synchrony of neuronal populations
(synchrony within neighboring cortical areas [Section 3.2.4]), whereas the
phase synchronization analysis refers to the phase coupling between neuronal
assemblies, which lie either within the same hemisphere or at different
hemispheres (Section 3.2.5).
At the scale of local oscillatory activity, the theta oscillations and the 30–70
Hz gamma rhythm have been shown to have particularly strong behavioral
correlates (Kahana, 2006). For instance, strong theta spectral power is found
in working memory tasks in humans and in the hippocampus of animals
during locomotion, orienting, and other voluntary behaviors (Kahana, 2006).
High frequency gamma oscillations have been most prominently associated
with top-down attentional processing and object perception (Rodriguez et al.,
1999; Tallon-Baudry et al., 1997).
At the larger scale of long-range interactions between distant brain regions
for complex multiple integration, a particular emphasis has been placed on
the relevance of 8–13 Hz alpha and 4–7 Hz theta synchronization (von Stein
et al., 2000; von Stein and Sarnthein, 2000; Herrojo Ruiz et al., 2009).

The functional interaction between distant brain regions is believed to



36 2 Basic concepts

be best characterized by transient phase relationships between the oscilla-
tory activities of underlying neuronal populations, termed as phase syn-
chronization (Tass et al., 1998; Varela et al., 2001; Sauseng et al., 2005). In a
number of studies however, large-scale functional coupling in EEG signals
has been investigated using classical magnitude-squared coherence function
(Schack et al., 1999; Srinivasan et al., 1998a; von Stein et al., 2000; von Stein
and Sarnthein, 2000) – which is equivalent to a correlation coefficient in
the frequency domain – as a linear measure of bivariate synchronization.
Magnitude-squared-coherence mixes both phase and amplitude correlation
(Womelsdorf et al., 2007), and there exists no clear-cut way to extract the
phase synchronization information from the coherence function (Lachaux
et al., 1999). Further, Tass et al. (1998) pointed out that synchronization of
two oscillators is not equivalent to the linear correlation of two signals that is
measured by coherence. For instance, if the oscillators are chaotic and their
amplitudes are varying without any temporal correlation yet their phases
are coupled, coherence would be very low and it would not be possible to
detect synchronization of their phases. Since phase synchronization requires
an adjustment of phases but not of amplitudes, it is a more general approach
to address the study of synchronization between EEG signals. This is the
approach that I will use in my thesis for the study of large-scale interactions
between EEG signals.



Chapter 3

Methods

3.1 EEG and EMG data processing

In the first EEG experiment, artifact rejection was visually performed off-
line trial-by-trial to exclude segments contaminated with eye movements
or other instrumental or muscular artifacts. In the second and third EEG
experiments, however, I used a new advanced tool of automatic artifact
correction, wavelet-enhanced independent component analysis (Castellanos
et al., 2006; Wallstrom et al., 2004), which I describe in the following.

Independent component analysis (ICA) and wavelet-enhanced ICA

Standard ICA is commoly used to obtain the statistically independent com-
ponents of raw EEG signals. The user then rejects the ICA components
which contain artifacts, and the rest of the ICA components are transformed
back into the signal space in order to obtain EEG signals without artifacts.
However, the rejection of the ICA components has been proven to constitute
a loss of neural activity, because the rejected components do not always
contain only artifacts: they contain also cerebral activity. This might then
affect the data analysis and lead to spurious results (Castellanos et al., 2006;
Wallstrom et al., 2004). Consequently, wavelet-enhanced ICA is an algorithm
designed to improve the “leak” of the cerebral activity by separating the
background neural activity from the isolated artifacts in the ICA components.
This is possible by means of wavelet thresholding as an intermediate step to
the demixed independent components. The wavelet thresholding filters out
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the artifacts only due to their specific time-frequency properties and leaves
the background neural activity “untouched”. Because this procedure can
be performed automatically by filtering all independent components ren-
dered by ICA, wavelet-enhanced ICA does not require the laborious visual
inspection of all ICA components and is, accordingly, a faster procedure.
After applying ICA, a final visual inspection of the data can be performed to
eliminate epochs still containing muscle artifacts.

3.2 Data analysis

3.2.1 Surface Laplacians

As I mentioned in Section 2.1, to avoid the active reference used during the
recording, the electrical potentials can be re-referenced after the recording to
a common average reference or transformed with the Laplacian operator, the
latter operation generating a reference-independent estimation of the dura
potential (Nunez and Srinivasan, 2006).

In coherence and phase synchronization analyses, the use of a common
active reference has been particularly criticized based on the argument that
the common reference introduces spurious correlations uniformly distributed
over the scalp (Fein et al., 69; Guevara et al., 2005; Nunez et al., 1997; Schiff,
2005). Instead, the use of surface Laplacians has been encouraged because
they are essentially reference- free and additionally reduce the volume con-
duction effect (Nunez, 1995; Pernier et al., 1988; Perrin et al., 1989; Schiff, 2005),
which also affects coherence and phase synchronization measures. Nunez
et al. (1997, 1999) demonstrated that surface Laplacian methods remove most
of the distortions caused by the common reference electrode and volume
conduction. Nevertheless, they also showed that common reference methods,
like average reference and digitally linked mastoids, also produce reasonably
reliable results for long-range coherence. Moreover, the surface Laplacian
acts as a spatial band-pass filter of scalp potential, thus emphasizing the lo-
cally synchronized sources and deemphasizing the long-range synchronized
sources. Furthermore, it is less accurate near the edges of the electrode array
due to a lack of neighboring electrodes (Nunez et al., 1997; Srinivasan et al.,
1998b). However, it provides a more precise representation of the underly-
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ing source synchronization, as it is a rather good estimate of the local dura
potential. Therefore, this reference scheme is preferred when studying the
topography of the synchronization. In any study of (phase) synchronization,
all of these issues should be taken into consideration in order to avoid the
systematic rejection of any particular scheme of reference: both common
reference and surface Laplacian supply useful information, but that has to
be interpreted within the limitations of each approach. An interesting new
approach to the problem of volume conduction and active reference is the
use of the phase lag index, a novel measure of phase synchronization, which
has been recently shown to be less affected by the influences of common
sources and active reference electrodes (Stam et al., 2007).

The analytic surface Laplacian estimate accurately reflects source disfri-
butions at the scale of about 2cm and is reference independent (Nunez, 1995).
Moreover, if a high electrode density (e.g., 64–128 electrodes distributed
homogeneously over the entire scalp) and signal-to-noise-ratio is given, the
Laplacian approach can increase spatial resolution over conventional EEG
by at least a factor of three (Nunez, 1995).
In principle, both average reference (as common reference) and Laplacian
methods recommend high density EEG (≥48 electrodes) to perform optimally.
When that condition is hold, the the spherical spline Laplacian (Perrin et al.,
1989), which assigns idealized positions on the unit sphere to the electrodes,
renders particularly good results (Herrojo Ruiz et al., 2009). Nevertheless,
when dealing with medium density montages of 28 or 35 EEG electrodes, as is
the case of the experiments conducted for this thesis, a good estimation of the
surface Laplacian is provided by nearest-neighbor Hjorth Laplacians (Nunez
et al., 1997). In particular, in the synchronization analyses in the present
thesis, I will apply a modified version of the nearest-neighbor Hjorth Lapla-
cian algorithm computed by Taylor’s series expansion (Lagerlund et al., 1995).

The laplacian L (x, y) of a scalp potential V(x, y) at a point (x, y) of a
two-dimensional scalp surface is defined by:

L (x, y) = (∂2V/∂2x) + (∂2V/∂2y). (3.1)

In EEG recordings we have only a discrete set of scalp coordinates (x,y)
corresponding to the electrode locations. Consequently, we need to compute
a discrete approximation of the second partial derivatives of the scalp poten-
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tial. The modified Hjorth’s approximation of the Laplacian transform at a
scalp point uses the four nearest neighbours of the scalp location, which is
located at the center. The central electrode is described by the potential V0
and the neighbour electrodes have potentials from V1 to V4:

L = (V1 + V2 + V3 + V4 − 4V0)/d2. (3.2)

From (3.2), it is clear the units of the Laplacian operator L (x, y) are
µV2/cm2. We can recover the standard units of the potential, µV, by comput-
ing the quantity VL = −d2L /4.

The Taylor’s series method uses a better approximation of the second
derivatives by taking into account the actual distance between each pair of
electrodes (Lagerlund et al., 1995):

L = [(V1 −V0)/d1 + (V2 −V0)/d2]/[(d1 + d2)/2]
+ [(V3 −V0)/d3 + (V4 −V0)/d4]/[(d3 + d4)/2]. (3.3)

In sum, for the synchronization analysis in the present thesis I will make
use of (3.3) to obtain the Laplacian transform of each scalp potential and
transform the obtained quantity to the form VL = −d2L /4, with d being
the average distance between the four pairs of neighbours of each particular
location. Thus, I will obtain an estimation of the dura potential in units
of µV which is reference-free and is less affected by volume conduction.
Accordingly, the results of the synchronization analysis will be more robust
and less influenced by spurious correlations.

3.2.2 Source localization of ERPs

Estimation of intracraneal activity: Estimating the neuronal sources that
generate a given potential map at the scalp surface (EEG) requires the solution
of the so-called inverse problem. This inverse problem is always initially
undetermined, i.e. there is no unique solution since a given potential map at
the surface can be generated by many different intracranial activity map. The
inverse problem requires supplementary a priori constraints in order to be
univocally solved. The ultimate goal is to unmix the signals measured at the
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scalp and to attribute to each brain area its own estimated temporal activity.
The sLORETA inverse model (Pascual-Marqui, 2002) is a standardized low
resolution brain electromagnetic tomography. This software, known for its
zero localization error, was used as a localization tool to estimate the focus
of intracranial activity at the occurrence of the preERN peaks described in
Section 3.2.

3.2.3 Symbolic resonance analysis

Symbolic resonance analysis (SRA) is an analytic technique for ERPs which
exploits the properties of stochastic resonance in threshold systems (Moss
et al., 1994). SRA was inspired by Lehmann (1971), who had proposed consid-
ering only positive and negative maximal field values of the EEG voltages. A
theoretical foundation of such coarse-graining technique is provided by the
SRA (beim Graben and Kurths, 2003) . This method maps EEG time series
corresponding to single trials onto sequences of three symbols by varying
the encoding thresholds, θ which are voltage levels. More specifically, each
sampled measurement is mapped onto “0” if the value is below −θ, onto
“2” if the value is above +θ and onto “1” if the value is in-between. Thus,
the SRA benefits from the inherent noise of the EEG to drive the underlying
ERP components beyond the thresholds. From the grand epoch ensemble
(including epochs of all subjects) of three-symbol sequences, a histogram
with the three-symbol statistics at each time point is computed, representing
the relative frequencies of above- and below-threshold crossing events at
each sampling point (P2, P0), as well as of the non-crossing events (P1). By
means of the Reversi transformation which exploits the competition between
the mean-fields, M0 = P0–P1 and M2 = P2–P1, the “undecided” symbol 1 is
flipped into a 0 (if there are more 0s than 2s) or into 2 (when there are more
2s than 0s). The distribution of three symbols is thus transformed into a
two symbols’ distribution (0 – below-threshold events, 2 – above-threshold
events). This procedure is computed for different encoding thresholds. For
example, ERPs’ positive deflections will be associated with higher probabil-
ity of 2 symbols for the optimal encoding threshold. From the ensemble of
binary sequences (0, 2), the (Shannon) cylinder entropies for the conditions
c1, c2 are computed, which measure the uncertainty at each time point t:
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H(cj)(t) = −∑
i

p
(cj)
i (t) log p

(cj)
i , (3.4)

The cylinder entropies generally decrease within the time range of an ERP.
In beim Graben (2001) it was demonstrated that the entropy averaged across
the time interval ton–to f f of the ERP

G(cj)(θ) =
1

ton − to f f

to f f

∑
t=ton

H(cj)(t) (3.5)

is inversely proportional to the SNR incremented by a constant:

S(cj)(θ) = 0.5883
( 1

G(cj)
− 1

)
(3.6)

In sum, the implementation of the above-mentioned SRA algorithm in an
ERP-paradigm to obtain the largest between-conditions difference in the SNR
curves, can be performed as follows: 1) Select varying thresholds between
0 and 10 µV (every 0.1 µV) representing voltage ERPs; 2) compute for each
encoding threshold and condition the grand epoch ensemble (GEE) of 3-
symbol sequences (gathering symbolic sequences of all subjects); 3) apply the
Reversi transformation to obtain the binary sequences for each condition; 4)
compute the cylinder entropies; and 5) integrate them within a time window
of interest – such as the window of the ERP component– to get the SNR
value for each condition and threshold. Next, the SNR curves of the GEE for
each condition can be plotted against the encoding thresholds. The optimal
threshold, θ#, is the threshold value which maximizes the SNR difference
between conditions. Thus, the largest between-conditions difference SNR is
associated with the optimized amplitude of the difference ERP waveforms,
and can be related to the maximal separation of the dynamics.

3.2.4 Time-frequency analysis: Spectral power

I will use wavelet based time-frequency representations (TFR) of the EEG sig-
nal to analyze (i) the spectral power of the oscillatory contents (this section)
and (ii) the spatiotemporal dynamics of the phase synchronization (see next
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section).

The wavelet function selected for the TFR analysis will be a complex
Morlet wavelet with a Gaussian shape both in time and in frequency (Mallat,
1999):

Ψ(t) = 4

√
2
π

exp(−t2)exp(iηt). (3.7)

The convolution of translated (t′) and rescaled(s) versions of this wavelet
with the signal x(t) gives the wavelet transform for each scale and time
instant,

Wx(t′, s) = 〈x|Ψt′,s〉 =
∫ ∞

−∞
x(t)Ψ∗

t′,s(t)dt, (3.8)

with

Ψt′,s(t) =
1√

s
Ψ

( t− t′

s

)
. (3.9)

In the time domain the wavelet spreads around t = t′ with a standard
deviation σt = s/2 , and in the frequency domain its center frequency is
f = η/2πs with a standard deviation σf = 1/2πs. The value η defines
the constant relation between the frequency and the bandwidth η = f /σf
and therefore is characteristic of the wavelet family in use. η determines
the temporal-resolution (σt = η/4π f ) and frequency-resolution (σf = f /η)
which is always within the limit imposed by the uncertainty principle σf σt =
1/4π (Mallat, 1999).
For the analysis of the fast cognitive processes, the temporal resolution is
critical to detect possible funtional states occurring close in time (Schack
et al., 1999; Trujillo et al., 2005). I will use η = 7 (η > 5 is needed for the
convergence of the convolution integral in numerical calculations (Grossman
et al., 1989), which provides a good compromise between high frequency
resolution at low frequencies and high time resolution at high frequencies
(for example, σt = 55 ms and σf = 1.4 Hz at 10Hz; σt = 11 ms and σf = 7 Hz
at 50Hz). In general, the frequency domain will be sampled from 2 to 60 Hz
with a 1 Hz interval between frequencies. We already saw in Section 2.1, that
this range of frequencies is of particular interest in EEG analysis.
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To study changes in the spectral content of the oscillatory activity, I will
use the wavelet energy, which can be computed as the squared norm of the
complex wavelet transform (3.8):

Ex(t, f ) = |Wx(t, η/2π f )|2. (3.10)

After removing from (3.10) the mean TFR energy µbase( f ) of a selected
pre-stimulus period (baseline), the wavelet energy can be normalized with
the standard deviation σbase( f ) of the baseline period. Thus for each time-
frequency point of the frequency range of interest, the normalized TFR energy
will be calculated as:

Enorm(t, f ) =
Ex(t, f )− µbase( f )

σbase( f )
. (3.11)

3.2.5 Time-frequency analysis: Phase synchronization

To compute the frequency-specific instantaneous phase of the EEG signal, first
we must express the wavelet transform (3.8) explicitly in terms of frequency
and time, by using the relationship between the scale s and the angular
frequency ω = η/s. Next, the angular frequency ω is sustituted by the
its equivalent expression in terms of the standard frequency f , ω = 2π f .
From the complex-valued wavelet coefficients the corresponding frequency-
specific instantaneous phase can be calculated as follows:

φ(t, f ) = argWx(t,
η

2π f
). (3.12)

Thus, for each trial and time-frequency point, we can compute the complex
phases φik(t, f ) of the channel i at an epoch k and use them for the synchro-
nization analysis.
It has been widely reported in the literature that the assessment of phase
synchronization between neurophysiological signals is better understood in
a statistical sense (Hurtado et al., 2004; Pereda et al., 2005; Tass et al., 1998;
Rodriguez et al., 1999; Lachaux et al., 1999). One of the approaches taking this
into account, by using the concept of directional statistics (Mardia, 1972), is
the bivariate phase synchronization.
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The strength of the phase synchronization between two electrodes i and j, at
time t and with centre frequency f , is:

R̄ij = | 1
n

n

∑
k=1

exp(i(φjk − φik))|, (3.13)

where n is the number of epochs. This index is nearly 0 when there is no
phase relationship between the considered electrode pair across the epochs,
and approaches 1 for strong phase synchronization. In the context of direc-
tional statistics, this reflects whether the distribution of the relative phase
between two electrodes is spread or concentrated on the unit circle, respec-
tively.
In the case of large number of recording electrodes a measure of global syn-
chronization strength can be computed from the pair-wise synchronization
matrix, the bivariate mean R̄, for each time point t and centre frequency f :

R̄ =
2

N(N − 1) ∑
i,j>i

R̄ij. (3.14)

But this measure conceals the spatial distribution of the synchronization,
an issue of fundamental importance in cognitive neuroimaging where one
has to look for possible short- or long-range phase synchronization between
different cortical areas. Recently a new method was proposed that can
provide information about both the overall synchronization strength and the
topographical details of the synchronization in event-related brain-responses:
the Synchronization Cluster Analysis (SCA, Allefeld and Kurths, 2004). This
method has been applied, for example, to language and music processing
experiments (Allefeld et al., 2005; Herrojo Ruiz et al., 2009).
The underlying idea in SCA is to model the array of electrodes as individual
oscillators that take part in different strength ci in a single synchronized
cluster C. This individual cluster characterizes, in each epoch k, the dynamics
of the array as a whole through the cluster phase Φk. The cluster phase is the
result of a circular weighted mean of the oscillator phases,

ΦK = arg ∑
j

cjexp(iφjk), (3.15)

where the participation indices ci are calculated as a (monotonously increas-
ing) function f (R̄iC) of the phase locking between each individual oscillator
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and the cluster,

R̄iC = | 1
n ∑

k
exp(i(φik −ΦK))|. (3.16)

The basic premises that are relevant to this approach are that the dynamics of
the phase differences can be decoupled by introducing a mean field, i.e. that
the assumption of a single synchronized cluster holds, and that its stochastic
part is independent for each of them. Taking this into account, the population
values ρij of the empirical estimate of bivariate synchronization R̄ij can be
factorized as ρiCρjC and a self-consistent solution of this set of equations can
be found. The SCA algorithm provides a maximum likelihood estimation
of ρiC, representing the phase synchronization index between the oscillator i
and the cluster, R̄iC.
On the one hand, by computing the index R̄iC, I expect to detect subpopula-
tions of electrodes that adjust differently to the global rhythm and obtain a
topographical picture of the synchronization and its temporal dynamics.
On the other hand, as a measure of the global synchronization strength I will
use the cluster mean,

R̄C =
1
N ∑

i
R̄iC. (3.17)

3.2.6 Statistical analysis

A main challenge in any experimental approach, is to find the most powerful
and trustworthy test of a simple hypothesis against a simple alternative.
I have selected non-parametric permutation tests as an optimal approach
for the statistical analysis of the electrophysiological and behavioral data
in my experiments (Good, 1994, 2005). Non-parametric permutation tests
are usually necessary because the distributions of measurements cannot
be assumed to be Gaussian. Specific benefits of permutation tests are that
they provide exact significance levels even for small sample sizes and small
differences between conditions.

Throughout the present thesis, I have performed both univariate and
multivariate statistical tests. Univariate statistics explores each variable in
a data set separately. In contrast to that approach, multivariate statistics
analyzes more than one statistical variable simultaneously and searches for
interactions between variables.
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In the context of univariate statistics, let’s consider that we have two
samples of measurements:

s1 = {x1, x2, . . . , xN1},
s2 = {y1, y2, . . . , yN2}, (3.18)

where N1 and N2 are the sizes of the first and second sampled populations,
respectively. Our test hypothesis can be that the mean value of both samples
is the same. This statement constitutes the null hypothesis, H0, against which
we want to test. In that case, our test statistic is the difference of sample
means, S = |s̄1 − s̄2|. To perform the univariate statistical analysis with a
permutation test, we proceed as follows: First, we construct the joint sample
of N1 + N2 values,

sjoint = {x1, . . . , xN1 , y1, . . . , yN2}. (3.19)

Next, we compute 5000 random permutations of the joint sample by ran-
domly rearranging the indices of the sampled values; then, from each replica
of the joint sample, we take the first N1 and last N2 values and construct the
replicas of the distributions s1 and s2. Thus, we calculate 5000 replications
of the test statistics. The p−values are then obtained as the frequencies that
the replications have larger absolute values than the experimental difference,
c/n, with c being the number of counts out of n for which the replica of the
test statistic is larger than the original test statistic.
The null hypothesis is rejected – i.e. differences between-conditions will be
considered significant – if p < 0.05. When multiple permutation tests are
performed, the p−values can be obtained by a Bonferroni-correction of the
0.05 level.

