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Learning is the only thing the mind never exhausts, 

never fears, 

and never regrets. 

   Leonardo da Vinci 
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Summary 

Learning is a driving force for successful adjustment to our environment. The present thesis 

concentrated on implicit motor sequence and feedback learning, both essential for proper 

functioning in daily life.  

The acquisition of motor sequences occurs online during practice and is followed by motor 

consolidation describing stabilization of skills (i.e., reduced susceptibility to interference) as 

well as offline improvement (i.e., skill enhancement without further practice). Furthermore, 

working memory might contribute to this type of learning. At the neural level, motor 

sequence learning relies on distributed brain networks including cortico-basal ganglia 

circuits. In young adults, motor cortical beta oscillations are assumed to be of functional 

significance for this type of learning. In the light of an aging population, a better 

understanding of age-related changes takes on increasing relevance to ensure a self-

determined life up until old age. Knowledge about changes across the adult life span is 

necessary to derive concepts for early detection and prevention of possible declines in old 

age. In the context of aging and its associated diseases, another line of research on motor 

sequence learning investigated patients with Parkinson’s disease (PD), a neurodegenerative 

disorder associated with loss of dopaminergic neurons and pathological alterations in 

cortico-basal ganglia circuits including altered synchronization of beta oscillations. 

Considering this, it might not be surprising that motor sequence learning has been found to 

be diminished in patients with PD. But, whether pathological beta oscillations are indeed 

associated with impaired motor sequence learning in PD is yet to be determined. Similar to 

motor sequence learning, areas of cortico-basal ganglia circuits and the dopaminergic system 

in particular play a crucial role in feedback learning. This type of learning occurs by linking 

either own (active) or observed actions (observational) to accompanying outcomes (e.g., 

positive or negative feedback). Previous studies in PD patients suggest that whereas 

performance patterns in observational feedback learning may be similar to those in healthy 

older adults – at least in early stages of PD – active learning from feedback is altered and may 

vary with the dopaminergic state. Besides dopamine substitution, deep brain stimulation 

(DBS) of the subthalamic nucleus (STN) is an effective treatment option in advanced PD. 

Regarding active feedback learning, there is first evidence that this type of learning might be 

enhanced by STN-DBS. Whether STN-DBS also promotes observational feedback learning 

remains to be investigated. Disentangling influences of treatment methods such as DBS on 
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cognitive functions including feedback learning are of high relevance for both the 

improvement of therapy and the prognosis of therapeutic effects. As DBS is also considered 

as a treatment option for younger, working PD patients, alterations in cognitive functions 

due to STN-DBS might have considerable consequences for gainful employment and thereby 

quality of life. 

The present thesis comprises three studies to contribute to the understanding of implicit 

motor sequence and feedback learning in healthy and pathological aging using PD as a 

prominent example. The investigation of motor sequence learning across the adult life span 

at the behavioral level (study 1) was complemented by the investigation of its underlying 

brain oscillations in healthy and pathological aging (study 2). Study 3 examined the effect of 

STN-DBS on feedback learning in PD patients. Healthy older adults served as control group. 

Study 1 examined motor sequence acquisition and consolidation across the adult life span 

and explored whether working memory is associated with these processes. It revealed that 

young and older but not middle-aged adults showed acquisition of a motor sequence. Since 

the data suggest that older adults may adopt explicit learning strategies, one might argue 

that the decline in middle-aged adults reflects that implicit learning may become less 

effective while a compensatory strategy has not been successfully implemented yet. 

Immediately after acquisition, young and older adults were susceptible to interference.   

However, after an offline period of 1 hour, both showed stabilization of the newly acquired 

skill indicating consolidation. Additional offline improvement, which was not specific for 

sequence trials but rather represented general reaction time improvement, was only 

observed in young and middle-aged adults. These results give rise to the hypothesis that 

different forms of consolidation may be distinctly affected by aging. Working memory was 

not linked to motor sequence acquisition or consolidation, independent of age.  