Some comments are in order here. First of all, in all permutation tests I
selected a sample of n = 5000 possible rearrangements, drawn at random
from the complete permutation distribution (Monte Carlo permutation test) of
the joint sample of size N1 + N2. The number of all possible rearrangements,

(N1 + N2)!
N1!N2!

, (3.20)

is too large to be computed with the standard computational capabilities.
However, the estimated p−value, pest = c/n, has a very small relative error
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for the selected n replicas and for a small threshold p-value:

RE =
SD[pest]
E[pest]

≤ 1
√

pn
. (3.21)

With the threshold p-value of 0.05 and the 5000 permutations selected for my
statistical analyses, the relative error of the estimated pest is around 0.06%, i.e.,
0.0006. Consequently, the estimations of the p-value – based on the Monte
Carlo permutation test – that I have computed throughout the present thesis
are highly accurate.

The second comment refers to the Bonferroni correction of the p-value,
which might give exceedingly conservative results when applied to EEG
signals. This results from the violation of the assumption of independent tests
in EEG analysis due to the spatiotemporal correlation between the signals.
The permutation test can be complemented with a step-down approach,
which explicitly takes into account the correlations between the tests and,
as a consequence, the final p−values do not need to be further corrected
(Good, 2005). However, because this approach is highly time-consuming,
particularly when applied to multivariate analysis, the standard Bonferroni
correction was used.

The study of main effects of multiple variables and interactions between
them should be addressed with multivariate statistical analysis, as mentioned
earlier in this section. For that purpose, I have used the method of synchro-
nized permutations (Good, 2005). Synchronized permutations are based on
the nonparametric pairwise permutation test presented here and are rec-
ommended to obtain exact tests of hypotheses when multiple factors are
involved. They are generated, for instance, by exchanging elements between
rows in one column and duplicating these exchanges in all other columns.
Thus, synchronized permutations provide a clear separation of main effects
and interactions.

To illustrate the test, we consider a 2x2 factorial design, i.e., with factors
A and B of 2 levels each: i, j = 1, 2. We can visualize the design as consisting
of 2 rows A (i = 1, 2) and two columns B (j = 1, 2). The measurements will
thus be distributed in 2x2 samples of length N each: X11, X12, X21, X22. We
consider first the statistics for the comparison between the first factor (A) at
each of the two levels of the second (B, j = 1, 2):
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IA|1 = ∑
k

X11k −∑
k

X21k, (3.22)

and
IA|2 = ∑

k
X12k −∑

k
X22k, (3.23)

with k = 1, . . . , N. To compute a synchronized permutation from these test
statistics, we must select at random a group of ν values from the sample X11(
i = 1, j = 1) and exchange them with ν values selected at random from the
sample X12( i = 1, j = 2). Simultaneously we must also exchange at random
ν values from the sample X21 (i = 2, j = 1) with ν values from the sample
X22 (i = 2, j = 2). With such exchanges, we have performed permutations
between column j = 1 and j = 2, synchronized at the level of rows. The
permutation test of the statistic

IA = IA|1 + IA|2, (3.24)

provides the main effect of the first factor A. Let’s now consider the statistics
for the comparison between the second factor (B) at each of the two levels of
the first (A, i = 1, 2):

IB|1 = ∑
k

X11k −∑
k

X12k, (3.25)

and
IB|2 = ∑

k
X21k −∑

k
X22k. (3.26)

A similar procedure of exchanges at random, as described before, but
with permutations between rows i = 1, 2 and synchronized at the level of
columns, leads to the replica distribution for computing the main effect of
the second factor B with the test statistic:

IB = IB|1 + IB|2. (3.27)

Finally, the test statistic of the interaction between factors A and B is

I = IAB + IBA = IA|1 − IA|2 + IB|1 − IB|2. (3.28)

By performing random permutations between elements of the rows – simul-
taneously in both columns – or between elements of the columns – simulta-
neously in both rows – , we obtain the replica distribution of our test statistic



50 3 Methods

of the interaction. Most importantly, by this procedure we can be sure that
the test for interaction effects is independent of the test for the main effects.



Chapter 4

Experiments

4.1 Experiment 1: Defective inhibition in musi-
cian’s dystonia

4.1.1 Introduction

Music performance at a professional level is probably one of the most de-
manding tasks for the human central nervous system. It involves the precise
execution of very fast and, in many instances, extremely complex physical
movements under continuous auditory feedback in an unyielding context
of social rewards and punishment. The basis for the musician’s skill is the
appropriate retrieval of these highly complex memorized motor programs.
In this context, motor programs have to be activated only if necessary. In
many musical situations it is necessary to inhibit motor programs. For in-
stance, a typical scenario relevant for a pianist is the sight-reading of a violin
sonata. The accompanying pianist is required to react to the timing of the
violinist’s entry and tempo variations by rapidly adjusting his or her timing
and tempo, thereby activating and inhibiting motor programs. In general, a
characteristic feature of accomplished musicianship is the appropriate activa-
tion (ACT) and inhibition (INH) of motor memory traces under constrained
timing conditions. Musician’s dystonia (MD), a form of focal task-specific
dystonia (FTSD), is characterized by a degradation of these motor memory
traces. MD is a movement disorder which occurs while a musician is playing
the instrument and is marked by the painless loss of voluntary motor control

51
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of extensively trained movements (Altenmüller, 2003). In affected musicians,
deficient inhibition of motor programs can be demonstrated on several levels,
as I mentioned in the Introduction of the present thesis (for a review see Lim
et al., 2001). In a previous study (Hummel et al., 2002) , deficient inhibition
of simple motor patterns was demonstrated in 6 patients with FTSD using
TMS and EEG-alpha oscillatory activity. To the best of our knowledge, one
relevant question remained unaddressed: Does FTSD also affect the inhibi-
tion of long-term overlearned motor programs? Consequently, the aim of
the present study was to investigate with multichannel EEG the neural corre-
lates associated with the ACT and INH of a pianistic long-term overlearned
motor program in pianists with MD. Within the primary sensorimotor cortex
of humans, oscillatory activity in the alpha (8–13 Hz) and beta (13–30 Hz)
frequency bands is modulated during the preparation and performance of
movements (Cassim et al., 2001; Salmelin et al., 1995). Furthermore, func-
tional coupling between brain regions has been demonstrated to mediate
sensorimotor integration (Gerloff et al., 1998b; Hummel and Gerloff, 2005).
Accordingly, in order to clarify the aforementioned question, the study of
(i) the standard slow shift of movement-related cortical potentials (MRCPs),
was complemented with (ii) the spectral power of the oscillations and (iii)
the phase coupling between brain regions, in a paradigm mimicking the
unyielding time constraints of professional musicianship. So far, there have
been no studies of phase synchronization in patients with FTSD. However, in
patients with other diseases in which deficient inhibition plays a role in the
pathogenesis, such as Tourette’s syndrome, attention deficit hyperactivity
disorder or Parkinson’s disease, cortical inter-regional synchronization has
been associated with defective cortico-cortical interactions (Serrien et al., 2005;
Silberstein et al., 2005; Barry et al., 2002). In the present study, the specific mo-
tor program had to be executed or inhibited, this last condition referring to
the motor program being suppressed. Our main hypotheses were as follows.
First, the sensorimotor integration required for fine motor control would be
modulated at the cortical level by local oscillatory activity and functional cou-
pling among cortical regions. Second, under pathophysiological conditions
with deficient inhibitory circuits (as in FTSD), I speculated that this type of
inhibitory control should be disturbed. And third, the defective inhibition
should be manifested in differences in focal spectral power and inter-regional
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Accumulated
Age Year of Affected practice

Patient (years) Sex manifestation digits Therapy time (h) mSD-IOI

Dyst01 50 M 1989 D3>D4,5 None 47866 21
Dyst02 27 M 2000 D3,4 None 33488 18
Dyst03 41 M 1994 D4 None 76622 18
Dyst04 38 M 1992 D3,4,5 Botox 25700 14

(2 years after
(last injection

Dyst05 34 M 1998 D3 None 24934 32
Dyst06 35 F 1993 D1,2 None 13104 16
Dyst07 29 M 2002 D4,5 None 35594 16
Dyst08 30 M 2000 D3 None 15000 16
Dyst09 34 M 1999 D3 Botox 20202 -

(2 years after
(last injection

Table 4.1: Patiens with musician’s dystonia. Botox stands for Botulinum toxin. The
affected digits were of the right hand. The last column shows the mean standard deviation
of the interonset intervals (mSD-IOI) of all scales, previously reported to be a precise indicator
of the motor impairment in pianists with focal dystonia (see Performance Analysis section).
For healthy pianists, this measure was between 8.5 and 16.5.

functional coupling for pianists with MD and healthy pianists 1.

4.1.2 Materials and methods

Participants. Nine healthy pianists (eight males, age range 26–47 years,
mean 36.5 years) and nine pianists with MD (eight males, age range 27–50
years, mean 35.3 years) participated in this study. In all patients, the right
hand was affected. Further information on the patients is given in Table 4.1.
All participants were professional pianists (accumulated practice time over
10000 h). Eight of the nine participants in each group were right-handed,
according to the Edinburgh inventory (Oldfield, 1971). All subjects gave
informed consent to participation in the study, which had received approval
by the local Ethics Committee of Hanover.

1This chapter is a modified version of a published manuscript co-authored by Dr. Patricia
Senghaas, Dr. Michael Großbach, Prof. Dr. Hans-Christian Jabusch, Dr. Marc Bangert, Dr.
Friedhelm Hummel, Prof. Dr. Christian Gerloff and Prof. Dr. Eckart Altenmüller.
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Figure 4.1: The right forearm was supported by a movable armrest attached to a sled-type
device that allowed effortless movements of the right hand along the keyboard of the piano.
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Figure 4.2: Scheme of the experimental paradigm. (A) Time course of the presentation of
the first visual cue (S1) and second visual cue (S2). (B) Time evolution of the metronome-like
auditory cues and motor performance. The first metronome beat appeared at 1250 ms prior
to S2. Pianists had to begin to play the C-major scales at the third metronome beat (∼ 250
ms).
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Experimental design. Participants were seated at a digital piano (Wersi
Digital Piano CT2, Halsenbach, Germany) in a light-dimmed room. They sat
comfortably in an arm-chair with the left forearm resting on the left armrest
of the chair. The right forearm was supported by a movable armrest attached
to a sled-type device that allowed effortless movements of the right hand
along the keyboard of the piano. The keyboard and the right hand of the
participant were covered with a board to prevent participants from visually
tracking hand and finger movements. Instructions were displayed on a TV
monitor (angle 4◦) located above the piano. In a modified Go/NoGo-study
the task was to play upward C-major scales over 2 octaves. Scales were
played as semiquavers, and the tempo was standardized at 80 beats per
minute for a quarter note (= one key stroke every 187.5 ms) and paced by
metronome-like auditory cues. Scales were played using the conventional
C-major fingering: 1, 2, 3, 1, 2, 3, 4, 1, 2, 3, 1, 2, 3, 4, 5 (The fingers 1–5 refer to
thumb, index, middle, ring and little finger, respectively). The specifications
of the Go/NoGo-study were as follows: A first visual cue (S1) indicated that
participants should be prepared to start playing soon. 2750 ms after S1, the
metronome was started. Participants were instructed to play the first note
of any scale coinciding with the third metronome beat. Two hundred fifty
ms before the third metronome beat, a second visual cue (S2) was presented
indicating that the participant should either execute (Go, green ellipse) or
not execute (NoGo, red ellipse) the motor sequence (Fig. 4.2). The selection
of 250 ms after S2 for playing the first note was based on previous studies
of De Jong et al. (1990) and Logan et al. (1984), which have shown that the
stop-signal reaction time, measuring the inhibition of an initiated response,
is between 200 and 250 ms. It is important to note that the associations
between the green/red ellipses and Go/NoGo cues were easily learned by
all participants because of their familiarity with the universal color code of
traffic lights: green to go and red to stop. Because the timing of the entrance
of the pianists and the tempo were indicated by metronome-like auditory
cues, a visual stimulus was chosen as Go/NoGo cue to avoid interference
with the auditory modality.

EEG and EMG recordings and Pre-processing. Continuous EEG was re-
corded from 22 electrodes placed over the scalp according to the extended
10–20 system referenced to linked mastoids. Additionally, a right verti-
cal electrooculogram was recorded to monitor blinks and eye movements.
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Impedance was kept under 5kΩ. Data were sampled at 500 Hz; the upper
cutoff was 100 Hz, and the time constant was set to DC (DC amplifiers and
software by NeuroScan Inc., Herndon, Va., USA). One bipolar EMG channel
was recorded from surface electrodes positioned over the right flexor pollicis
longus muscle, located 6 cm apart from each other. The bandpass filters
for EMG were set to 5 Hz (highpass) and 100 Hz (lowpass). Visual trigger
stimuli, key strokes and metronome beats were automatically documented
with markers in the continuous EEG file. Performance was additionally
recorded as MIDI (Music instruments digital interface) files using a standard
MIDI sequencer program. I used the EEGLAB Matlabr Toolbox (Delorme
and Makeig, 2004) for the visualization and filtering of the EEG signals. After
rejecting segments of data with artifacts such as blinks, eye movements and
muscle activity as determined by visual inspection, a notch filter at 50 Hz (49–
51 Hz) was applied to eliminate power-line noise. Trials that included errors,
such as a response following a NoGo target or a miss on a Go cue, were not
included in the analysis. The data epochs representing single experimental
trials time-locked to the onset of the second visual (S2) cue were extracted
from −5000 ms to 1000 ms, resulting in approximately n=100 artifact-free
epochs per condition (Go/NoGo) and participant.

Data analysis. I performed the following three analyses: (i) standard
time averaging technique to analyse the slow shift of movement-related
cortical potentials (MRCPs); wavelet based time-frequency representations
(TFR) to analyse (ii) the spectral power of the oscillatory contents and (iii)
the spatiotemporal dynamics of the functional coupling. The latter was
performed by means of the synchronization cluster analysis (SCA, Allefeld
and Kurths, 2004).

MRCPs were derived by averaging the raw trials about the Go/NoGo sig-
nal (S2) for each subject and condition, and the result was baseline-corrected.
The baseline was computed from 4500 to 4000 ms prior to S2 (500–0 ms before
S1).

A complex Morlet wavelet was used to extract time-frequency complex
phases φik(t, f ), at an electrode i and epoch k, and amplitudes A(t, f ) of the
EEG signal x(t). The frequency domain was sampled from 2 to 40 Hz with a
1 Hz interval between each frequency.
I studied changes in the spectral content of the oscillatory activity by means



58 4 Experiments

of the wavelet-based TFR of the energy (Tallon-Baudry et al., 1997). After
removing the baseline level (between 4000 and 4500 ms prior to S2), I nor-
malized the TFR energy with the standard deviation of the same baseline
period. The normalization procedure reduced the effects of inter-subject and
inter-electrode variability.
Oscillatory activity in the alpha (8–13 Hz) and beta (13–30 Hz) band was
analyzed, based upon its sensitivity to movement-related changes in humans
(Pfurtscheller et al., 1997; Gerloff et al., 1998b; Salmelin et al., 1995; Tiihonen
et al., 1989).

For the synchronization analysis, a modified version of the nearest-neighbor
Hjorth Laplacian algorithm computed by Taylor’s series expansion (Lager-
lund et al., 1995) was applied, in order to avoid the spurious increase in
correlations introduced by the common reference (Nunez et al., 1997).
For each frequency, the index R̄iC (3.17) of the SCA analysis was averaged
across the electrodes of the sensorimotor and prefrontal cortex to obtain the
cluster strength R̄C in these regions. The investigation of the phase synchro-
nization focused on the theta (4–7 Hz) and alpha (8–13 Hz) frequency bands,
due to the relevance of these slow oscillations in mediating long-range corti-
cal functional coupling (von Stein and Sarnthein, 2000). In the beta (13–30 Hz)
band, no between-conditions or between-groups changes in the measures
of phase synchronization were observed, which could be due to the specific
task. Consequently, this band was left out of the statistical analysis.

EMG analysis. The raw EMG signal was rectified and smoothed via the
Root Mean Square (RMS) algorithm over a window of 10 ms. For ensemble
average EMG curves, the amplitude of the smoothed rectified trials was first
normalized to the mean value within each epoch, from −5 to 5 s, and then
averaged it across trials. The amplitude mean value in the analysis interval
and the EMG peak were selected as EMG activity parameters. The analysis
interval for Go trials was 250–2875 ms, coinciding with the time the pianists
had to play; for NoGo trials the selected time window was 0–350 ms in order
to detect whether pianists initiated a movement around 250 ms in spite of
the NoGo signal.

Performance analysis. The temporary unevenness of inter-onset intervals
(IOI, time between note onsets of two subsequent notes) was previously re-
ported to be a precise indicator of pianists’ motor control and its impairment
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in pianists with focal dystonia (Jabusch et al., 2004). For each participant,
temporary unevenness was analysed by calculating the mean standard de-
viation of IOI (mSD-IOI) of all scales. Motor performance was compared
with the EEG measures to look for correlations between the degree of motor
impairment in pianists with MD and the EEG response.

Statistical analysis. To assess the statistical differences in the spectral power
and phase synchronization indices, I first averaged for each subject and
condition the indices across the electrodes in the regions of interests (ROIs)
defined for each case (described below). Next, for each time-frequency point,
the averaged indices were analyzed by means of synchronized permutations
of a 2 x 2 (Group x Condition) design (Good, 2005; see Section 3.2.6). With the
synchronized permutations approach, the mean spectral power was analyzed
between 0 and 900 ms (to avoid windowing effects, since the epochs were
extracted up to 1000 ms) in the alpha (8–13 Hz) and beta (13–30 Hz) bands
separately. Similarly, in the same time window and in the separate theta
(4–7 Hz) and alpha (8–13 Hz) bands, the index of phase synchronization
between cluster and electrode, , averaged across the corresponding ROIs
was analyzed. The statistical differences of the grand-averages of MRCP
waveforms were also analyzed by means of a 2 x 2 (Group x Condition)
design of synchronized permutations. In this case, selected electrode sites
were pooled to three topographical ROIs (see below), and in each one the
synchronized permutations were computed. Differences were considered
significant if p < 0.05. Significance levels for multiple comparisons of same
data pool were obtained by a Bonferroni-correction of the 0.05 level. The
regions of interest were selected on the basis of a priori anatomical and
physiological knowledge (Hummel et al., 2002; Gerloff et al., 1998b). For the
analysis of the spectral power and MRCP waveforms, I chose electrodes that
cover the lateral premotor cortex, the SM1 bilaterally (left: FC3, C3, CP3; right:
FC4, C4, CP4), and the mesial frontocentral cortex including the SMA (FCz, Cz,
CPz). For these topographic analyses, the threshold value after the Bonferroni
correction was thus 0.017. In the case of the phase synchonization analysis, I
included additionally the prefrontal electrodes (F3, Fz, F4) due to the role of
the prefrontal cortex in top-down processing (von Stein and Sarnthein, 2000;
Sauseng et al., 2005). I hypothesized that the prefrontal electrodes could be
functionally coupled to the EEG channels in the sensorimotor cortex for the
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Go/NoGo decision making (Shibata et al., 1997, 1998).
The univariate analyses of the statistical differences between conditions or

between groups were performed with the use of a non-parametric pair-wise
permutation test (Good, 2005). As previously stated, for multiple compar-
isons of same data pool I applied the Bonferroni-correction. Between-groups
differences in the behavioral and electromyographic data were also analyzed
using a non-parametric pair-wise permutation test.

4.1.3 Results

Behavioral data

The data are presented as mean and range. The number of NoGo trials that
included errors –for instance, a motor response following the NoGo cue–
was not statistically different between pianists with MD (8.5; 2.0–39) and
healthy pianists (5.0; 1.0–42; permutation test across subjects, p > 0.05). In
the Go condition the missed scales, namely scales not played, did not differ
statistically between pianists with MD (0.67; 0–4) and healthy pianists (0.87;
0-2) either. As expected, the mean standard deviation of IOI (mSD-IOI),
previously described for quantification of motor impairment in pianists with
MD (Jabusch et al., 2004), differed between both groups (pianists with MD:
17.2 ms; 14.2–32.1; healthy pianists: 12.7 ms; 9.0-16.5; p < 0.01). Further
information on the behavioral data is provided in Table 4.2.

EMG data

In Go trials, the amplitude mean value over the interval 250–2875 ms differed
significantly between healthy pianists (20 µV; 12–36 µV) and pianists with
MD (30 µV; 21–50 µV; p<0.05, permutation test across subjects), due to higher
EMG amplitude in patients. The EMG peak, indicating the maximum value
in the amplitude curves, did not differ statistically between healthy pianists
(59 µV; 38–79 µV) and pianists with MD (78 µV; 54–125 µV; p > 0.05).
As indicated before (see Table 4.2), in the NoGo condition, participants
initiated movements of the thumb in some trials in spite of the NoGo signal.
Interestingly, the number of NoGo trials in which bursts of EMG activity
were observed was higher than the number of trials in which the first key
of the MIDI piano was actually played (Table 4.2). This result confirmed
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# trials
Total # # scales # scales # trials with note

of scales # scales with early with wrong during onset
Participant during Go missed early onset notes mSD-IOI NoGo in NoGo

Cont01 101 0 0 0 16 97 13
Cont02 101 0 0 0 10 97 42
Cont03 101 1 0 0 11 99 2
Cont04 101 1 0 0 15 97 13
Cont05 101 0 0 0 9 97 1
Cont06 82 0 0 0 12 117 2
Cont07 99 0 0 0 16 100 1
Cont08 101 0 0 0 13 97 5
Cont09 97 4 0 0 13 100 14
Dyst01 101 2 0 0 22 101 23
Dyst02 101 0 0 0 18 101 6
Dyst03 101 2 0 0 18 101 39
Dyst04 97 0 0 0 14 101 15
Dyst05 97 0 0 0 32 101 11
Dyst06 101 2 0 0 16 101 2
Dyst07 101 0 0 0 16 99 3
Dyst08 101 1 0 0 16 97 3

Table 4.2: Behavioral data of healthy pianists (Cont) and patients with musician’s dystonia
(Dyst). Scales missed refers to scales not played during Go. Early onset occurred when the
first note of the scale was played before the Go/ NoGo signal. The performance analysis of
the last patient could not be completed because of lost MIDI data.
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Figure 4.3: EMG, right flexor pollicis longus muscle of the right hand. (A) Raw data of a
single NoGo trial are given for a control (C1) and a patient (P2). Bursts of EMG activity can
be observed before 200 ms in spite of the NoGo signal. (B) Rectified and smoothed EMG
activity in the NoGo condition for the same patient (P2, dashed line) and healthy pianist (C1,
bold line) as in (A). Peaks of EMG activity averaged across trials can be observed despite the
NoGo signal.

that inhibition in our paradigm demanded active suppression of the motor
program. Bursts of raw EMG activity in a NoGo trial are depicted in Fig. 4.3A
for one patient and one healthy pianist. As in Go trials, the mean-rectified
and RMS-smoothed value of the EMG signal was computed (Fig. 4.3B). The
EMG peak was found significantly higher in pianists with MD (14 µV; 5.2–50
µV) than in healthy ones (5.5 µV; 3.1–16 µV). Contrary to the Go trials, the
amplitude mean value in both groups was not statistically different (healthy
pianists: 3.3 µV; 1.1–10 µV; patients: 5.7 µV; 2.4–20 µV; p > 0.05).

MRCPs

In Figures 4.4A-B the grand-average MRCP waveforms for pianists with
MD and healthy pianists are depicted at electrode FCz for Go and NoGo
conditions. Both groups showed similar premovement activity across the sen-
sorimotor cortex, characterized by the slow negative MRCP termed as CNV.
In our paradigm, the CNV reflected the maintenance of a motor response in
readiness (Haider et al., 1981). In both conditions, the premovement nega-
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tivity returned to baseline levels. During ACT I observed a post-movement
negative peak more pronounced in pianists with MD, whereas the NoGo con-
dition was characterized by a positive shift post-S2. The positive peak after
S2, which could be related to the inhibition of the motor pattern, had larger
amplitude across sensorimotor areas in healthy pianists than in pianists with
MD. The synchronized permutations yielded a significant (p < 0.017) main
effect of Group in the three ROIs of the sensorimotor cortex (Fig. 4.4C), which
was more prominent in the time window 370-500 ms. This result indicated
that in pianists with MD, the MRCPs after the Go/NoGo cue were less posi-
tive across all ROIs in the sensorimotor cortex. A significant main effect of
Condition was found in the frontocentral regions around ∼ 280 ms, ∼ 430
ms and > 800 ms (Fig. 4.4D). The first latency corresponded with the positive
peak after S2 in the NoGo condition, possibly related to the relaxation after
motor preparation. The second latency referred to the negative peak after
the onset of playing in the Go condition. No significant interaction of the
factors Group x Condition was found. A univariate permutation test across
subjects in the NoGo condition yielded a significant between-groups differ-
ence (p < 0.017) in the post-S2 positive peak at the midline electrodes within
the latency period 270–308 ms, suggesting that the weaker inhibition for the
patients group was localized in the mesial frontocentral cortex.

Spectral power analysis

The spectral power in the alpha band (8–13Hz) averaged across the sensori-
motor regions for each group separately is presented in Figure 4.5. In both
groups I observed a decrease relative to the baseline in the amplitude of the
alpha oscillations after the beginning of the metronome beat in the Go and
NoGo conditions. No significant main effects or interaction of the factors
Group or Condition were found. Figure 4.6 shows the time-frequency maps
of the beta band (13–30 Hz) spectral power averaged across the electrodes
over sensorimotor regions in the INH condition. As in the alpha frequency
range, I observed for both groups a reduction, relative to the baseline, in the
power of the beta oscillations following the beginning of the metronome (not
shown). After the NoGo cue, the decrease in beta oscillations attenuated
slowly, returning to baseline levels. An increase of 650–900 ms in the power
of beta oscillations manifested itself, which was weaker for pianists with
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Figure 4.4: Movement-related cortical potentials (MRCPs) analysis. (A) Grand average
of the MRCPs for Go trials in pianists with MD (blue line), healthy pianists (black line)
and difference (MD minus healthy, red line). (B) Same as in (A) but for NoGo trials. (C)
Latency periods, in which the main effect of Group for the MRCPs is statistically significant
(p < 0.017, Bonferroni-corrected), calculated with respect to synchronized permutation
tests in three ROIs. The temporal intervals of significant values are presented for three
different areas of electrodes: LSM (left sensorimotor cortex), ML (midline), RSM (right
sensorimotor cortex). (D) Time windows, in which the main effect of Condition for the
MRCPs is statistically significant (p < 0.017). The stronger significant effect was found in
the ML electrodes.
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MD than for healthy controls. This general picture was confirmed in all
individual pianists with MD and healthy pianists.
The synchronized permutations did not reveal a significant main effect of
Group, but of Condition, in the time-frequency window 700–900 ms and
16–26 Hz (p < 0.003, Bonferroni-corrected). This result indicated that, inde-
pendently of the Group, Go and NoGo trials differed at the late stage. Further,
in the 20–30 Hz frequency range and with the time spans of 550–650 ms and
790–900 ms, cortical oscillatory activity differed between musicians with and
without MD depending on the task condition (significant interaction of the
factors Group x Condition , p < 0.003).
The univariate permutation test across subjects in the NoGo condition re-
vealed a significantly smaller (p < 0.003) spectral power increase of the beta
oscillations between 23–30 Hz and at a latency of 850–900 ms for pianists
with MD compared with healthy pianists. The increase in the TFR energy
of beta oscillations for pianists with MD was weaker than for healthy pi-
anists (Fig. 4.7) across the left premotor and sensorimotor cortex (FC3,C3)
and mesial frontocentral cortex (FCz,Cz) and extended to prefrontal regions
(F3, Fz).

Synchronization cluster analysis

NoGo trials were associated with a robust increase in the degree of global
synchronization R̄C in the theta and lower alpha band (7–8 Hz) with a time
span of 200–400 ms, thence coinciding with the latency when the participants
were required to begin playing (Fig. 4.8A and B). This increase was more
enhanced for healthy pianists than for pianists with MD (Fig. 4.8C). Interest-
ingly, no changes in phase synchronization after the Go signal were found in
any of the groups or in the between-groups difference (results not shown).
A significant main effect of the factor Condition was found in the theta band
(5–7 Hz) with a latency period of 120–470 ms and in the alpha band (8–13
Hz) between 220 and 450 ms. This indicated that, independently of Group,
the global phase synchronization was different for Go and NoGo trials, or
more specifically, it was higher during INH, because during ACT no changes
were observed. A significant interaction of the factors Group x Condition
was found in the theta band (6–7 Hz), with the same latency as in the main
effect Condition and also in the alpha band (8–9 Hz) between 170 and 320 ms.
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Figure 4.5: Time course of spectral power of total alpha (8–13 Hz) oscillatory activity
averaged across the electrodes over the sensorimotor areas during ACT for pianists with
MD (A) and healthy pianists (B). Same measure during INH for pianists with MD (C) and
healthy pianists (D). In all cases, a decrease relative to baseline can be observed in the alpha
spectral power and is sustained after S2.



4.1 Experiment 1: Defective inhibition in musician’s dystonia 67

Figure 4.6: Beta spectral power during INH. TFR energy averaged across electrodes in
sensorimotor areas in the 13–30 Hz range and after S2 for pianists with MD (A), for healthy
pianists (B), and between-group difference (C, A–B). The white contour denotes the region
in which the between-group difference is significant at the 0.003 level (Bonferroni-corrected)
according to the permutation test.
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Figure 4.7: Topographical map of the 23–30 Hz difference (MD minus healthy) spectral
power averaged in the time window 860–900 ms in the INH condition. The beta activity is
less positive in pianists with MD than in healthy pianists, an effect which is maximal across
the left premotor and sensorimotor cortex (FC3, C3), mesial frontocentral cortex (Fz, Cz), and
prefrontal regions (F3, Fz).
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The significant interaction reflected that the phase synchronization effects
differed between musicians with and without MD depending on the task
condition around the time when playing had to be activated or inhibited
(∼ 250 ms). No main effect of factor Group was found.
In order to test our main hypothesis, whether the functional coupling during
INH is impaired for pianists with MD compared with healthy pianists, I com-
puted a univariate permutation test across subjects (Fig. 4.8C). A significant
effect (p < 0.005, Bonferroni-corrected) was found between 230 and 330 ms
and 7–8 Hz, due to lower global synchronization for pianists with MD than
for healthy pianists.
The topography of the phase synchronization index, averaged over the time
window 230–330 ms and frequency range 7–8 Hz, is illustrated in Fig. 4.9.
Note that in pianists with MD the synchronized cluster consisted only of elec-
trodes FCz and Fz (Fig. 4.9A), whereas in healthy pianists the synchronized
structure included also the electrode Cz and the contralateral sensorimotor
regions (Fig. 4.9B). Compared with healthy pianists, in pianists with MD
(Fig. 4.9C) I observed a pronounced decrease in the phase synchronization
between the supplementary motor cortex (Cz) and left premotor and sensori-
motor electrodes (FC3, C3, CP3).

4.1.4 Discussion

Inhibition

Our study focused on the execution and inhibition of long-term overlearned
motor programs, due to its relevance in real playing conditions. Our assump-
tion was that in the nonretrieval condition, motor memory traces, strongly
activated after the first metronome beat, needed to be suppressed after S2
(Hummel et al., 2002) .
A number of studies have supported the hypothesis that FTSD is associated
with impaired inhibitory function at multiple levels of the central nervous
system (Chen et al., 1995; Siebner et al., 1999; Yazawa et al., 1999). At the
behavioral level, electromyographic (Stinear and Byblow, 2004; Cohen and
Hallett, 1988) and kinematic (Odergren et al., 1996; Serrien et al., 2000) studies
of FTSD have demonstrated the presence of co-contraction of the forearm
and hand musculature, resulting in excessive and uncontrolled force out-
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Figure 4.8: Synchronization cluster analysis during INH. The time-frequency plots of the
cluster strength, R̄C, averaged across electrodes over sensorimotor and prefrontal areas, are
presented in the frequency range 4–13 Hz for pianists with MD (A), for healthy pianists
(B), and for the between-group difference (C, A–B). A pointwise paired permutation test
between groups yielded significant differences (p < 0.005) between 230 and 330 ms and at
7–8 Hz, due to higher global synchronization in healthy pianists than in pianists with MD in
this time-frequency window. This region is indicated by the green contour.
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Figure 4.9: Topographical distribution of the synchronization strength between each
electrode and the cluster during INH. RC was averaged over the time window 230–330 ms
and frequency range 7–8 Hz, for pianists with MD (A), for healthy pianists (B), and for the
between-group difference (C, A–B). A pronounced decrease in the phase synchronization
between the supplementary motor cortex (Cz) and left premotor and sensorimotor electrodes
(FC3, C3, CP3) was observed for pianists with MD compared with healthy pianists.
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put and, more generally, impaired sensorimotor integration. Evidence from
studies of neurophysiological function and TMS further supports deficient
cortico-cortical and intracortical inhibition in focal hand dystonia (Hummel
et al., 2002; Gerloff et al., 1998a; Ziemann et al., 1996).
In the present study, we aimed at studying a task that is closer to naturalistic
piano performance. Accordingly, we imposed higher temporal constraints
on the task, we used a larger sample of patients suffering from MD, and we
had healthy musicians as controls.
In this setting, (i) the role of the inter-electrode functional coupling in the
sensorimotor integration of inhibitory processes turned out to be the most
relevant physiological marker. This outcome could be related to the specific
task and to the high temporal constraints. Our study further showed that
in pianists with MD, the nonretrieval of the motor program was associated
with (ii) a weaker positive shift after-S2 across cortical sensorimotor areas
and (iii) a weaker increase in local beta oscillations at around 850 ms across
the left and mesial sensorimotor and prefrontal (F3, Fz) cortex.
Finally, the EMG peak in NoGo trials was found to be significantly higher in
pianists with MD than in healthy pianists. Our findings, thus, offer evidence
that patients with MD, compared with healthy pianists, have a significantly
higher innervation input of the flexor pollicis longus during NoGo trials.
This outcome supports the main hypothesis of deficient inhibition in pianists
with MD.

MRCPs

Similar premovement activity across the sensorimotor cortex, as reflected in
the CNV, was observed in both healthy pianists and those with MD. Previous
studies reported in musicians with MD higher amplitude and laterality in
the CNV prior to motor tasks (Lim et al., 2004; Ikeda et al., 1996). Our data
show a trend to higher amplitudes in the late phase of the MRCP prior to
S2, albeit non-significant. This discrepancy can be ascribed to the different
design of our study. Furthermore, in the study of Lim et al. (2004), the patients
were more strongly affected by FTSD compared with those in the present
investigation.
The post-S2 resolution of the negative slow MRCPs showed a main effect
of Condition and Group across the sensorimotor cortex, with a topographic
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maximum at the midline electrodes. Moreover, in NoGo trials, the between-
groups positive shift in the MRCPs was significantly different over the mid-
line regions with a latency of 270–308 ms. This outcome further stressed the
relevance of the mesial frontocentral cortex during INH.
Nevertheless, some alternative interpretations of this finding merit consid-
eration. First, no significant interaction of the factors Group x Condition
was found. Therefore, the group differences in the univariate pertumation
test must be taken cautiously. Second, the latency of 270–308 ms is shortly
after the time of the withheld movement during the NoGo trial. This result
could indicate that the positive shift in the MRCPs around this latency re-
flects the relaxation of the mesial frontocentral once the movement has been
successfully supressed, rather than actively inhibited. Note, however, that
the role of these brain regions in the Go and NoGo trials is consistent across
the multivariate tests.
Our data, thus, emphasize the role of the mesial frontocentral cortex, in-
cluding the region of the SMA, in the activation and deactivation of motor
programs. Recent studies relating the SMA activation to MRCP amplitude
changes have emphasized the role of frontocentral midline electrodes (FCz
and Cz) for various motor behaviors (MacKinnon et al., 1996; Marsden et al.,
1996). Regarding inhibitory processes, new findings show that the SMA
mediates inhibition of motor plans (Sumner et al., 2007).

Increases of beta spectral power after offset of motor imagery

The literature on motor control has provided evidence for decrease across
sensorimotor areas in task-related alpha power associated with ACT (Hum-
mel et al., 2002; Gerloff et al., 1998b), whereas increase in task-related alpha
power was found during INH (Hummel et al., 2002). However, the main
empirical evidence of the increases in alpha oscillations has been provided
across brain areas that are not task-relevant (for a review see Klimesch et al.,
2007).
In our study, the reduction of the power of alpha oscillations persisting af-
ter both Go and NoGo cues may indicate that the sensorimotor areas were
task-relevant not only during ACT, but also during INH in terms of motor
imagery. Nevertheless, this outcome may be specific to our paradigm, due
to the higher time pressure, which would have activated strongly the motor
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programs and had made the inhibition of motor traces more difficult.
An unexpected between-groups difference was the weaker late increase in
beta spectral power for pianists with MD, after the nonretrieval of the motor
program. The significant difference was localized across the left premotor,
sensorimotor and mesial frontocentral cortex and extended to prefrontal
regions (F3, Fz).
Beta event-related synchronization (ERS) has been found after movement
execution (Pfurtscheller et al., 1997; Müller et al., 2003) and movement imag-
ination (Kühn et al., 2006; Pfurtscheller et al., 2005). It appears within the
first 1000 ms after movement or motor imagery offset (Müller-Putz et al.,
2007), which is in strong agreement with the latencies in our experiment (∼
700–900 ms). Nevertheless, despite the evidence that cortical deactivation or
inhibition of the motor cortex is coincident with increases in beta oscillations
(Pfurtscheller et al., 1997; Salmelin et al., 1995), the precise functional role
of the bursts of beta oscillations is still poorly understood. According to
Pfurtscheller et al. (2005) and Müller-Putz et al. (2007), the beta ERS has to
do with the activation/deactivation of the sensorimotor cortex circuitry and
the resetting process of motor cortex control systems to make the network
ready for further motor actions. At the subcortical level, a Go/NoGo study
recording local field potentials from the region of subthalamic nuclei (Kühn
et al., 2004) reported that when movement was inhibited, the subcortical beta
event-related desynchronization (ERD) was terminated and reversed into
an ERS. In the present study, the beta rebound which followed the period of
suppression of beta band spectral power in the NoGo condition could not
be related to movement-offset, but rather could support the role of motor
imagery in our paradigm. Prior to the Go/NoGo signal, participants rehearse
mentally the motor program, which in the NoGo condition has to be deacti-
vated after S2. Thus, in our paradigm this deactivation refers to the offset of
motor imagery.
In light of the findings of Pfurtscheller et al. (2005) and Müller-Putz et al.
(2007), our data would suggest that the resetting mechanisms that prepare
the cortical networks for the execution of upcoming motor patterns in pi-
anists with MD are less efficient than those of healthy pianists. Still, I believe
that the question of the functional role of the increase of beta oscillatory
activity has not yet been fully answered.
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Phase synchrony analysis

Our data reflect the binding between synchronized activity of distant senso-
rimotor cortical regions, characterized mainly by short-range connections
between neighboring electrodes within the contralateral sensorimotor cortex
and within / or with the SMA.
So far functional coupling has not been compared during INH and ACT in
patients with FTSD. EEG research in diseases in which deficient inhibition
plays a role in the pathogenesis has proven that the measure of the synchro-
nization between cortical brain regions delivers relevant results. For instance,
inter-regional cortical synchronization correlates with the defective cortico-
cortical interactions in patients with Tourette’s syndrome (Serrien et al., 2005),
attention deficit hyperactivity disorder (Barry et al., 2002), or Parkinson’s
disease (Silberstein et al., 2005). Importantly, the work of Serrien et al. (2005)
demonstrated in a Go/NoGo paradigm enhanced coherence during INH
compared with ACT. Previous literature also reported stronger task-related
coherence for NoGo than for Go conditions (Shibata et al., 1997, 1998), results
which our data support: The inter-regional functional coupling during ACT
is weaker than during INH in both groups.
It remains unknown whether the higher demand in phase synchronization
observed during NoGo trials is due to active motor inhibition per se or to
the stronger challenge that may represent the NoGo condition. Here, I con-
sider that the patterns of increased functional coupling observed during INH
around the time of playing (∼ 250 ms), which were absent during ACT, may
indicate that the NoGo cue does not merely imply disregarding the motor
execution; rather, it may be a manifestation of some active processes required
for the nonretrieval of the motor program. In pianists with MD, as compaired
with healthy pianists, weaker phase coupling underlying the nonretrieval of
motor programs was found around ∼ 250 ms between the supplementary
motor cortex (Cz) and left premotor and sensorimotor electrodes (FC3, C3).
This outcome reflected their impaired motor INH.
The SMA is thought to play an important role in the functional control of
movement in that it has direct projections to the primary motor cortex and
the spinal chord (Matsuzaka et al., 1992). Recent data has proven the suppres-
sive influence of SMA on the primary motor cortex (M1) in motor imagery,
thus reflecting the inhibitory function of the forward connection between
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the SMA and M1 (Kasess et al., 2008). Hence, our results could be inter-
preted as a deficient higher order motor functioning in pianists with MD:
The phase coupling between the SMA and the left premotor and sensorimo-
tor cortex, which is required for the nonretrieval of the motor program, is
weaker in pianists with MD. Consequently, these data can be regarded as
an electrophysiological correlate of the impaired inhibition in pianists with
MD. I believe that assessing functional interactions between brain regions in
patients with deficient inhibitory circuitry, such as is the case in dystonias
(Hummel et al., 2002; Abbruzzese et al., 2001; Tinazzi et al., 2000; Ridding
et al., 1995), could be a key issue, since these measures reveal the deficits of
patients in engaging the network connectivity used by healthy controls.



4.2 Experiment 2: Error-monitoring in pianists 77

4.2 Experiment 2: Error-monitoring in pianists

4.2.1 Introduction

Music performance entails a tight control of motor programs that has to be
fine-tuned through auditory feedback. This implies that executive control
mechanisms need to be in effect during the acquisition of musical skills as
well as during the performance at a high, professional level (Münte et al.,
2002; Zatorre et al., 2007). Surprisingly, however, such mechanisms have not
been exhaustively studied in relation to music.

The human action-monitoring system has attracted increasing interest
since the early 1990’s (Gross et al., 1993; Rodriguez-Fornells et al., 2002;
Ullsperger and von Cramon, 2001; Kerns et al., 2004) . A seminal finding was a
negative deflection in the event-related potentials (ERP), termed error-related
negativity (ERN) or error negativity (Ne), which peaks about 100 ms after the
onset of the electromyographic (EMG) activation of the incorrect response
agonist or at about 70 ms after the incorrect key press. Its neural generators
are located in the anterior cingulate cortex (ACC), pre-supplementary motor
area (pre-SMA) and SMA (Carter et al., 1998; Dehaene et al., 1994). Recently
the Nucleus accumbens has been shown to be involved in action-monitoring
by eliciting error-related activity even 40 ms before the scalp ERN (Münte
et al., 2007). The ERN has been hypothesized to reflect error-detection pro-
cesses (Holroyd and Coles, 2002) or conflict monitoring (Cohen et al., 2000;
Botvinick et al., 2001). In the first case, it is assumed that the ERN indexes the
error signal of a feedforward control mechanism (Bernstein, 1967; Bernstein
et al., 1995). This assumption is based on the short latency of the ERN, which
makes it implausible that the slow sensory and proprioceptive loops generate
such fast error signal (Wolpert et al., 1995). To the best of our knowledge,
besides the work of Möller et al. (2007) with manipulation of tongue slips, no
published electrophysiological data have demonstrated that the ERN can be
elicited before error onset in highly skilled motor tasks. After the ERN, an er-
ror positivity (Pe) is elicited between 200 and 500 ms with parietal maximum,
which reflects the subjective conscious error recognition (Nieuwenhuis et al.,
2001; van Veen and Carter, 2002; Falkenstein et al., 1990).

A key issue is whether the ERN is related to action monitoring only or
also to the emotional outcomes of action monitoring (Luu et al., 2004). Evi-
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dence for the latter has been provided by several studies reporting affective
influences on the amplitude of the ERN (Luu et al., 2000a,b) and on the fMRI
activation when errors are committed (Kiehl et al., 2000; Garavan et al., 2003).
More specifically, the affective or emotional significance of errors has been
proposed to be reflected in the activation of the rostral ACC after erroneous
responses (Luu et al., 2003). Other studies have engaged the more general
affective appraisal network – rostral ACC, insula and amygdala – in the
emotional processing of errors (Garavan et al., 2003; Polli et al., 2008).

The present study investigated the ERPs associated with error detection
in humans during the performance of piano sequences which had to be re-
trieved from memory at fast tempi. In order to tease out the contributions of
the auditory and somatosensory information in error detection, our experi-
mental paradigm consisted of three parts: an audiomotor condition (AM); a
motor condition (M); and a purely auditory condition (A).
Regarding the importance of auditory feedback in music making, Lashley
argued already in 1951 that the fast production rates in piano performance
prove that the motor control does not rely on the slow auditory feedback.
Later findings reported that auditory feedback is essential during the pro-
cessing of learning new musical pieces; however, once the pieces are learned,
their retrieval from memory is independent of the presence or absence of
auditory feedback (Repp, 1999; Finney and Palmer, 2003). This is not the case,
however, for string instruments, in which the lack of auditory feedback (not
using the bow) distorts the pitch performance extremely (Chen et al., 2008).

Music and speech production are time-based sequential behaviors which
require planning by means of a memory representation to prepare events
for production (Pfordresher and Palmer, 2006). This is in agreement with
the ideas of Lashley (1951), who suggested that to achieve the temporal
precision of fast piano performances, pianists would have to not only prepare
in advance for the production of the current event, but also for the peripheral
events. Recently, a model of the simultaneous co-activation of the current
event and the surrounding context in a fast sequence has been proposed and
validated empirically in an experiment on piano performance (Pfordresher
and Palmer, 2007).

Taking the previous findings into account, our main hypotheses were as
follows: First, the presence or absence of auditory feedback while pianists
were playing the musical pieces would not modulate the ERN or error rate.
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Second, according to the models of preparation in advance of the upcoming
nearby sequence positions in a fast sequence (Lashley, 1951; Pfordresher
and Palmer, 2007), I expected the subjects’ anticipation of several notes in
the motor preparation. In case of an upcoming error, the action-monitoring
system could trigger the ERN even before the note onset. Third, the auditory
feedback of errors in AM would have a stronger impact on the subjective
awareness of errors compared with M, and a larger Pe could be obtained.
Finally, the auditory feedback alone would give rise in the auditory condition
to a feedback-locked error-related negativity (Nieuwenhuis et al., 2002; Milt-
ner et al., 1997; Badgaiyan and Posner, 1998, f-ERN) in the brain responses
associated to pitch errors2.

4.2.2 Materials and methods

Participants. 19 healthy pianists (eight females, age range 20–29 years,
mean 22 years), who were students at or had graduated from the University
of Music and Drama of Hanover participated in this study. All participants
were professional pianists. 18 of the participants were right-handed, and one
was left-handed, according to the Edinburgh inventory (Oldfield, 1971). All
participants reported normal hearing. All subjects gave informed consent to
participation in the study, which had received approval by the local Ethics
Committee of Hanover. Due to equipment malfunction, one subject was
excluded leaving 18 subjects for the analysis.

Stimulus materials. Initially sequences from the right-hand parts of the
Preludes V, VI and X of the Well Tempered Clavier (Part 1) by J. S. Bach and
the Piano Sonata No. 52 in E Flat Major by J. Haydn were selected. These
pieces were chosen because their parts for the right hand contain mostly
single pitches of the same value (duration), sixteenth-notes, which made our
stimulus material homogeneous. The stimuli were six sequences extracted
from the aforementioned material (Fig. 4.10). In piece 5, which was adapted
from the Prelude X of J. S. Bach, we replaced one chord of the original score
by one single pitch and replaced one pair of eighth notes by a group of
four sixteenth-notes; all stimuli constituted complete musical phrases. The

2This chapter is a modified version of a published manuscript co-authored by Prof. Dr.
Hans-Christian Jabusch and Prof. Dr. Eckart Altenmüller.
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numbers of notes per sequence were: 200, 201, 202, 185, 192, 192. Accordingly,
the stimulus material consisted of 1172 different notes. The tempo for each
piece was selected so that the inter-onset-interval (IOI, time between onsets
of two subsequent notes) was 125 ms (8 tones per second) in all cases. The
performance rate was fast in order to induce error production in the pianists.
The duration of the pieces was around 25 s. The last 16–24 notes (last bar)
of each sequence were not analyzed, because the ritardando (slowing down)
at the cadence constitutes a change in tempo and, consequently, in the IOI.
Most pieces were familiar to all pianists. However, they were instructed
to rehearse and memorize them before the experimental session. I stressed
the importance of memorizing the pieces with the corresponding tempo,
with the help of metronome. Further, it was recommended to the pianists
to rehearse the pieces before the experiment in the presence and absence of
auditory feedback and without tracking the fingers. Once the pianists came
to the experimental session, they had to perform all pieces correct in tempo
and pitch without using the score. This was the prerequisite to start with the
EEG recording.

Experimental design. Participants were seated at a digital piano (Wersi
Digital Piano CT2) in a light-dimmed room. They sat comfortably in an arm-
chair with the left forearm resting on the left armrest of the chair. The right
forearm was supported by a movable armrest attached to a sled-type device
that allowed effortless movements of the right hand along the keyboard of
the piano. The keyboard and the right hand of the participant were covered
with a board to prevent participants from visually tracking hand and finger
movements. Instructions were displayed on a TV monitor (angle 4◦) located
above the piano. Before the experiment, I tested whether each pianist was
able to perform all musical sequences according to the score and in the
desired tempo. They were instructed to perform the pieces each time from
beginning to end without stopping to correct errors. Playing the correct notes
and maintaining accurate timing were stressed. Pianists were unaware of
our interest in investigating error-monitoring processes.

The experimental design consisted of 3 conditions (AM, M, A) comprising
60 trials (around 11700 notes) each. The order of the conditions was random-
ized with the constraint that the performance in AM was recorded to conduct
the A session and therefore preceded A. The 60 trials were also randomly
selected out of the 6 stimulus materials. Participants initiated each trial by
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Figure 4.10: Examples of musical stimuli. The first bars of the six musical sequences are
illustrated. Pieces 1 and 2 were adapted from the Prelude V of the Well Tempered Clavier
(Part 1) of J. S. Bach, pieces 3 and 4 were adapted from the Prelude VI and piece 5 from the
Prelude X. The sixth sequence was adapted from the Piano Sonata No. 52 in E Flat Major of J.
Haydn. The tempi as were given in the experiment are indicated: metronome 120 for quarter
note and 160 for triplet of eighth notes. In all cases, the inter-onset interval (IOI) was 125 ms.
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pressing the left pedal of the MIDI keyboard. Both in AM and M, participants
had to play from memory the musical stimuli 1–6 without the music score.
The only difference between both conditions was that the volume of the MIDI
keyboard was set to zero in M, thus cancelling out the auditory feedback.
The specifications of each trial were as follows: The pianists pressed the left
pedal when they were ready for a trial. After a silent time interval of 500
± 500 ms randomized, the first two bars of the music score were presented
visually on the monitor for 4000 ms to indicate which of the 6 sequences had
to be played. To control for the timing in each piece, I used a synchronization-
continuation paradigm. After 2500 ms of the visual cue, the metronome
started and paced for 1500 ms the tempo corresponding to the piece and then
faded out (after 4 metronome beats at 120 bpm or after 5 metronome beats
at 160 bpm depending on stimulus sequence, see Fig. 4.10). After the last
metronome beat, the visual cue also vanished. Participants were instructed
not to play while the music score was displayed on the screen, but to wait
until a green ellipse appeared on the monitor (100 ms after the vanishing of
metronome and visual cue with the score). In A, the pianists listened through
loudspeakers to their performances recorded in AM. The volume level was
adjusted to their preferences.
Each of the three conditions was approximately of 40 min length, in which
the pianists produced (or listened to) around 11700 notes.

EEG recordings and Pre-processing. Continuous EEG signals were recorded
from 35 electrodes placed over the scalp according to the extended 10–20
system ( FP1,2, AF7,8, F7,8, F3,4, FT7,8, FC3,4, T7,8, C3,4, TP7,8, CP3,4, P7,8, P3,4,
PO7,8, O1,2, AFz, Fz, FCz, Cz, CPz, Pz and POz) referenced to linked mas-
toids. Additionally, electrooculogram was recorded to monitor blinks and
eye movements. Impedance was kept below 5kΩ Data were sampled at 500
Hz; the upper cutoff was 100 Hz (software by NeuroScan Inc., Herndon, Va.,
USA). Visual trigger stimuli, note onsets and metronome beats were automat-
ically documented with markers in the continuous EEG file. Performance
was additionally recorded as MIDI files using a standard MIDI sequencer
program. I used the EEGLAB Matlabr Toolbox (Delorme and Makeig, 2004)
for visualization and filtering purposes. A high-pass filter at 0.5 Hz was
applied to remove linear trends and a notch filter at 50 Hz (49–51 Hz) to
eliminate power-line noise. The EEG data were cleaned of artifacts such
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as blinks and eye movements by means of wavelet-enhanced independent
component analysis (wICA; Castellanos et al., 2006), after first computing the
ICA components with the FastICA algorithm (Hyvärinen and Oja, 2000).

The data epochs representing single experimental trials time-locked to
the onset of the isolated errors (see Data analysis) and isolated correct notes
were extracted from −300 ms to 500 ms, resulting in approximately n=50–120
artifact-free epochs for errors and n=500 artifact-free epochs for correct notes
per participant.

Data analysis. An error detection algorithm was developed in MatLabr,
which compared each MIDI performance with the pitch contents of a tem-
plate (the score). Similarly to Finney and Palmer (2003), all errors which
systematically appeared in at least 7 out of 10 trials of a type and which could
be related to a learning error were removed from the analysis. In addition,
when several consecutive pitch errors were identified, they were removed
from the analysis. Further, only isolated pitch errors, which were preceded
and followed by three correct notes entered the analysis. Similarly, only
isolated correct notes based on the previous criterion were selected. Two
additional constraints were set to all pre-selected errors and correct notes in
order to assure their temporal precision and to avoid overlapping of brain
responses: First, the time interval between MIDI note on and off was not
accepted to be above 150 ms. Second, the minimal and maximal IOI prior
to and post-error were set to 100 ms and 300 ms, respectively. I did not set
a stricter criterion of IOIs for errors because it would have rendered few
isolated errors, which is inconvenient for EEG analysis. Furthermore, in
the case of a post-error slowing, the IOI after errors would be strictly larger
than 125ms. Because there were thousands of notes correct in pitch, the IOI
constraint was strengthened to a minimal IOI of 120 ms and maximal of 130
ms for correct notes. By means of this last criterion, I achieved two goals: (a)
trials of correct pitches generating brain responses related to errors in timing
were excluded; (b) I obtained fewer correct trials (from several thousands)
for further analysis.

I performed the following types of data analysis: At first, the standard
time averaging technique was executed to analyze the event-related poten-
tials (ERPs) of the brain responses triggered by actions leading to pitch errors
(wrong note was played) compared with actions leading to correct pitches.
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ERPs were derived by averaging the raw epochs for each subject and condi-
tion, and the result was baseline-corrected. The baseline was computed from
300 to 150 ms prior to correct notes or errors.
The short inter-stimulus-intervals (ISI) of 125 ms (between consecutive notes)
imposed on the pianists to elicit pitch errors in an ecological paradigm are, be-
yond question, realistic in highly-skilled music performance. However, short
ISIs produce overlapping ERP components of neighbor events (Woldorff,
1993). Consequently, as a second analysis I used a coarse-graining method,
the symbolic resonance analysis (SRA), to disentangle possible overlapping
brain responses (beim Graben and Kurths, 2003) and validate the ERP anal-
ysis. The SRA has been demonstrated to detect ERP differences between
conditions which cannot be discovered by the traditional voltage average, al-
though differences in processing are theoretically expected (Frisch and beim
Graben, 2005; beim Graben et al., 2007). Furthermore, this method performs
optimally when there is a small number of trials, as in our experiment, by
increasing the signal-to-noise ratio (SNR). Finally, the SRA is able to disen-
tangle different contributions to the EEG when the intervals between stimuli
are small, as in our case.

The implementation of the SRA algorithm to obtain the largest between-
conditions difference in the SNR curves, was performed in our study as
follows: (1) select varying thresholds between 0 and 10µV (every 0.1µV)
representing voltage ERPs; (2) compute for each encoding threshold and con-
dition the grand epoch ensemble (GEE) of three-symbol sequences (gathering
symbolic sequences of all subjects); (3) apply the Reversi transformation to
obtain the binary sequences for each condition; (4) compute the cylinder
entropies and (5) integrate them within a time-window of interest to get the
SNR value for each condition and threshold. Next, the SNR curves of the GEE
for each condition were plotted against the encoding thresholds. The optimal
threshold, θ#, is the threshold value which maximizes the SNR difference
between conditions. Thus, the largest between-conditions difference SNR is
associated with the optimized amplitude of the difference ERP waveforms,
and can be related to the maximal separation of the dynamics.

Performance analysis. From the MIDI files, I extracted information regard-
ing the time between onset of notes (IOI) and the loudness of each note (the
so-called MIDI velocity). The temporal unevenness of IOI for each playing
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condition was characterized by the mean IOI and the mean standard de-
viation of IOI (mSD-IOI). The latter parameter was previously reported to
be a precise indicator of pianists’ motor control (Jabusch et al., 2004). The
mean IOI provided an indicator of how well the pianists adjusted to the
given tempi (125 ms between two consecutive onsets of notes). In addition, I
computed the mean overall loudness (mean velocity) for correct notes and for
errors in AM and M separately. This parameter was able to indicate whether
pianists pressed the keys with different force depending on the presence and
absence of auditory feedback. To investigate whether the loudness values
of the errors were different from the loudness values of correct notes at the
same position on the score, I calculated the difference between the average
loudness of correct notes and the loudness of the matching error. Again, this
analysis was performed for AM and M separately.

Statistical analysis. To assess the statistical differences in the ERPs, the
ERP waveforms were first averaged for each subject and condition across
the electrodes grouped into the clusters defined below. Next, for each time
point from −200 to 500 ms, the averaged indices were analyzed by means of
synchronized permutations of a 3 x 2 (Condition x Event type) design (Good,
2005), see Section 3.2.6). The 3 levels of the factor condition were AM, M and
A; the 2 levels of the factor event type were correct and wrong note.

Selected electrode sites were pooled to three topographical clusters (see
below), and in each one the synchronized permutations were computed.
Differences were considered significant if p < 0.05. Significance levels for
multiple comparisons of the same data pool were obtained by a Bonferroni-
correction of the 0.05 level.

Six clusters of surface EEG channels were selected on the basis of a priori
anatomical and physiological knowledge (Eichele et al., 2008; Stemmer et al.,
2004; Gerloff et al., 1998b). For familiarity with the standard notation, I
renamed the clusters to regions of interest (ROI). I chose electrodes that cover
the lateral premotor cortex, the SM1 bilaterally (left: FC3, C3, CP3; right: FC4,
C4, CP4), and the mesial frontocentral cortex including the pre-SMA and
SMA (FCz, Cz, CPz). Additionally, electrodes from bilateral prefrontal regions
were selected (left: FP1, AF1, F3, F7; right: FP2, AF2, F4, F8), due to the role of
the prefrontal cortex in maintaining motivation and effort in tasks requiring
retrieval from memory (Eichele et al., 2008). Finally, parietal electrodes from
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the midline were also pooled to constitute the sixth ROI (CPz, Pz, POz). This
selection was based on evidence that the parietal regions might be involved
in the generation of the ERN (Stemmer et al., 2004) and that they also display
the maximal activity related to the Pe (Nieuwenhuis et al., 2001; Falkenstein
et al., 1990). For the topographic analyses, the threshold value after the
Bonferroni correction was thus 0.0083. All results based on the ROI analysis
refer to the clusters of surface electrodes and, although the surface activity
is certainly related to the underlying neurophysiological sources, I cannot
claim a one-to-one correspondence between surface electrode and intracranial
source. In case of a significant interaction between factors condition and event
type, univariate analyses were performed with the use of a non-parametric
pair-wise permutation test (Good, 2005). As previously stated, for multiple
comparisons of same data pool significance levels, I used the Bonferroni-
correction.

The statistical reliability of the SRA can be assessed with a permutation
test by (i) generating 5000 replicas of the GEE of errors and correct notes,
(ii) exchanging in each replica around half of the binary epochs randomly
between the GEE of errors and correct notes (beim Graben et al., 2005). I
evaluated for each replica the test statistics:

q(θ) = |S(c1)(θ)− S(c2)(θ)|, (4.1)

quantity which is maximized at each electrode by the optimal threshold
θ#.For each electrode I computed the rank number R(qobs) of the observed test
statistics in the group of all replicas and obtained with it the error probability
of the first kind:

p =
M + 1− R(qobs)

M + 1
. (4.2)

For our selection of 6 ROIs the standard 0.05 significance level was again
corrected to 0.0083.

Differences in the behavioral performance data between-conditions or
between-event types were also analyzed using a non-parametric pair-wise
permutation test.
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4.2.3 Results

Performance analysis

Results of the performance analysis are presented in Table 4.3. Pitch errors
occurred in 3% (Standard deviation [SD] 2%) of all played notes in AM and
also in 3% (SD 1%) in M. Based on the above-mentioned criteria, the selection
of isolated erroneous notes yielded a value of 0.7% (SD 0.3%) in AM and
of 0.7% (SD 0.4%) in M. The percentages of total and isolated errors did
not differ statistically between conditions (permutation test across subjects,
p > 0.05). The values of the mean IOI and its SD provide an indication of
how the pianists adjusted to the given tempi (ideal IOI of 125 ms). In AM,
the mean IOI was 121 ms (8 ms), whereas in M the mean IOI was 123 ms
(8 ms). The difference in mean IOI was not significant (p > 0.05). These
results confirmed that pianists successfully performed the sequences with
a timing very close to the right IOI. Moreover, these data indicated that
pianists played with a similar timing with or without auditory feedback. The
mean IOI of the three correct notes before an error was larger than 125 ms
(190 ms in AM, 170 ms in M), and also after the error (240 ms in AM, 200
ms in M). This outcome demonstrated that there was pre- and post-error
slowing in the IOI in both playing conditions. A permutation test performed
in each condition separately demonstrated that the difference between the
pre-error slowing and the mean IOI of all trials as well as between the post-
error slowing and the mean IOI was significant in AM and M (p < 0.05).
Moreover, the pre- and post-error slowing did not differ statistically either
for AM or for M (p > 0.05 in both conditions). The mean overall loudness
(mean MIDI velocity) of correct notes was 75 (6) in AM and 76 (7) in M (non
significant difference, p > 0.05), which confirms that the performance with
and without auditory feedback was similar in MIDI velocity. In addition,
the mean overall loudness of pitch errors was the same in both performance
conditions: 68 (6) in AM and 72 (6) in M (non significant difference, p > 0.05).
A very interesting question was whether the loudness of errors was reduced
compared with the loudness of the corresponding correct notes in the same
position on the musical score. An affirmative answer to this question would
indicate that a corrective response had already been initiated by the time of
pressing the erroneous key. The analysis of the mean difference in loudness
between pitch error and the averaged loudness of the matching correct notes
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Audiomotor condition Motor condition

Percentage of total pitch errors 3% (2%) 3% (1%)
Percentage of isolated pitch errors 0.7% (0.3%) 0.7% (0.3%)
Number of total pitch errors 400 (300) 400 (200)
Number of isolated errors 80 (30) 80 (40)
IOI of all notes (ms) 121 (8) 123 (8)
IOI note before isolated error (ms) 190 (60) 170 (60)
IOI note after isolated error (ms) 240 (60) 200 (60)

Overall loudness: Correct 75 (6) 76 (7)
Overall loudness Errors 68 (6) 72 (5)
DiffLoudness (Corr-Err) 7 (4) 5 (4)

Table 4.3: Performance data in each condition expressed as mean (SD).

yielded a value of −7 (4). A permutation test across subjects with the mean
difference between the MIDI velocity of errors and matching correct notes
as test statistics revealed a significant difference (p < 0.01) in AM. Similarly,
the difference between loudness of errors and matching correct notes in M,
−5 (4), was also significant (p < 0.01). I could, therefore, confirm that the
loudness of pitch errors decreased in comparison with the loudness of the
corresponding correct notes consistently across performance conditions.

ERP Analysis

The grand-average waveforms of the note onset-locked responses in AM are
depicted in Figure 4.11 at electrode positions Fz, FCz, Cz and CPz. When
comparing errors with correct notes, a negative deflection is observed at
all electrode positions between 70 and 20 ms prior to the onset of errors.
Furthermore, a larger positive peak was elicited after note onsets in errors
compared with correct notes. The latency of the positive deflection was of
50–100 ms. Also, a final larger positive deflection between 240 and 280 ms
was observed, resembling the error positivity (Pe). In M a negative peak
was also found in the difference ERP waveforms at all electrode locations
(Figure 4.12) and between 50 and 0 ms prior to note onset. Similarly, the
Pe was elicited in M but earlier than in AM: between 180 and 220 ms. No
positive components were elicited around 50 ms after the note onsets of errors
or correct notes. The maximum of the negative deflection prior to errors
was localized across frontocentral positions of the scalp in both conditions
(Fig. 4.13). Likewise, the topographic maxima of the Pe in AM and M were
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Figure 4.11: Audiomotor condition. Note-onset ERPs depicted at electrode locations Fz,
FCz, Cz and CPz for erroneous notes (dashed line), for correct notes (solid line) and for the
difference (errors minus correct notes, bold line). Note the increased negativity just before
the commission of the errors (preERN).

localized across frontocentral electrode positions (Fig. 4.14).
In the auditory condition (A), in which participants listened to their per-

formance recorded in AM, a negative-going deflection for errors compared
with correct pitches was observed between 200 and 250 ms at midline elec-
trode locations (Fig. 4.15). This large negativity at frontocentral brain regions
elicited by the auditory feedback of errors may correspond to the f-ERN (see
discussion). The multivariate statistical analysis performed with synchro-
nized permutations in the six selected ROIs returned a main effect of event
type (error, correct note) in the time window of 220–260 ms in the mesial fron-
tocentral (Fz, FCz, Cz; p < 0.0083) and centro-parietal regions (CPz, Pz, POz;
p < 0.0083). In the same time window, a main effect of condition was found
over the frontocentral ROI (p < 0.0083). From −70 to −20 ms no significant
main effects were found, which is understandable considering that in A the
ERP waveforms at this pre-stimulus latency were not affected. Further, the
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Figure 4.12: Motor condition. Note-onset ERPs depicted at electrode locations Fz, FCz, Cz
and CPz for erroneous notes (dashed line), for correct notes (solid line) and for the difference
(errors minus correct notes, bold line). As in Fig. 4.11 the preERN is observed.
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Figure 4.13: Topographical maps for the preERN component (error minus correct notes) in
AM using isovoltage spline interpolation from 70 to 20 ms prior to note-onset. The same in
M from 50 to 0 ms before note-onset. Note the broad brain regions with negative differences.
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Figure 4.14: Topographical maps for the error positivity (Pe, error minus correct notes)
in AM using isovoltage spline interpolation for the time-window from 240 to 280 ms. The
same in M for the interval from 180 to 220 ms. Note the central topography of the Pe.
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Figure 4.15: Auditory condition. Grand-average ERP waveforms recorded from Fz, FCz,
Cz and CPz electrodes along the scalp midline, time-locked to auditory feedback of correct
notes (solid line), errors (dashed line) and the difference errors vs correct (bold line). The
f-ERN peaks around 200-250 ms.

ERP waveforms of the mesial frontocentral electrodes between errors and
correct notes differed depending on the task condition in the time intervals
from −70 to −20 ms and from 220 to 260 ms (significant interaction of the
factors event type x condition, p < 0.0083). In the mesial centro-parietal
region and between 220 and 260 ms I observed also a significant interaction
event type x condition (p < 0.0083).

A post hoc univariate permutation test across subjects in AM revealed a
significant enhanced negativity before errors compared with correct notes
(p < 0.0083). This effect was localized at the midline electrodes and between
−70 and −20 ms, corresponding to what I term pre-error negativity (preERN).
In addition, a significant (p < 0.0083) positive difference was found between
50 and 85 ms in the same medial frontocentral brain areas. The Pe was found
to be significant across the medial frontocentral but also across the medial
centroparietal brain areas between 240 and 280 ms. A similar post-hoc uni-
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variate permutation test in M showed a significant preERN at the mesial
frontocentral electrodes between −50 and 0 ms (p < 0.0083) and a signif-
icant Pe in the mesial frontocentral and centroparietal electrodes between
180 and 220 ms. I was also interested in the specific comparison between
the reaction to errors and correct notes in the auditory condition. In this
case, the univariate permutation test revealed that the auditory feedback of
performance errors lead participants to elicit a significantly larger negative
deflection between 200 and 250 ms than correct notes. This significant effect
appeared in all ROIs (p < 0.0083). Finally, to test our hypotheses that the
pitch errors with or without auditory feedback would not differ prior to their
execution but rather in the final Pe, I computed a univariate permutation
test across subjects comparing (a) error minus correct trials in AM with (b)
error minus correct trials in M (Figure 4.16). Such a comparison reflects how
the auditory information present in AM and lacking in M influences the
processing of the errors; the components of the motor and somatosensory
information are canceled out by the subtraction. The permutation test pro-
vided the significant result that the Pe in AM is larger over frontocentral
electrode regions than in M and also peaks later (p < 0.0083 in 250–280 ms).
Besides the larger Pe in AM, no other significant results were found, not even
before note-onset. However, we can observe a negative peak in the difference
waveforms around 200 ms in Fig. 4.16C and F. This effect might probably
arise due to the Pe at 200ms in M, which is turned into a negative peak in the
subtraction of the curves. In sum, this last statistical test confirmed that the
pre-ERN was identical in both conditions across all brain regions (p > 0.05,
before 0 ms). Additionally, it corroborated that the Pe in AM was larger
than in M. This post-error positivity around 200–250 ms may be associated
with error awareness (Nieuwenhuis et al., 2001; Falkenstein et al., 1990, ;see
discussion).

I tried to estimate the neural generators of the brain activity associated
with the preERN and Pe in AM and M using the sLoreta inverse model
(Pascual-Marqui, 2002). This method is a standarized low resolution brain
electromagnetic tomography and computes the standardized current density
with zero localization error. sLORETA revealed that the main focus of activity
related to the preERN between −70 and −20 ms in AM and between −50
and 0 ms in M was located in the Brodmann area 32 of the rostral ACC (MNI
coordinates: X = −5, Y = 35, Z = 0). The source of activity related to the
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Figure 4.16: Influence of the auditory feedback in error processing. (A) Difference ERPs
(ERPs of errors minus correct notes) at electrode FCz in AM. (B) Same in M. (C) The differ-
ence waveform of the curves in (A) minus (B) reveals the processing of the self-produced
errors based only on the auditory information present in A. All motor and propioceptive
informations are cancelled out. (D)–(F). Same waveforms as in (A)–(C) but at electrode
position Cz. The error positivity (Pe) is larger in the presence of auditory feedback and has a
longer latency, leading to a positive deflection in panels C and F (arrow).



96 4 Experiments

Figure 4.17: (A) Talairach slices illustrating the area of localized activity for the grand-
averaged ERP component from −70 to −20ms (pre-ERN) in AM and from −50 to 0 ms in M.
sLORETA localized the source of activity associated with the pre-ERN in the BA 32 of the
rostral ACC. (B) Talairach slices of localized activity for the Pe in AM and M. The solution of
SLORETA was localized in the BA 24 of the rostral ACC.

Pe in AM and M was found in the Brodmann area 24 of the rostral ACC
(X = −5, Y = 35, Z = 5). Figure 4.17 illustrates these results.

Symbolic resonance analysis

The EEG epochs were extracted in a time window beginning 300 ms before
and ending 500 ms after the onset of the note. The baseline of the 300–150 ms
pre-stimulus interval was subtracted from all EEG epochs. For each encoding
threshold tuned from 0.1 µV to 10 µV in steps of 0.1 µV, the EEG trials of all
subjects were encoded into grand epoch ensembles of sequences of the three
symbols (“0”, “1”, “2”) and then transformed into binary sequences (“0”, “2”)
by means of the Reversi transformation (see Materials and Methods). From
the binary sequences, the SNR curves were computed in each condition for
errors and correct notes in the time-windows of interest associated with ERP
waveforms. In AM I focused on the time window between −70 and −20 ms
corresponding to the preERN, whereas in M I selected the interval between
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−50 and 0 ms for the preERN. An illustration of the different signal-to-noise
(SNR) curves of errors and correct notes associated with the preERN in AM
and in M for different encoding thresholds θ is presented in Fig. 4.18 at elec-
trode locations FCz and Cz. The figure reveals that in AM (Fig. 4.18A-B) the
SNR associated with correct notes is higher than the SNR of errors, partic-
ularly around 3.3 µV which corresponds roughly to the optimal encoding
threshold at these electrode positions.At the optimal encoding threshold I
obtain the greatest separation of ERPs (error minus correct) with respect to
the amplitude. More specifically, in the frontocentral and posterior mesial
electrodes the values of the optimal encoding thresholds were in the range
3.2–3.4 µV (also in most electrode positions, with the exception of FP1 anf
FP2, in which they were higher). Note that the encoding thresholds have
positive values, reflecting the optimal absolute values of voltages which are
crossed by the underlying ERP components. Interestingly, the higher SNR
attained at θ# for the correct notes indicates that more correct trials crossed
the threshold than error trials, which can also be understood as a higher
intertrial coherence for correct notes than for errors relative to θ#. By contrast,
the smaller SNR for errors indicates that the ERP between −70 and −20 ms
was much more affected by noise of contrary polarity, leading to less error
trials crossing θ# and, moreover, leading to a smaller amplitude in the ERP of
errors relative to that optimal encoding threshold. This interpretation is clear
when we observe Fig. 4.11. In that figure, we find that the ERPs of correct
notes and errors in the time window under consideration are both positive,
but the ERP of errors has an amplitude closer to the baseline, leading to the
negative preERN in the difference curve. In Fig. 4.18AB we also find a true
resonant effect for errors at 3.8 µV, threshold at which the SNR of errors is
maximum. However, the SNR of correct notes at 3.8µV is identical to that of
errors, so that the separation of the dynamics is minimal and does not lead
to a difference ERP of large amplitude.

Contrary to the AM condition, in M the SNR curves reached higher peaks
for errors than for correct notes (Fig. 4.18CD), particularly at the optimal
encoding threshold around 2.7µV. In this condition, the values of θ# for the
frontocentral and posterior mesial electrodes were in the range 2.5–3.3 µV,
values which are smaller than those obtained in AM. This result demonstrates
that the maximal difference in the ERP waveforms is obtained in M for
lower threshold values. Furthermore, I can say that at the optimal encoding
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Figure 4.18: SRA. Symbolically estimated signal-to-noise ratio (SNR) computed in AM at
electrodes FCz (A) and Cz (B) over the time window of the preERN component from −70 up
to −20 ms depending on the encoding threshold θ for errors (dashed line) and correct notes
(solid line). C-D. SNR computed for different encoding thresholds θ in M at electrodes FCz
(C) and Cz (D)from 50 to 0 ms before errors.
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thresholds more error trials cross the threshold than correct trials, leading to
a higher intertrial coherence and, thus, to a larger amplitude relative to that
encoding threshold. In agreement with the last interpretation, we observe
in Fig. 4.12 that in M the ERP waveform of errors between −50 and 0 ms
has larger negative amplitude, whereas the ERP waveform of correct notes
is closer to the baseline. Interestingly, the SNR curves in Fig. 4.18CD are
bimodal for correct and wrong notes. Such bimodal SNR curves indicate two
symbolic resonances within the particular time window. Thus, the ERPs for
correct and wrong notes seem to consist of two superimposed components
of slightly different amplitudes. While the two ERP subcomponents cannot
be easily observed in Fig. 4.12 for each condition separately, in the difference
curve (error minus correct) it is clear that the preERN has two modulations
of the amplitude. Future work has to shed some light on the bimodal aspect
of the preERN in M. In the case of AM, it could be that there is also a bimodal
preERN but that it overlaps with the auditory processing of the previous note.
The topographic distribution of the maximal difference SNR (attained at θ#)
for the preERN in AM and M is plotted in Fig. 4.19. Panel A in this figure
reflects that in AM there is more signal (and less noise) for correct notes than
for errors; in other words, because from 70 to 20 ms prior to note onset the
waveforms had positive polarity, the negative difference SNR indicates that
less trials were above-threshold crossing events for errors than for correct
notes, given θ#. We can observe that the largest differences between the
SNR of errors and correct notes point to the electrodes located over the
pre-SMA and SMA, but also seem to extend to the recording sites over the
left sensorimotor cortex. In panel B we find a dipole-like topographical
distribution: the electrode Cz (Fig. 4.18D) and the parietal mesial electrode
positions had higher SNR values for errors than for correct notes; however,
in the frontocentral channels Fz and Fz, the effect was the opposite and larger
(−0.04). In Fig. 4.18C we can observe that the global maximal value of the
SNR curve was higher for errors. Nevertheless, the difference SNR curve had
its maximum value for a θ# such that the SNR of correct notes was indeed
larger.

The permutation test across symbolically encoded EEG epochs computed
in AM in the 6 ROIs revealed significant differences between the resonance
curves only at the midline electrodes (p < 0.0083). In these same ROI,
the permutation test showed significant differences between the resonance
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Figure 4.19: SRA. (A) Topographic brain maps of the maximal difference between the
resonance curves of errors and correct notes at the optimal encoding thresholds θ# associated
with the preERN in AM. (B) Same in M. The frontocentral ROI in which a significant
difference (p < 0.0083) was found in AM and M is indicated by a rectangle.

curves of errors and correct notes in M (p < 0.0083).
In sum, the SRA confirmed that mainly the surface electrodes located

across mesial frontocentral areas are active during error-related processing.
Because the SRA is a robust method against a small number of trials or short
ISIs, it strengthens the evidence provided by the ERP analysis.

4.2.4 Discussion

To our knowledge, this is the first electrophysiological study assessing a.)
the time course of error detection and b.) the different contributions of
auditory and somatosensory information to error-monitoring in a natural
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kind of piano performance as an example of a highly-skilled multimodal
taskt (Münte et al., 2002; Zatorre et al., 2007).

Error detection in advance is independent of the auditory feedback

The main finding was that already at 50–70 ms before the onset of pitch
errors, the brain potentials in the mesial frontocental electrodes (Fz, FCz, Cz)
elicited a negative deflection, the preERN, possibly indexing an error signal
of the self-monitoring system. The preERN was independent of the presence
or absence of auditory feedback and had a correlate at the behavioral level:
the loudness of pitch errors was decreased compared with the loudness of
correct notes at the same position on the score.
These results demonstrate that the pitch accuracy and temporal precision
required in the production of fast complex musical sequences is possible in
part by the perfect functioning of feedforward mechanisms in highly-skilled
pianists. Internal forward models can predict the next state of a system
from its current state and motor command (Wolpert et al., 1995; Bernstein,
1967; Desmurget and Grafton, 2000). Further, they compare the actual motor
outflow (efference copy) with the motor command. In case of a mismatch,
an error signal is triggered to cancel the undesired sensory effects of the
movement (reafference), and a corrective response is initiated.

In our paradigm the reported preERN may be the neural correlate of this
error signal, and the decreased MIDI velocity of errors might demonstrate
that the self-monitoring system tries to cancel the sensory effects associated
with the erroneous action. However, another interpretation which cannot be
ruled out is that the decreased loudness of errors might be due to inhibition
of the on-going motor response or, more generally, to an erroneous on-going
motor pattern in which not only the wrong note is pressed but also with a
wrong loudness.

The strikingly similar values of the performance analyses (e.g., pre- and
post-error slowing, loudness of errors) for both AM and M provides evi-
dence for our hypothesis that the auditory feedback does not mediate the
detection of the pitch errors prior to the execution in piano performance.
This fact is in agreement with the previous literature. In the context of piano
performance, Lashley (1951) postulated that auditory feedback could not
control the fast motor sequences of piano performance at a high tempo. This
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statement was further strengthened by the study of Finney and Palmer (2003),
which demonstrated that the presence or absence of auditory feedback in the
retrieval of memorized music sequences did not affect the error rate. Perfor-
mance of rapid movements must thus be prepared in advance (Pfordresher
and Palmer, 2006, 2007; Schmidt, 1975, 2003). This last point is supported
by the finding of the pre-error slowing in the AM and M conditions: the
preparation in advance of the upcoming notes might enable musicians to
detect the error already in the previous note (125 ms before), thus triggering
a corrective response and delaying the latency of the error.
These findings, however, probably cannot be applied to string instruments.
Here the absence of auditory feedback (not using the bow) has been demon-
strated to have a profound impact on the accuracy of the pitch performance
(Chen et al., 2008), most likely due to the dissociation between the “pitch
map” and the “physical map” of the instrument. But it is important to note
that speech production is indeed remarkably stable even in the temporary
absence of auditory feedback and therefore constitutes a similar paradigm
for piano performance whenever there is a temporary lack of auditory feed-
back. For instance, it was shown that intelligible speech is possible when
the speaker cannot hear him or herself due to masking noise (Lane and
Tranel, 1971). However, when the speaker became deaf after learning to
speak – which might constitute a permanent lack of auditory feedback – the
stability of speech production is initially well preserved, showing a gradual
deterioration with time (Lane and Webster, 1991; Waldstein, 1990).

Auditory feedback modulates the expectations of the sensory effects and
the emotional evaluation of errors.

We know that sound production is the ultimate goal of music performance.
What can I say from my data about the fundamental role of auditory feed-
back in monitoring piano performance? When contrasting the difference
(error-correct) ERP waveforms with and without auditory feedback, I found a
significant difference across frontocentral regions between 250 and 280 ms.
The Pe had a larger amplitude and appeared later in AM than in M. This
result indicated that the effect of the auditory feedback in the processing of
errors is to enhance the subjective conscious error recognition or attentional
resource allocation following errors as reflected in the Pe (Nieuwenhuis et al.,
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2001; van Veen and Carter, 2002; Falkenstein et al., 1990). Further, the larger
Pe in AM suggests that the auditory modality enhanced the sensory expecta-
tions associated with an erroneous action. Eventually, the sensory outcome
led to a keener awareness of the error. In contrast, in M the sensory expec-
tations were modulated only by the proprioceptive information causing a
weaker impact on the awareness of the error. As a result, the Pe in M had a
smaller amplitude.

These findings can be partially understood within the framework of the
ideomotor theory of action control (e.g., Prinz, 1997). According to this
theory, there is a binding between the motor action and the sensory effects it
produces. This link arises after frequently performing the specific action and
learning the sensory effects associated with it (Elsner and Hommel, 2001) and
leads to the strong auditory-motor coupling observed in musicians (Bangert
and Altenmüller, 2003; Drost et al., 2005a,b; Zatorre et al., 2007).

In the present study, the larger Pe observed in AM between 250 and
280 ms after errors cannot be explained by the violation of the auditory-
motor mapping in the performance of the learned sequences. The reason is
that incorrect actions produce the corresponding sensory effects (incorrect
pitches). I speculate that it reflects an enhanced conscious error recognition
possibly due to the following mechanism: in case of an upcoming error,the
feedforward mechanisms anticipate and try to cancel the sensory effects of
the movement. It may be then that the self-monitoring system expects to
successfully correct the sensory effects (as the MIDI velocity data confirm),
but the final erroneous auditory feedback increases the impact on the subjec-
tive conscious evaluation of the error. In the case of an “artificial” violation
of the auditory expectancies coupled with a correct voluntary action, some
studies have provided converging evidence for a larger attentional resource
allocation as reflected in a larger positive P300 peak (Nittono, 2006; Waszak
and Herwig, 2007). In that same context, the positive deflection was preceded
by a negative ERP component which reflects the mismatch between the in-
tended auditory image evoked by motor activity and the actual modified
auditory feedback (N210 or MMN, Katahira et al., 2008; Waszak and Herwig,
2007). The P300 can be clearly discarded in our experiment to explain the
Pe, because the Pe was observed after real self-made errors, rather than after
“artificial” sensory violations. At present there is an ongoing debate about the
significance of the Pe (van Veen and Carter, 2006). The main proposals are
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that the Pe could be involved in the subjective emotional evaluation of errors
(Falkenstein et al., 2000), in the conscious error recognition (Nieuwenhuis
et al., 2001) or in the post-error compensatory behavior (Nieuwenhuis et al.,
2001; Hajcak et al., 2003), but some other studies are at odds with the previous
interpretations (Debener et al., 2005; Hajcak et al., 2004).

Our findings are consistent with the previous suggestions of the emo-
tional assessment of errors. Indeed, sLORETA detected the BA 24 in the
rostral “affective” ACC as a source of the activity generating the Pe. The
rostral ACC has been associated with emotional evaluation after erroneous
responses (Luu et al., 2003). Further, it has been reported to interact with
other paralimbic and limbic regions (e.g. the amygdala and insula) to me-
diate affective processes (Devinsky et al., 1995; Whalen et al., 1998). The fact
that in music performance the evaluation of errors is emotionally modulated
is not surprising. It is relevant to note that for expert musical performance,
not only technical motor skills are required, but also the ability to commu-
nicate emotions by means of generating expressive performance (Sloboda,
2000). Emotion and motivation are thus key elements for expertise in music
performance (Palmer, 1997). However, emotional evaluation of errors is
not exclusive to music performance but is also characteristic of other goal-
oriented behaviors, such as gambling or problem solving. Empirical evidence
for the emotional/affective evaluation of errors has been found following
monetary losses in gambling tasks (Gehring and Willoughby, 2002; Dun-
ning and Hajcak, 2007). Even in a more general error-monitoring scenario,
mood and personality variables have been correlated to the brain responses
following errors (Luu et al., 2000a).

The relevance of piano performance as an example of a highly-skilled
multimodal task

The results of the ERP analysis in AM and M were validated by the novel
SRA, a method which benefits from the effect of stochastic resonance to
disentangle possible overlapping brain responses (beim Graben and Kurths,
2003) and which is robust against low number of trials. The SRA confirmed
that the preERN in M and AM was located at mesial frontocentral electrodes.
Further, it demonstrated that in the time interval of the preERN the maximum
separation of the dynamics for the ERPs of errors and correct notes, obtained
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at the optimal encoding threshold, was characterized by a larger SNR and
more above-threshold crossing events for correct notes than for errors in AM
but the opposite was true in M.
In AM, the larger SNR at θ# for correct notes than for errors reflected that
more correct trials (of positive polarily) constituted above-threshold events
and this lead to a larger intertrial coherence for correct notes. At θ#, more
trials of errors (of positive polarily) were driven away from that threshold
by noise and, consequently, I observed a reduced SNR. By contrast, in M,
the SNR at θ# was larger for errors than for correct notes at most electrode
positions. In this case more error trials (of negative polarity) crossed the
optimal encoding thresholds than correct trials (also of negative polarity),
leading to a larger intertrial coherence.
These results are in agreement with the ERP results: (i) the pre-stimulus
ERP waveform of errors in AM had possitive polarity but was close to the
baseline, whereas for correct notes it had also positive polarity but a larger
amplitude; (ii) the pre-stimulus ERP waveform of errors in M had negative
polarity and a large amplitude, but for correct notes the ERP was closer to
the baseline. Both situations lead to an ERP component of negative polarity
in the difference waveforms (error minus correct notes), the preERN.
Finally, it is interesting to note that I obtained bimodal SNR curves for wrong
and correct notes in the lack of auditory feedback. Such bimodal curves
reflect two symbolic resonance effects leading to two subcomponents in the
ERPs, which could also be observed in the difference ERP waveforms in
Fig. 4.12. Future investigations must address (i) the issue of the significance
of the two subcomponents in the preERN in M and (ii) its presence or absence
in AM.

The specific brain source generating the activity associated with the
preERN was the BA 32 of the rostral ACC. A vast majority of studies support
the relevance of the ACC in error monitoring (Holroyd and Coles, 2002;
Dehaene et al., 1994; Tanji, 1996) and in signaling the need for corrective
adjustments (Klein et al., 2006; Ullsperger et al., 2007). Complementing the
previous results, a number of findings have pointed to the engagement of the
ACC in detecting motivationally salient negative events, such as errors, mon-
etary losses in a gambling task or more general negative emotions (Gehring
and Willoughby, 2002; Dunning and Hajcak, 2007; Luu et al., 2000a). As
mentioned in the previous section and in the introduction, the rostral ACC is
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involved in the emotional evaluation of the erroneous outcomes (Luu et al.,
2003; van Veen and Carter, 2002). Our results add to the previous findings by
providing evidence for a more emotional and less mechanistic processing of
error detection in music performance. This can be understood if we consider
that musical expertise is the product of years of intense practice guided by
motivation. Similarly to other experts in motor control, such as elite sur-
geons or athletes, professional musicians analyze continually during their
years of practice what they did wrong, adjust their techniques, and work
arduously to correct their errors (Ericsson et al., 2007). Consequently, during
musical training the motor programs are optimized to achieve the highest
accuracy with a minimum of effort (Parlitz et al., 1998). The efficiency at the
performance level is accompanied by an increased efficiency of cortical and
subcortical systems for bimanual movement control in musicians (Haslinger
et al., 2005). Precisely these achieved high-level motor skills might allow the
musicians to focus on the expressive aspects of musical performance.

However, given that sLORETA or other inverse localization solutions are
not optimal and may produce variability in the sources across experiment,
we must wait for future studies in the context of error-monitoring in music
performance to validate the brain source of the preERN.

From the previous results, several remarks must be considered. First, a
number of studies investigated what happens before errors and showed that
the disengagement of the error monitoring system can be detected one trial
(error-related positivity Allain et al., 2004; Hajcak et al., 2003; Ridderinkhof
et al., 2003) or even 30 s (Eichele et al., 2008) prior to the actual execution of an
error. The use of routinely executed repetitive tasks in these investigations,
such as Eriksen flanker or Stroop tasks, may have an impact in the reduction
of the attention and effort and makes comparison with piano performance
difficult.

Second, studies which use Eriksen flanker, Stroop and gambling tasks
to elicit errors report an ERN which peaks 100 ms later than the preERN
(Gross et al., 1993; Hewig et al., 2007; Falkenstein et al., 1990). This result can
be accounted for by advocating the role of long-term training in providing
internal information for a faster functioning of the self-monitoring system,
which is characteristic of highly skilled multimodal behaviors such as music
performance or speech production. In the speech domain the study of Möller
et al. (2007) reported for the first time a negative deflection in the ERPs elicited
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prior to an erroneous vocalization. In the music domain, our present data
are the first to demonstrate how fast in advance the error signal is triggered
in pianists and how the auditory feedback plays a role in the goal-directed
motor program only at later stages of error-processing. In line with the
former, a recent experiment studying error-monitoring in pianists while they
had to execute musical scales and simple motor patterns also reports ERN
before errors are committed (Maidhof et al. unpublished observations).
Third, in most ERN studies two different response hands are used (Gehring
et al., 1993, 1995; Falkenstein et al., 2000). This can create a conflict between the
activation of two different effectors (i.e., the left and right hand). Indeed, the
debate whether the ERN reflects overt errors based on a comparator process
(Gehring et al., 1993; Falkenstein et al., 2000) or the detection of conflict (Carter
et al., 1998) has spawned a comprehensive amount of literature (van Veen
and Carter, 2002). An important ERP component in the conflict response
literature is the frontocentral N200 which is elicited in correct trials with high
response conflict (Kopp et al., 1996). The conflict theory has established that
the ERN is generated by conflict following response in error trials and that
the N200 is rather generated by conflict prior to correct high-conflict trials
(van Veen and Carter, 2002, 2006). Regarding the brain sources generating
the ERN and the N200, there is evidence that different regions of the ACC are
the main generators of these ERP components: the rostral “emotive” ACC
for the ERN and the caudal “cognitive” ACC for the N200 (Kiehl et al., 2000).
However, these results seem at odds with a more recent study showing the
same generator in the caudal ACC for the ERN and N200 (van Veen and
Carter, 2002). Interestingly, up to now no published data has reported activity
in the ACC prior to the response in conflict correct trials.

Because the preERN in our paradigm is elicited prior to errors, an impor-
tant question is whether this ERP component is related to error detection, as I
proposed, or rather to conflict detection. In order to answer that question, one
should first consider whether the erroneous notes were produced as “error
note/wrong finger” or “error note/correct finger”. In our study pianists
were free to select the fingering, a condition which is already different from
the mentioned paradigms. I cannot completely rule out the possibility of
conflict between the activation of different fingers for a particular error be-
cause the fingering was not tracked. Nevertheless, I believe that the isolated
erroneous notes were due to either a faulty motor preparation and execution
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which led to pressing the wrong neighbor-note (with the correct finger) or
a serial ordering error. In this last case a wrong note event is prepared and
activated based on: (1) the similarity of its metrical accent strength with the
current note; (2) its serial proximity to the current note (Pfordresher and
Palmer, 2006, 2007). Pfordresher and Palmer (2006) addressed the fingering
issue in a model they proposed to predict serial error production in piano
performance. Their model succeeded in predicting serial errors by using
metrical similarity as the main predictor. In contrast, the fingering parame-
ter was not able to predict the serial errors. Another argument against the
conflict theory is that the source generating the preERN was found in the
anterior part of the ACC and not in the caudal ACC, which has been broadly
shown to be related to conflict detection (Kiehl et al., 2000; van Veen and
Carter, 2002). Still, future research is needed to evaluate the validity of the
conflict theory in music performance.

Finally, the literature on motor control has studied how the goal-directed
movement is generated and how the presence or absence of visual feedback
has an impact on the end-point errors (Desmurget et al., 1995; Desmurget
and Grafton, 2000; Vindras et al., 1998). This is interesting in our context
because the participants had to execute the musical pieces without visual
feedback. Some findings point to systematic biases in the estimation of
the initial state of the motor apparatus as responsible for reaching errors
when there is no visual tracking of the limb (Vindras et al., 1998). This
wrong estimation of the initial state would introduce a bias in the forward
model predicting the next state of the system and would consequently initiate
imprecise online corrections to match the target-goal (Desmurget and Grafton,
2000). In contrast, precise visual information of the initial position of the
hand before the reaching movement increases the accuracy (Desmurget et al.,
1995). These findings can be applied to our paradigm in the sense that the
lack of visual feedback during the performance might have introduced a
higher variability in the target movements and thus have produced higher
error rates. However, the reported data are challenged by another study
demonstrating that corrections to the trajectory of the limb are based on non-
visual feedback loops (Prablanc and Martin, 1992). The best approach then to
understand the accuracy of fast movements is to rely on a dual model which
uses both internal forward information in terms of a motor plan and sensory
feedback loops to make corrections at the end of the trajectory (Meyer et al.,
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1988; Milner, 1992). This observation is underscored by our findings: the
high precision in the performance at a fast tempo vithout visual feedback
shows that internal forward models can produce an accurate motor excution.
Moreover, the detection in advance of the errors as reflected in the preERN
and reduced loudness of errors proves that the central nervous system is
capable of amazing accuracy in the movement predictions even without a
second source of sensory feedback: the auditory feedback.

Listening passively to self-made errors elicits a feedback-locked ERN

When pianists listened to their performances recorded in AM, I observed a
large negativity between 220 and 260 ms at frontocentral brain regions elicited
by the auditory feedback of errors. I propose that this ERP is an f-ERN. The
f-ERN peaks around 200–350 ms after the feedback-onset of errors (Nieuwen-
huis et al., 2002; Badgaiyan and Posner, 1998; Miltner et al., 1997) and has
been reported to originate in the ACC (Holroyd et al., 2004). The f-ERN has
also been proposed to arise due to more general violations of expectancy
(Oliveira et al., 2007). Interestingly, Heldmann et al. (2008) demonstrated
that whenever there is internal self-monitoring information about errors,
an ERN is elicited and additional feedback information about the error is
redundant, which was reflected in a lack of the f-ERN. However, when there
is no internal but only external (feedback) information, an f-ERN is observed.
In light of these findings, I could interpret the negative ERP in A as an f-ERN:
pianists were aware that they were listening to their performance, and, thus,
to the outcomes of their actions in AM; the external auditory information
could have elicited accordingly the f-ERN after erroneous pitches in such a
context in which no internal self-monitoring information was available.

On the other hand, any one of the several negative ERP components,
reported in the literature to arise around 200 ms after deviant auditory
stimuli, is realistic in the present paradigm. For instance, the N2b has also
a frontocentral topography but is associated to the conscious detection of
task-relevant deviants (Novak et al., 1990), a condition which is not fulfilled
in our case, because the errors were task-irrelevant. Another component, the
mismatch negativity (MMN), indicates the detection of a deviant event in an
otherwise invariant context (Alho, 1995; Näätänen, 1992). In our paradigm,
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the musical materials were highly versatile and even the correct notes would
not constitute an homogeneous invariant context. Besides, the MMN displays
a frontocentral-posterolateral polarity inversion at mastoidal sites, which did
not hold in our case either. A recent research work with musicians focused
on the ERP components triggered by deviant sounds which are incongruent
with the score (Katahira et al., 2008). The participants had to passively listen
to melodies while tracking the notes on a score, and in response to deviant
sounds, the brain responses generated an imaginary MMM (iMMM, Yumoto
et al., 2005). This result reflects the violation of the auditory image generated
by musicians when visualizing a score. Despite the interest of this study
within the context of the music-related error-monitoring, a direct comparison
with our results in the auditory condition is difficult. I emphasized to our
participants that they should listen carefully to their own performances,
which could have engaged the action-monitoring system and triggered the
f-ERN. Nevertheless, a follow-up study comparing pianists listening to their
own performances and to the performances of others would elucidate the
nature of the reported negative ERP waveform.
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4.3 Experiment 3: Error-monitoring in musician’s
dystonia

4.3.1 Introduction

Playing tennis, performing a piece of music from memory, and even leaping
in a rhythmic gymnastics exercise are all complex multimodal tasks which
rely on predictive (feedforward) mechanisms acquired through extensive
training. All these refined sensory-motor tasks depend on time-based se-
quential behaviors and, as such, require accurate preparation in advance of
the events planned for production (Pfordresher and Palmer, 2006). More-
over, the performance of complex overlearned motor programs demands the
perfect tuning of the action-monitoring system to the extent that potential
errors, which might otherwise interact with the goals, must be predicted
in advance (Bernstein, 1967; Wolpert et al., 1995). Overlearned motor tasks
present thus an ideal paradigm for the study of brain activity associated
with feedforward mechanisms of error detection. However, in the context
of expertise performance, there is sparse information concerning the neural
mechanisms responsible for such predictive error detection processes.

The vast majority of the previous studies of the action-monitoring system
used reaction time conflict-tasks, which elicit error-related brain activity
after the commission of the error. A seminal finding was an error-related
negativity (ERN/Ne: Falkenstein et al., 1990; Gehring et al., 1995) in the event-
related potentials (ERP), which peaks roughly 80 ms after error commission.
Errors in these tasks are produced due to the wrong response selection
from the activation of two competing responses. Therefore, the ERN has
been hypothesized to reflect either error-detection processes (Holroyd and
Coles, 2002) or conflict monitoring (Cohen et al., 2000; Botvinick et al., 2001).
Moreover, because such tasks are monotonous, attentional deficits might
lead to an erroneous outcome. This is reflected in the neural correlates of
the brain activity preceding errors: decreases in prefrontal cortex activation,
increases in the default-mode activation, and enhanced prestimulus alpha
oscillations across occipital brain regions (Eichele et al., 2008; Weissman et al.,
2006; Mazaheri et al., 2009).

My goal in the present work was to extend the previous efforts at under-
standing the human action-monitoring system by studying another case of
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goal-directed behavior, skilled piano playing, as an example of performance
of overlearned motor programs. As stated earlier in this section, due to the
extensive training, the performance of overlearned motor tasks consitutes
an optimal framework to investigate the neural correlates of feedforward
mechanisms of error detection.

In Section 4.2.2, the electrophysiological correlates of error detection dur-
ing piano performance were investigated. Only isolated wrong pitches –
preceded and followed by three correct notes – were used as errors for the
analysis of the brain responses. It was found that, around 70 ms prior to
errors, a negative component – termed preERN and resembling the post-
response ERN – is elicited in the event-related potentials (ERP) and is gen-
erated by the rostral ACC. A similar early component has been reported
while pianists execute musical scales and simple memorized musical pat-
terns (Maidhof et al., 2009). Interestingly, in Section 4.2.2, it was demonstrated
that the preERN was independent of the auditory feedback. The auditory
information, however, did modulate the processing of the errors after their
execution, as reflected in a larger error positivity (Pe). Furthermore, it was
reported that the loudness of wrong pitches decreased in comparison with
the loudness of the corresponding correct notes. This finding was interpreted
as a behavioral correlate of a corrective control mechanism triggered in order
to cancel the sensory consequences of erroneous outcomes. Some questions
remained to be addressed, particularly whether the preERN reflected an
error signal itself or was rather related to the implementation of control
mechanisms. In the former case, the mechanisms by which performance
adjustments are implemented should be investigated, possibly by looking
at other brain regions that could interact with the ACC for that purpose.
Furthermore, ERP analyses do not represent any information about oscil-
latory neuronal synchronization, within and between cortical regions, yet
there is widespread evidence that neuronal synchronization, both local and
global, acts as a flexible mechanism during attentional control and motor
performance (Varela et al., 2001; Gerloff et al., 1998b). Therefore I aimed here
at studying the neural oscillatory activity associated with performance errors.
As in the previous chapter, only isolated wrong pitches were considered as
error trials for further analyses.

Medial prefrontal cortex (mPFC) and particularly the ACC have been
broadly implicated in action-monitoring, whereas lateral prefrontal brain
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regions (lPFC) have been proposed to implement performance adjustments
in a variety of tasks (Wittfoth et al., 2009; Cavanagh et al., 2009; Miller, 2000).
Thus, both brain structures seem to interact during goal-directed behavior
(Botvinick et al., 2001; Ridderinkhof et al., 2004). Some existing evidence
suggests that the ACC monitors the ongoing performance and signals the
need for higher control in conflicting or erroneous trials, which is then imple-
mented by the lPFC (Wittfoth et al., 2009; Cavanagh et al., 2009). However,
there are different hypotheses which posit that the activity in the ACC pre-
dicts subsequent neural or behavioral adjustments in control (Kerns et al.,
2004). Recently, Cavanagh et al. (2009) demonstrated that the mechanism by
which the mPFC and lPFC might interact in action-monitoring and cognitive
control is through the adjustment of the phases of neural oscillations in both
brain regions.

The analysis of the oscillatory and phase synchronization properties of
the error-related brain activity is becoming increasingly relevant in action-
monitoring studies (Luu et al., 2004; Cavanagh et al., 2009; Cohen et al., 2008).
The main findings associated with error evaluation are an increase in theta
oscillatory activity in the mPFC as well as an increased theta phase coupling
between the mPFC and the lPFC following errors; in correct trials with
high conflict additional suppression of beta oscillations is found prior to
response selection. No work has yet addressed the oscillatory brain activity
of action-monitoring in an overlearned motor task.

For a more complete understanding of the action-monitoring system, the
account of the ERN based on phasic dopaminergic activity induced by the
basal ganglia (BG) is of special interest (Holroyd and Coles, 2002; Schultz,
2002). The reinforcement learning theory suggests that the BG evaluate on-
going events and generate predictions of success or failure (Schultz, 2002).
In case of an upcoming failure, the dopamine signal acts in the ACC to gen-
erate the ERN. In this context, dopaminergic modulations are generated in
the absence of an anticipated reward during error detection (Rabbitt, 1966).
Overall, these studies assume that the integration of prefrontal and motor
cortico-striato-thalamo-cortical circuits provides contextual information to
the motor ACC regions to enable their function in performance monitoring
(Ullsperger and von Cramon, 2006). Evidence in support for the reinforce-
ment learning theory is provided by reports of direct activation in the BG
during action-monitoring (Subthalamic Nucleus: Brown et al., 2006; Kühn et
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al., 2008; Nucleus accumbens: Münte et al., 2007; bilateral putamen: Wittfoth
et al., 2009).

Investigations on error processing in patients with disorders of the BG
have found altered error-related brain activity due to anomalous dopaminer-
gic modulations (Huntington’s disease and PD: Beste et al., 2006, 2008; Ito and
Kitagawa, 2006) or to hyperactive striatocortical dynamics (Johannes et al.,
2002, Tourette Syndrom:). Such data have not been studied in patients with
dystonia, also a condition with dysfunction of the basal ganglia-thalamic-
frontal circuit (Naumann et al., 1998; Preibisch et al., 2001). In particular, in
musician’s dystonia (MD), as in other types of focal task-specific dystonias
(FTSD), there is support for a reduced pallidal inhibition of the thalamus,
which results in the overactivity of medial and prefrontal cortical areas (Be-
rardelli et al., 1998). Furthermore, MD is characterized by a degradation of
motor memory traces associated with the performance of the instrument
(Altenmüller, 2003). Consequently, MD represents a remarkable model to
investigate possible abnormalities in error-monitoring in this patient group
during the performance of complex overlearned musical sequences.

The central questions of the present chapter are as follows:

Study 1. Can one identify in the healthy population oscillatory brain states
associated with (i) predictive feedforward mechanisms of error detec-
tion and (ii) the evaluation of errors after they are committed? (iii)
Is the interaction between the mPFC and lPFC relevant for the feed-
forward mechanisms acting in advance of overt errors? To this aim I
investigated action-monitoring during piano performance in healthy
pianists.

Study 2. (iv) Are error detection and correction mechanisms dysfunctional in
MD, as the result of the irregular cortico-basal ganglia-thalamic-cortical
circuitry? More specifically, is there an enhanced error processing in
MD? For this purpose I further studied action-monitoring in a group of
pianists with MD, during the performance of memorized music pieces
with the healthy hand, and compared the results with an age-matched
group of healthy pianists3.

3This chapter is a modified version of a submitted manuscript co-authored by Felix
Strübing, Prof. Dr. Hans-Christian Jabusch, and Prof. Dr. Eckart Altenmüller.
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4.3.2 Materials and methods

Participants in study 1. The data of the 18 healthy pianists from Section 4.2.2
were reanalyzed for the investigation of the oscillatory and synchronization
properties of the brain activity associated with error processing.

Participants in study 2. I conducted a new experiment with MD pianists
and healthy controls with matching age. Eight healthy pianists (five males,
age range 26–44 years, mean 35 years, SD 7 years) and six pianists with MD
(four males, age range 28–52 years, mean 40 years, SD 10 years) participated
in this study. All participants were professional pianists, were right-handed,
and reported normal hearing. All subjects gave informed consent to participa-
tion in the study, which had received approval by the local Ethics Committee
of Hanover. The diagnosis of MD in the six patients was established by
neurological examination and visual inspection while patients were playing
the piano. The clinical course was compatible with primary dystonia, with no
clinical features to suggest secondary dystonia. In all patients, the left hand
was affected; no patient was affected by dystonia at rest. Further information
on the patients is given in Table 4.4. Before the EEG session, participants com-
pleted the Spelberger State-Trait Anxiety Inventory, STAI (Spelberger et al.,
1970). This enabled us to control for higher anxiety states/traits in MD, as
reported previously in this disorder (Jabusch and Altenmüller, 2004), which
could influence action monitoring. Patients’ state anxiety scores ranged from
31 to 52 (mean 38, SD 8) and their trait anxiety scores from 27 to 54 (mean
40, SD 9). The state anxiety scores of healthy participants ranged from 34 to
58 (mean 43, SD 8) and their trait anxiety scores from 33 to 44 (mean 39, SD
4). The scores of both groups are similar to the published norms for this age
group (state: mean 37, SD 10; trait: mean 35, SD 9).

Assessment of motor control. Assessment of motor control in study 2. Motor
control at the piano was assessed by a MIDI-based scale analysis, because it
has been demonstrated that scale playing is affected early in pianists during
the onset of MD (Jabusch et al., 2004). Scales were performed with the left
and right hand on a digital piano. Sequences of 10 to 15 C major scales
were played over two octaves in both directions, inward (radial) and out-
ward (ulnar). Scales were played using the conventional C major fingering:
1,2,3,1,2,3,4,1,2,3,1,2,3,4,5 (fingers 1–5 refer to thumb, index, middle, ring,
and little finger, respectively). The tempo was standardized and paced by
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Age Affected digits Year of Max-mSD-IOI-L /
Patient (years) Sex of the left hand manifestation Therapy Max-mSD-IOI-R

Dyst01 28 F D2 2004 None 21/11
Dyst02 39 M D2,4 1996 Botulinum tox 19/12

(6 months after
last injection)

Dyst03 40 M D2 1996 None 23/22
Dyst04 49 M D3 1995 Botulinum toxin 20/12

(7 years after
last injection)

Dyst05 51 M D4,5 >D1,2,3 2004 None 30/10
Dyst06 52 F D2 1992 Botulinum toxin 21/9

(9 years after
last injection)

Table 4.4: Patiens with musician’s dystonia.

a metronome (120 beats per minute, four notes per beat: one keystroke ev-
ery 125 ms). The temporary unevenness of inter-onset intervals (IOI, time
between note onsets of two subsequent notes) was used as an indicator of
the degree of pianists’ motor control and its dysfunction in pianists with
musician’s dystonia (Jabusch et al., 2004). For each participant, temporary
unevenness was analyzed for both hands and for both playing directions
by calculating the mean standard deviations of IOI (mSD-IOI) of all scales
for the respective playing direction. For further analyses, I selected for each
hand and participant the maximum value of the mSD-IOI results for the
inward and outward playing. In the following sections, the result of this
procedure will be referred to as Max-mSD-IOI. This procedure allowed us to
include all patients in the same analysis irrespective of the playing direction
affected by MD. In MD pianists, motor performance of the affected left hand
(Max-mSD-IOI-L) was compared with the different measures of the EEG
analysis to look for correlations between the degree of motor impairment
and the neurophysiological signal.

Stimulus materials. The stimulus materials were identical to the ones used
in the second experiment (see Section 4.2.2 and Fig. 4.10).

Experimental design. The same experimental setup as in the second ex-
periment was used, except that no auditory condition was recorded. In the
present chapter, only the results related to the audiomotor condition will be
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reported, with the aim to characterize the neural correlates associated with
error detection and resolution in normal piano playing, i.e., in the presence
of auditory feedback.

EEG recordings and Pre-processing. Again, this section is equivalent to the
corresponding one in the second experiment.

Data analysis. To analyze the MIDI performance, I used the error de-
tection algorithm developed in MatLabr for the second experiment. With
this algorithm I compared each MIDI performance with the pitch contents
of a template (the score), in order to detect isolated correct notes and wrong
pitches which were preceded and followed by three correct notes. The proce-
dure was performed according to the constraints detailed in Section 4.2.2.

The following analyses of the EEG signal were performed: (i) wavelet-
based spectral power of the oscillatory contents (Tallon-Baudry et al. 1997)
and (ii) bivariate phase synchronization (see Methods Chapter 3). For the
phase synchronization analysis, the raw EEG trials were first transformed
with a modified version of the nearest-neighbor Hjorth Laplacian algorithm
computed by Taylor’s series expansion (Lagerlund et al., 1995). This algo-
rithm eliminates the spurious increase in correlations introduced by the
common reference, providing a reference-free, spatially enhanced signal
representation (Nunez et al., 1997). Furthermore, the Laplacian algorithm em-
phasizes local activities and diminishes the representation of distal activities,
thus reducing the volume conduction effects.

The frequency domain was sampled from 4 to 60 Hz with a 1 Hz interval
between each frequency. For the computation of the normalized wavelet-
energy and the bivariate synchronization, I used the baseline level from 300
to 150 ms prior to the note onset.

The measures of the wavelet energy and bivariate synchronization were
first computed for each single trial and, after the normalization, averaged
across trials.

The investigation of the pairwise phase synchronization focused on the
electrodes F3-FCz and F4-FCz, as a measure of the synchronization between
lPFC and mPFC. To rule out an alternative explanation of volume conduc-
tion effects, the bivariate synchronization index was additionally calculated
between C3-FCz and C4-FCz: these pairs have a similar Euclidean distance
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as pairs F4-FCz and F3-FCz; however there are no a priori hypotheses that
posit a role of these brain regions in cognitive control.

Oscillatory activity in three frequency ranges was analyzed: (i) In the
theta band (4–7 Hz), based upon its modulation of the ERN (Luu et al., 2004;
Trujillo and Allen, 2007; Cavanagh et al., 2009); (ii) in the alpha band (8–13 Hz),
as an indicator of attention-deficits and precursor of forthcoming mistakes in
monotonous tasks (Mazaheri et al., 2009); (iii) and in the beta band (13–30 Hz),
due to its sensitivity to movement-related changes in humans (Pfurtscheller
et al., 1997).

Statistical analysis. Study 1: I computed the TFR maps of the spectral power
and phase synchronization contrasted between conditions (errors minus
correct notes). The difference quantity reflects neural activity associated with
the processing of the erroneous action. To assess the statistical differences in
the spectral power and phase synchronization indices, I averaged for each
subject and event type (error, correct note) the indices across the electrodes in
the regions of interest (ROIs) defined for each case (described below). Next,
for each time-frequency point, the averaged indices were analyzed by means
of a nonparametric pairwise permutation test across subjects (Good, 1994,
see also Section 3.2.6) by computing 5000 permutations. The test statistic was
the difference (errors minus correct notes) of sample means of each measure.

Statistical analysis. Study 2: Similarly to study 1, for each of the groups I
computed the TRF maps of the spectral power and phase synchronization
contrasted between conditions. I was specifically interested in the differences
between the patient group and the control group in the contrasted TFR
maps, which would reflect a different error processing between groups.
Consequently, the test statistic was the difference between pianists with
MD and healthy controls in the contrasted quantity (MD minus healthy
pianists: error minus correct notes) of the averaged indices under study. A
nonparametric pairwise permutation test across subjects between groups
was performed.

Statistical analysis. Studies 1 and 2: In all cases, two analytic windows
around the note onset were of special interest: from -150 to 0 ms and from
150 to 300 ms. These time intervals were related to the preERN and Pe (see
previous chapter).

Differences were considered significant if p ≤ 0.05. Significance levels
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for multiple comparisons of same data pool were obtained by a Bonferroni-
correction of the 0.05 level.

The regions of interest were selected on the basis of a priori anatomi-
cal knowledge and physiological evidence from action-monitoring studies
(Carter et al., 1998; Dehaene et al., 1994). For the analysis of the spectral
power, I selected the electrodes that cover the mesial prefrontal cortex, an-
terior cingulate cortex and extend to the posterior cingulate cortex (Fz, FCz,
Cz, CPz). These electrodes constituted one single group for the averaged
indices of spectral power. As indicated previously in this chapter, in the
phase synchronization analysis I specifically selected the pairs of electrodes
F4-FCz and F3-FCz, representing the lPFC and mPFC respectively, and the
additional pairs C3-FCz and C4-FCz as controls.

4.3.3 Results of study 1: Healthy pianists

The details of the behavioral data for the group of 18 healthy subjects can be
found in Table 4.3.

Oscillatory activity in the medial frontal cortex

This analysis focused first on the time interval preceding the error in order
to investigate the oscillatory brain activity which could be associated with
the predictive feedforward mechanism of error detection. Additionally, I
investigated the oscillatory activity after overt errors, related to the Pe and the
evaluation of the erroneous response. Fig. 4.20 and Fig. 4.21 display the TFR
plots of the grand-averaged spectral power for errors, correct notes and the
difference in the theta and beta frequency bands, respectively. The processing
of errors elicited strong bursts of theta and beta oscillations before and after
the note onset, whereas the processing of correct notes led to the opposite
effect: a decrease in theta and beta oscillations (Fig. 4.20A and B; Fig. 4.21A
and B). Theta band power differences between error and correct trials were
statistically significant at 4–5 Hz and between -30ms and 200 ms around
note-onset (p = 0.01, significant at the 0.012 level, Bonferroni-correction
in the theta band; Fig. 4.20C and E). This effect was localized at electrodes
FCz, over the mPFC/ACC, and F4, over the right lPFC (Fig. 4.20D and F).
A similar test performed in the beta frequency band revealed significant
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differences from -120 to -70 ms at 14–17 Hz and from 100 to 200 ms at 14–18
Hz (p = 0.002, significant at the 0.003 level, Bonferroni-correction in the beta
band; Fig. 4.21C and E). Both effects reflected the increase of beta oscillations
associated with the detection and resolution of errors compared with correct
notes. The topography of this oscillatory activity was localized at the Fz,
FCz and F4 electrodes, in a similar fashion to the theta band effects, but
additionally extended to the mesial centroparietal electrodes Cz and CPz
(Fig. 4.21D and F). Of particular interest for the investigations of the error
detections mechanisms was the increase in 14–17 Hz oscillations as early as
-120 ms prior to errors. To examine the possible relationship between this
outcome and the error detection and correction mechanisms, I calculated
the nonparametric Spearman correlation index between the single-subject
pre-error difference (error minus correct) in beta power and the difference
(correct minus wrong notes) in loudness. I observed a significant negative
correlation between these two measures (Spearman ρ = −0.64, p = 0.02).
This correlation showed that increased pre-error beta oscillations resulted
in a smaller reduction of the loudness of errors relative to correct notes and,
thus, in a smaller correction effect. Interestingly, the increase after note onset
in the difference in beta power also correlated negatively with the reduction
in loudness of errors (ρ = −0.76, p = 0.005), such that participants exhibiting
a smaller decrease in the loudness of errors – smaller correction – elicited
more post-error bursts of beta oscillations. No significant correlations were
found between theta band power and the behavioral data.

Phase synchronization analysis

The lower beta (13–15Hz) phase coupling index between FCz and F4 in-
creased robustly from 100 to 0 ms before overt errors as compared with the
same index before correct notes (p = 0.001, significant at the 0.003 level,
Bonferroni-correction in the beta band; Fig. 4.22A). Similar statistical tests
were run on the pairs F3-FCz, C4-FCz and C3-FCz but no significant effects
were found. These findings give evidence for an increased right-lateralized
phase interaction between FCz and F4 preceding errors, which could be re-
lated to the feedforward mechanism of error detection and correction. To
investigate the latter, I assessed the modulations by the FCz-F4 phase cou-
pling of the corrective mechanisms by a regression analysis between the beta
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Figure 4.20: Study 1. Theta band (4–7Hz) spectral power for errors (A), correct notes (B)
and the difference (errors minus correct notes, C,E) in the large group of 18 healthy pianists.
Significant between-event type differences in the pre- and post-note event period are denoted
by the black contour (p = 0.01, significant at the 0.012 level, Bonferroni-correction in the
theta band). The contrasted topography of the significant effects is depicted in panels D, F.
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Figure 4.21: Study 1. Beta band (13–30Hz) spectral power for errors (A), correct notes (B)
and the difference (errors minus correct notes, C, E) in the large group of 18 healthy pianists.
Significant between-event type differences in the pre- and post-note event period are denoted
by the black contour (p = 0.002, significant at the 0.003 level, Bonferroni-correction in the
beta band). The spatial distribution of the significant between-conditions differences is
depicted in panels D, F.
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phase coupling and the decrease in loudness of errors. The phase synchro-
nization index, averaged in the time-frequency windows of -100–0 ms and
13–15Hz, correlated positively and significantly with the reduction in the
loudness of errors (Spearman ρ = 0.62, p = 0.001; Fig. 4.22B). Such a positive
correlation suggests that in subjects with a higher pre-error FCz-F4 phase
coupling there was a better corrective mechanism that resulted in a larger
reduction of the loudness of errors.

4.3.4 Results of study 2: Patients with musician’s dystonia

Performance analysis

Information on the patients is given in Table 4.4. The accumulated practice
time was between 26645 and 92892 h (mean 47358 h) in MD pianists and
between 25000 and 78110 h (mean 44147 h) in healthy pianists. There was
no significant difference between the accumulated practice time in both
groups (p = 0.83, permutation test). The last column in Table 4.4 shows
the maximum values of the mean standard deviation of the IOI (Max-mSD-
IOI) of all scales, for the affected left (L) and unaffected right hand (R). The
maximum value in each participant and hand was selected between the
mSD-IOI of the inward and outward playing directions. In healthy pianists,
the Max-mSD-IOI was between 8 and 14 ms. As expected, the Max-mSD-IOI
in the left hand differed significantly between both groups: p = 0.00001
(permutation test), pianists with MD, mean 22 ms (SD 4 ms); healthy pianists,
mean 11 ms (SD 2 ms). Similarly, in the patients group, the Max-mSD-IOI
differed between the affected left and non-affected right hand: p = 0.001
(permutation test for paired samples), right hand, mean 13 ms (SD 5 ms).
These results confirmed that the pianists with MD suffered from focal motor
impairment in the left hand.

There were no significant differences between groups in the state anxiety
scores (p = 0.41) or in the trait anxiety scores (p = 0.52), either. This result
suggests that all differences observed in the electrophysiological data of
MD and healthy pianists were not due to different anxiety states of the
participants in either group during the experimental session. Results of the
behavioral data corresponding to the performance of the musical stimuli
used in the EEG study are presented as mean and standard deviation in
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Figure 4.22: Study 1. (A) Difference between erroneous and correct trials in the grand-
averaged phase synchronization index between channels F4 and FCz, corrected with the
baseline level from -300 to -150 ms. An increase in the index of bivariate phase synchro-
nization can be observed starting 100 ms prior to the note onset and due to a larger phase
coupling index for error trials. Significant differences are marked by the black contour
(p = 0.001, significant at the 0.003 level, Bonferroni-correction in the beta band). (B) Scat-
ter plot showing the correlation between individual difference in loudness (correct minus
wrong notes) and the difference (error minus correct notes) in the index of beta phase syn-
chronization between F4 and FCz (mean over 100 ms before note onset and at 13–15 Hz).
The significant negative Spearman correlation suggests that a larger pre-error beta phase
synchronization was associated with better corrective mechanisms.
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Healthy pianists MD pianists

Percentage of total pitch errors 3% (3%) 5% (3%)
Percentage of isolated pitch errors 0.7% (0.4%) 0.7% (0.4%)
Number of total pitch errors 400 (300) 500 (300)
Number of isolated errors 80 (40) 70 (30)
IOI of all notes (ms) 114 (6) 123 (8)
IOI note before isolated error (ms) 150 (10) 160 (10)
IOI note after isolated error (ms) 140 (30) 160 (30)

Overall loudness: Correct 74 (9) 76 (6)
Overall loudness Errors 61 (8) 61 (6)
DiffLoudness (Corr-Err) 12 (5) 16 (3)

Table 4.5: Performance data in healthy and MD pianists.

Table 4.5 for healthy and MD participants. Healthy pianists made an average
of 80 (SD 40) isolated pitch errors, and the pianists with MD made an average
of 70 (SD 30). The values of the mean IOI and its SD provide an indication of
how the pianists adjusted to the given tempi (ideal IOI of 125 ms). The mean
IOI in patients was 123 ms (SD 8 ms) and 114 ms (SD 6 ms) in healthy pianists.
These values were not significantly different between both groups, although
there was a trend of significance (p = 0.06). Similarly to the previous section,
there was a pre- and post-error slowing in the IOI in both groups, which
differed significantly from the mean IOI of all notes in the performance
(p = 0.001 in all cases). These values did not differ significantly between MD
pianists and healthy pianists. The overall loudness (mean MIDI velocity) of
correct notes did not differ significantly between healthy pianists and MD
pianists either (p = 0.34). In addition, in both groups the loudness of errors
was significantly reduced compared with the loudness of correct notes on the
same position of the score. The decrease in loudness was 12 (SD 5) in controls
(p = 0.04), and 16 (SD 3) in pianists with MD (p = 0.001). Interestingly, the
reduction of the loudness of errors was similar in both groups (p = 0.15),
which indicated that in all pianists – irrespective of the presence or absence
of MD – a corrective response had already been initiated by the time the
subjects pressed the erroneous key. In summary, all the behavioral data for
the performance of the music stimuli did not differ significantly between
groups (p > 0.05 in all cases).
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Oscillatory activity

As seen in the difference in TFR maps in Figs. 4.23A-B (error minus correct
TFR map: patients minus controls), the post-error beta power enhancement
was more pronounced in the patient group than in the control group, as was
the pre-error beta power increase (p = 0.002, significant at the 0.003 level,
Bonferroni-correction in the beta band). The earlier significant effect was
observed from -20 to 50 ms and at 13–16 Hz, whereas the later effect appeared
between 100 and 250 ms and at 13–17 Hz. Both effects were localized at
electrodes over the mPFC/ACC. I additionally evaluated whether the beta
power correlation with the decrease in loudness, as reported above, was
consistent in the patient group and, moreover, whether it depended on
the degree of the motor impairment in MD. Both the pre- and post-onset
difference (error minus correct) in beta power of pianists with MD were
highly correlated in a negative fashion with the decrease in loudness of
errors ( ρ = −0.83, p = 0.01, pre-error period;ρ = −0.94, p = 0.01, post-error
period). However, the difference (error minus correct) in beta power before
and after note onset did not correlate with the Max-mSD-IOI-L parameter
(ρ = −0.26, p = 0.90, pre-error period;ρ = −0.37, p = 0.83, post-error
period). In summary, in patients compared with healthy pianists, more
beta oscillations were elicited in the prediction and resolution of errors.
Nevertheless, the larger quantity of pre- and post-error beta power was not
directly related to the severity of the movement disorder, as assessed by the
Max-mSD-IOI-L parameter of motor control.

Phase synchrony analysis

Later I investigated whether the phase interaction between the pair F4-FCz
was also present in pianists with MD in advance of error commission, and
furthermore, whether this effect would be different from the values of the
healthy population. Fig. 4.23C displays the time-frequency map of the differ-
ence (error minus correct trials) in the grand-averaged F4-FCz phase coupling:
for patients minus healthy pianists. In both groups I observed a robust in-
crease in 13–15 Hz phase coupling before errors (not shown). In healthy
pianists, the pre-error increase in phase coupling extended to the 10–12
Hz range, an effect which was not obtained in MD pianists. Interestingly,
however, in the patient group, the F4-FCz phase coupling was predomi-
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Figure 4.23: Study 2. MD minus healthy pianists: Time-frequency representations of errors
minus correct notes. The error minus correct difference between the TFR maps of the spectral
power of patients and healthy pianists is depicted from -150 to 300 ms (A) and specifically in
the pre-note event period (B). Significant effects in the beta band as revealed by the between-
groups permutation test are marked by a black contour (p = 0.002, significant at the 0.003
level, Bonferroni-correction in the beta band). Note the larger bursts of beta oscillations
for the processing of errors in patients compared with the healthy controls. (C) Difference
between error and correct trials in the grand-averaged phase synchronization index between
channels F4 and FCz and for the difference between patients and controls. The black contour
indicates the between-groups significant effect revealed by the permutation test in the 5–15
Hz range (p = 0.004, Bonferroni-correction in 5–15Hz). (D) Scatter plot showing in the
patients group the correlation between individual degree of motor impairment (Max-mSD-
IOI of the affected left hand) and the difference (error minus correct notes) in the index of
theta phase synchronization between F4 and FCz (mean over 50 ms before note onset and at
6–8 Hz). The significant negative Spearman correlation suggests that a larger pre-error theta
phase synchronization was associated with a weaker severity of the focal dystonia.
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nantly mediated by lower 6–8 Hz oscillations (Fig. 4.23C). The difference
between MD pianists and healthy controls in the phase synchronization
index was significant from 100 to 30 ms prior to note onset and at 10–11
Hz (p = 0.004, Bonferroni-correction in 5–15Hz) and was due to a weaker
phase synchronization index in MD pianists. This outcome indicates that the
phase adjustment of the oscillatory populations underlying F4 and FCz was
mediated by different frequencies in each group. Moreover, in the patient
group, the pre-onset 6–8 Hz phase coupling index of errors minus correct
notes correlated negatively with the severity of the disorder (Max-mSD-IOI-
L; Spearman ρ = −0.83, p = 0.01; Fig. 4.23D). This finding suggests the
interaction between lPFC and mPFC in MD pianists was mainly mediated
by the pre-error 6–8 Hz phase coupling. Furthermore, it indicates that a
larger 6–8 Hz F4-FCz phase coupling – possibly indicating better corrective
mechanisms – was associated with a weaker severity of the focal dystonia.

4.3.5 Discussion

The present study has revealed several novel electrophysiological markers
of error-monitoring processes in healthy participants during the execution of
a complex overlearned sensory-motor task: First, already 120 ms prior to
errors, strong bursts of 14–17 Hz oscillations were elicited in the electrodes
placed over the ACC (Fz, FCz). Moreover, the beta spectral power of errors
minus correct trials, from -120 ms to -70 ms, correlated negatively with
the reduction in loudness observed in errors. This finding indicates that
larger pre-error beta oscillations predict a weaker correction mechanism, as
reflected in a smaller reduction in loudness of errors. Second, after overt pitch
errors, the theta and beta spectral power were enhanced at mesial electrodes,
more prominently between 100 and 200 ms. The post-error beta spectral
power was also negatively correlated with the reduction in loudness of
errors, which supports the conclusion that larger corrections in loudness lead
to smaller post-error beta oscillations. Third, in searching for a feedforward
mechanism that might detect the upcoming wrong note in advance and
try to cancel the associated sensory consequences, I found that: (i) the beta
band phase synchronization between F4 and FCz increased 100 ms before
errors; and (ii) this measurement correlated positively with the reduction
in loudness of errors. Thus, the degree of increased pre-error bivariate
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synchronization between this pair of electrodes – with F4 representing the
lPFC and FCz representing the mPFC or ACC – was associated with more
efficient correction mechanisms.

Based on these findings, it can be proposed that the subcomponents of
the fast feedforward control mechanisms active in a complex overlearned
sensory-motor task are implemented at the neural level in the following
processes: (a) The error signal is indexed by the preERN (Section 4.2.2) or
the pre-error beta oscillations, the latter probably indicating the degree of
difficulty to correct or inhibit the upcoming error; (b) the feedforward control
signal, which indicates the need for a corrective response and/or posterior
behavioral adjustments, is indexed by the pre-error increase in beta phase
synchronization between FCz and F4. In the present paradigm, the corrective
response triggered to cancel the undesired sensory effects of the wrong
movement led to an observed decrease in the loudness of errors and to the
pre-error slowing (∼150–160 ms). Post-error behavioral adjustments were
reflected in the post-error slowing (IOI to next note ∼140–160 ms). The
conscious error recognition or attentional resource allocation was previously
suggested to be signaled by the Pe (Falkenstein et al., 1990; Nieuwenhuis
et al., 2001; van Veen and Carter, 2002) and triggered in the present paradigm
by the rostral ACC (Section 4.2.2). This process might be manifested here in
the increased theta and beta spectral power from 100 to 200 ms after errors.
In addition, a keener evaluation associated with larger post-error beta spectral
power followed more salient errors in which the reduction in loudness was
weaker.

Feedforward control mechanisms

Optimization in performance might be achieved by the interaction between
the action-monitoring and the cognitive control systems (Botvinick et al., 2001;
Ridderinkhof et al., 2004). According to this view, the action-monitoring sys-
tem supervises ongoing performance and signals the need for adjustments,
which are in turn implemented by the cognitive control system. Most of
the previous investigations have located the neural activity associated with
action-monitoring processes in the ACC or mPFC, whereas the control system
is ascribed to the lPFC (Eichele et al., 2008; Botvinick et al., 2001; Ridderinkhof
et al., 2004; Ullsperger and von Cramon, 2004; Kerns et al., 2004). This pro-
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posed theory is supported by evidence for a relation between post-error
behavioral adjustments and activity in the lPFC (Kerns et al., 2004; Cavanagh
et al., 2009). However, another theory posits that neural activity in the ACC
might mediate both monitoring and control mechanisms (Kennerley et al.,
2006; Rushworth et al., 2004, 2007). In this view, the ACC or mPFC implement
behavioral adjustments, such as a reallocation of attentional resources or an
increase of the motor threshold, to avoid further errors (Eichele et al., 2008;
Botvinick et al., 2001).

My results are in line with the former model, in which the ACC or mPFC
monitors ongoing performance to detect unfavorable upcoming actions and
interacts with the lPFC, so that this brain region can implement the behav-
ioral adjustments. Cavanagh et al. (2009) reported increased theta band
phase synchronization between electrodes located over the lPFC and mPFC
in conflict-monitoring. Moreover, the degree of the theta synchronization
– together with the midline theta power – predicted post-error behavioral
adjustments. The present findings are of particular relevance because, to the
best of my knowledge, for the first time, the predictive error-detection and
control mechanisms have been documented in patterns of neural oscillatory
activity and phase synchronization between brain regions observed around
100 ms before errors were committed. As was emphasized in the introduction,
such fast predictive mechanisms are required for the optimal execution of
pre-programmed temporal and spatial movement patterns which charac-
terize piano performance (Catalan et al., 1998). In contrast to the present
paradigm, in which pianists retrieved memorized music pieces and engaged
the motivational limbic system to a large extent, a vast number of previous
investigations of action and conflict-monitoring were based on monotonous
reaction time conflict-tasks. The difficulty in maintaining an adequate level
of attention in such monotonous tasks generates suboptimal brain states
characterized by maladaptive brain activity changes or alpha oscillations
across occipital regions (Eichele et al., 2008; Mazaheri et al., 2009). These brain
states eventually lead to errors in committing the task.

Beta oscillatory dynamics in error-monitoring

The patterns of oscillatory activity and phase synchronization reported here
were mainly localized in the lower beta (14–18 Hz) frequency band, a novel
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finding which supports a role of beta oscillations in action-monitoring. Multi-
ple accounts of the ACC oscillatory activity have reported neural oscillations
in the theta range (4–7 Hz), reflecting conflict or error-detection immediately
after wrong responses and later error evaluation (Luu et al., 2003, 2004; Cohen
et al., 2008; Trujillo and Allen, 2007). In addition, an increased theta phase
coupling between the mPFC and the lPFC reflects the interaction between
these brain regions to implement cognitive control in reaction-time conflict
tasks (Cavanagh et al., 2009). Whereas theta oscillations are robust neural
correlates of attention and working memory tasks (Kahana, 2006) and of
conflict and error-detection in routinely executed repetitive tasks, the precise
functional role of the bursts of beta oscillations is still under debate (Müller-
Putz et al., 2007). Most of the previous evidence for increased beta oscillations
are limited to motor tasks (Pfurtscheller et al., 1997, 2005; Müller et al., 2003;
Kühn et al., 2006). Some new studies also speak for a role of beta oscillations
in attention and cognition (Kukleta et al., 2008; Basile, 2007), although other
findings suggest a link between reduction of beta oscillations and attention
(Dalal et al., 2009). A direct comparison with other studies is difficult because
of the focus on different tasks and brain regions. There is, however, a recent
study on reward processing in a gambling task which reports reward-related
beta oscillatory activity (Marco-Pallares et al., 2008). This study is closer to my
paradigm in that reward and motivational systems play an important role in
both gambling and piano performance. Nevertheless, Marco-Pallares et al.
(2008) found increased beta oscillations only in response to monetary gains
and increased theta oscillations following monetary losses. Consequently,
my findings might advocate a specific role of beta oscillations and phase
synchronization in predictive feedforward error-detection and corrective
mechanisms during the execution of an overlearned sensory-motor task in
highly skilled performers. Further investigations of the brain mechanisms
in error-monitoring during skilled performance might reveal new insights
into the optimal functioning of the sensory and motor systems at their higher
level of achievement.

Action-monitoring in focal dystonia

The dopaminergic system has long been linked to multiple cognitive pro-
cesses. Of particular interest for my investigation are the processes of error
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detection and evaluation, both of which are most likely dependent on the
dopamine system.. The highly influential account of the ERN within the con-
text of the reinforcement theory suggests that this component is modulated
by dopamine (Holroyd and Coles, 2002). According to this view, the basal
ganglia (BG) evaluate ongoing events and generate predictions of failure or
success. When success is predicted, the BG induce phasic increases in the ac-
tivity of dopaminergic neurons in the midbrain; whereas, when an undesired
outcome is predicted, phasic decreases in this activity are induced (Schultz,
2002). In turn, in association with future failures, the phasic decreases in the
dopaminergic activity lead to a larger ERN in the ACC.

A direct prediction follows from the reinforcement learning theory, namely,
a different error processing in BG disorders characterized by dopaminergic
alterations, such as Huntington’s disease and Parkinson’s disease (Beste et al.,
2006, 2008; Ito and Kitagawa, 2006). The main findings in both disorders
have been a decreased ERN and error positivity suggesting impaired perfor-
mance, conflict monitoring, and abnormal conscious error evaluation. On the
contrary, in Tourette Syndrom, which is related to hyperactive basal-ganglia
thalamocortical pathways, an enhanced ERN has been reported (Johannes
et al., 2002). I studied error detection and evaluation mechanisms in an over-
learned sensory-motor task in pianists with focal task-specific dystonia, a
condition also considered to result from BG dysfunction (Naumann et al.,
1998; Preibisch et al., 2001). In particular, there is support for a reduced palli-
dal inhibition of the thalamus, which results in the overactivity of medial and
prefrontal cortical areas (Berardelli et al., 1998). An important aspect of the
present paradigm is that it required participants to perform with the healthy
hand and they therefore were able to produce an optimal behavioral output.

The outcomes rendered a first insight into the neural mechanisms of
action-monitoring in this patient group. When comparing the group of MD
pianists with an age-matched sample of healthy pianists, the most relevant
outcomes were: (i) In both groups the loudness of errors was similarly re-
duced, indicating equivalent efficient feedforward corrective mechanisms;
MD pianists showed (ii) larger pre-error beta oscillations, (iii) larger post-
error beta and theta oscillatory activities, and (iv) a pre-error phase synchro-
nization between F4 and FCz in a different frequency range (6–8 Hz) from that
of healthy controls (∼13 Hz). In addition, as in Study 1, increased pre- and
post-error beta power was associated with smaller corrective mechanisms.
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However, these electrophysiological outcomes were not related to the sever-
ity of the disorder, assessed by the Max-mSD-IOI-L parameter. Interestingly,
though, in MD pianists the pre-error 6–8Hz phase synchronization index
between F4 and FCz correlated highly with the degree of motor impairment
in the affected hand. This latter result provides strong support for the link
between the electrophysiological marker of feedforward control in patients
and the severity of their disorder.

These results add to the existing literature on error-monitoring in BG
disorders by suggesting that in patients with focal dystonia, the generalized
degraded neural activity is manifested in specific neural correlates of the
executive functions that monitor an overlearned sensory-motor performance.
More specifically, pianists with MD might have an enhanced conscious evalu-
ation of errors which might be related to increased behavioral adjustments, as
reflected in the larger post-error slowing in this group. Furthermore, in MD
pianists, larger beta oscillations were elicited before overt errors, perhaps due
to an enhanced error signal of reward prediction projected by the BG onto the
ACC (Holroyd and Coles, 2002). This outcome is similar to the findings ob-
tained in TS (Johannes et al., 2002). Finally, in feedforward control processes,
the interaction between electrodes representing the mPFC and lPFC seems to
be mediated in MD patients by phase synchronization in a frequency range
different from that in healthy pianists. Thus, the coordination between brain
regions and the corresponding large-scale integration – as measured here by
the phase synchronization – seems to be anomalous in MD, even in tasks
performed by the healthy non-affected hand. This result is in line with the
findings of cortical function in MD in an overlearned motor task (Section 4.1).
This work revealed defective inter-regional phase synchronization between
the neuronal assemblies required to inhibit motor memory traces. Future
studies are required in the area of error-monitoring in dystonia to validate
the specific patterns of error-related brain activity in this condition.





Chapter 5

Conclusions and outlook

In this thesis I have proposed novel accounts for the monitoring and sensory-
motor control of piano performance in healthy pianists and pianists with
MD.

The results of the Go/NoGo experiment have corroborated that in MD
pianists inhibition of long-term overlearned motor programs may be dys-
functional. This was mainly reflected in the decreased theta band phase
coupling between the contralateral sensorimotor cortex and the SMA. In
this context, the theta band phase synchronization is the mechanism which
probably mediates sensorimotor integration of inhibitory processes. Further
evidence pointing to the defective response inhibition in MD pianists was
a weaker positive shift across cortical sensorimotor areas after the NoGo
cue and a significantly higher EMG peak activity during NoGo trials. In
addition, I have found in NoGo trials a weaker late increase in local beta
oscillations across the contralateral and mesial sensorimotor and prefrontal
cortex. According to Pfurtscheller et al. (2005) and Müller-Putz et al. (2007),
the increased beta oscillations might be related to the activation/deactivation
of the sensorimotor cortex circuitry and the resetting process of motor cortex
control systems to make the network ready for further motor actions. Thus,
in light of these accounts of beta oscillations, my findings suggest that pi-
anists with MD may have set-shifting deficits; for instance, they may have
difficulties in modifying the performance in response to changing environ-
mental conditions or goals. In the particular case of MD, this result confirms
the more general dysfunction in set-shifting proposed for focal dystonia
(Bugalho et al., 2008).
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The investigations of the second experiment have demonstrated that
during the execution of music from memory, fast feedforward mechanisms
of error detection are reflected in an ERP component in the brain responses,
the preERN. The preERN was triggered around 70 ms before the onset of
pitch errors by the rostral ACC and, furthermore, was not influenced by
the presence or absence of auditory feedback. Thus, I could corroborate
the observations of Lashey (1951) and Finney and Palmer (2003), which
postulated that error detection in advance is independent of the auditory
feedback. Nevertheless, the data provided evidence for the fact that auditory
feedback does modulate the expectations of the sensory effects and the
emotional evaluation of errors. More specifically, I have found that the effect
of the auditory feedback in the processing of wrong outcomes is to enhance
the conscious emotional evaluation of errors as reflected in the Pe (Luu et al.,
2003). Finally, in this experiment, I have found that listening passively to
self-made errors elicits a feedback-locked ERN (Nieuwenhuis et al., 2002;
Holroyd and Coles, 2002).

The last experiment has provided evidence for a deeper understanding of
feedforward mechanisms and the implementation of control during the per-
formance of overlearned motor programs in both healthy and MD pianists.
In particular, in healthy pianists, the subcomponents of the fast feedforward
control mechanisms active in an overlearned complex sensory-motor task
may be implemented at the neural level in the following processes: (a) the
error signal is indexed by the preERN or the pre-error beta oscillations, the
latter probably indicating the degree of difficulty in correcting or inhibiting
the upcoming error (as suggested by the negative correlation with the re-
duction in loudness of the error); (b) the feedforward control signal, which
indicates the need for a corrective response and/or posterior behavioral
adjustments, is indexed by the pre-error increase in beta phase synchrony
between the medial PFC or ACC and the right lateral PFC. Post-error behav-
ioral adjustments are reflected in the post-error slowing found immediately
after the wrong note. The conscious and emotional evaluation of errors is
characterized by the increased theta and beta spectral power from 100 to 200
ms after errors. In addition, an enhanced emotional evaluation associated
with larger post-error beta spectral power followed more salient errors in
which the reduction in loudness was weaker. The results obtained in this
latter experiment with MD patients raise the possibility that MD pianists
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have an enhanced emotional evaluation of errors that leads to increased
behavioral adjustments, as reflected in the larger post-error slowing in this
group. Further, MD pianists elicit larger beta oscillations and preERN before
overt errors, perhaps due to an enhanced error signal of reward prediction
projected by the mesencephalic dopamine system onto the ACC (Holroyd
and Coles, 2002). Finally, the interaction between mPFC and lPFC in feedfor-
ward corrective and control processes seems to be mediated in MD patients
by 6–8 Hz theta band phase synchronization between these brain regions,
as opposed to the lower beta band phase synchrony observed in healthy
pianists. Thus, as has been demonstrated in our first experiment, the coordi-
nation between brain regions and the corresponding large-scale integration
– as assessed by the phase synchronization – seems to be irregular in focal
hand dystonia, even in tasks performed by the healthy non-affected hand.
In addition, the evidence from the correlation analyses strongly supported
a link between the distinct patterns of error-related brain activity in MD
patients and the severity of their disorder. However, because of the small
number of MD pianists in this study, the results presented for MD can be
regarded only as preliminary and require the validation from future studies
using more MD participants.

In sum, with piano performance as an example, the findings presented
in this thesis represent a small step in trying to find general mechanisms of
control and monitoring of complex overlearned sensory-motor tasks and in
understanding the degeneration of such mechanisms in MD. Future studies
on the neurophysiology of the human action-monitoring system should also
target overlearned multimodal tasks – which require high skills – such as
speech production, dancing or sports. The extensive motor training with con-
tinuous sensory feedback, both of which characterize these motor tasks, lead
to performing excellence. As a consequence, these complex tasks constitute a
remarkable paradigm for investigating the neurophysiological mechanisms
of sensory-motor control and action-monitoring, when the motor and sen-
sory systems perform at the highest level. Finally, future electrophysiological
investigations should focus on the role of the different nuclei of the BG in
error prediction and evaluation. On the one hand, the reinforcement learn-
ing theory proposes an account of the ERN based on phasic dopaminergic
activity induced by the BG (Holroyd and Coles, 2002; Schultz, 2002). On
the other hand, there is widespread evidence of altered error-related brain
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activity due to anomalous dopaminergic modulations in patients suffering
from BG dysfunction (Huntington’s disease and PD: Beste et al., 2006, 2008;
Ito and Kitagawa, 2006). In this context, dopaminergic modulations have
been proposed to be generated in the absence of an anticipated reward dur-
ing error detection (Rabbitt, 1966). A different view links dopamine-neurone
activity to the process of switching attention to unexpected, behaviorally-
relevant stimuli (Redgrave et al., 1999). Overall, these studies assume that
the integration of prefrontal and motor cortico-striato-thalamo-cortical cir-
cuits provides contextual information to the motor anterior cingulate cortex
regions to enable their function in performance monitoring (Ullsperger and
von Cramon, 2006). However, direct evidence from recordings of the nuclei
of the BG in the context of action-monitoring is missing. Consequently, the
recording from implanted DBS electrodes in the nuclei of the BG in patients
with movement disorders, during the commission and evaluation of errors,
might shed new light on the role of the different BG nuclei in error prediction
and evaluation. And more importantly, by investigating action-monitoring
of overlearned motor tasks with direct recordings from the BG, one could ad-
dress the question whether or not feedforward mechanisms of error detection
and initiation of a corrective response are implemented by the BG.
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Appendix A

Music Material

This appendix gives the music material of the experiments described in
Sections 4.2 and 4.3. Pieces 1 and 2 were adapted from the Prelude V of
the Well Tempered Clavier (Part 1) by J. S. Bach, pieces 3 and 4 were adapted
from the Prelude VI and piece 5 from the Prelude X. The sixth sequence was
adapted from the Piano Sonata No. 52 in E Flat Major by J. Haydn. These
pieces were chosen because their parts for the right hand contain mostly
single pitches of the same value (duration), sixteenth-notes, which made our
stimulus material homogeneous. In piece 5 we replaced one chord of the
original score by one single pitch and replaced one pair of eighth notes by
a group of four sixteenth-notes. All stimuli constituted complete musical
phrases.
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Figure A.1: Piece 1 of the musical stimuli.
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Figure A.2: Piece 2 of the musical stimuli.
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Figure A.3: Piece 3 of the musical stimuli.

Figure A.4: Piece 4 of the musical stimuli.
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Figure A.5: Piece 5 of the musical stimuli.
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Figure A.6: Piece 6 of the musical stimuli.
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