Study 2 investigated motor sequence learning in PD – representing a prominent example of 

pathological aging – as compared to healthy aging. Neuromagnetic activity was recorded 

using magnetoencephalography (MEG) to investigate the functional role of brain oscillations 

with a special emphasis on beta oscillations. PD patients exhibited diminished but basically 

preserved motor sequence acquisition as well as higher susceptibility to interference 

immediately after acquisition when compared to healthy adults. These differences were 

accompanied by less beta power suppression in motor cortical areas in PD patients 

supporting its significance in motor sequence learning. Interestingly, while reduced 
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susceptibility to interference may rely on successful acquisition in healthy adults, these two 

processes were found to be distinct in PD. Indirectly supporting this assumption, beta power 

suppression was found to promote reduced susceptibility to interference but was not 

beneficial for sequence acquisition in PD. Beyond beta activity, the study provided first 

evidence that motor cortical theta oscillations might be associated with susceptibility to 

interference, at least in an aging but healthy motor system.  

Study 3 concentrated on active and observational feedback learning in PD patients and 

healthy older adults. The investigation of STN-DBS effects on feedback learning was the main 

focus of the study. Healthy older adults served as control group. The data revealed that STN-

DBS facilitates active feedback learning which requires to link own actions to accompanying 

outcomes and that PD patients OFF but not ON STN-DBS showed worse active learning than 

healthy adults. Interestingly, when it came to the application of what had been learned 

during feedback trials, only more severely impaired patients benefited from STN-DBS. In 

addition to active feedback learning, the study provided first evidence that STN-DBS might 

also be beneficial for observational feedback learning when outcomes are required to be 

linked to actions of another person.  

This thesis contributes to the understanding of implicit motor sequence and feedback 

learning in healthy aging as well as in PD representing a prominent example of pathological 

aging. The three studies revealed (i) preserved initial learning of a motor sequence probably 

due to compensatory explicit strategies as well as stabilization of the newly acquired 

sequence indicating consolidation in healthy older adults, (ii) diminished motor sequence 

learning in pathological aging such as PD associated with alterations in the modulation of 

beta and theta oscillations, and (iii) a beneficial effect of STN-DBS on feedback learning in PD 

patients which enhanced learning to a level similar to that in healthy older adults. Such 

knowledge about physiological and pathological changes as well as treatment effects is 

indispensable for the preservation of functionality in healthy aging as well as for a precise 

prognosis and optimization of treatment outcome in PD. 
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Zusammenfassung 

Lernen ist eine wichtige Voraussetzung für die erfolgreiche Anpassung an unsere Umwelt. Die 

vorliegende Doktorarbeit befasst sich mit zwei unterschiedlichen Arten des Lernens, die  

essentiell für die Funktionsfähigkeit in alltäglichen Lebenssituationen sind: implizites 

motorisches Sequenzlernen sowie rückmeldungsbasiertes Lernen. 

Das Erlernen motorischer Sequenzen findet insbesondere während des Trainings statt, das 

für gewöhnlich den Prozess der Konsolidierung nach sich zieht. Der Begriff der Konsolidierung 

umfasst neben der Stabilisierung neu angeeigneter Fertigkeiten (d.h., eine verringerte 

Interferenzanfälligkeit) auch eine Verbesserung der Fertigkeiten ohne weitere Übung, das 

sogenannte offline improvement. Es gibt Evidenz für die Annahme, dass 

Arbeitsgedächtnisprozesse zu motorischem Sequenzlernen beitragen. Auf neuronaler Ebene 

konnte gezeigt werden, dass motorisches Sequenzlernen neuronale Netzwerke wie etwa die 

Kortex-Basalganglien-Schleifen rekrutiert. Es wird weiterhin angenommen, dass bei jungen 

Erwachsenen insbesondere Beta-Oszillationen in motor-kortikalen Arealen von funktioneller 

Bedeutung für diese Art des Lernens sind. Vor dem Hintergrund einer alternden Bevölkerung 

ist das Verständnis altersbedingter Veränderungen relevant, um ein selbstbestimmtes Leben 

bis ins hohe Alter gewährleisten zu können. Kenntnisse über Veränderungen über die 

Lebensspanne hinweg sind wichtig, um Beeinträchtigungen im Alter früh zu erkennen und 

bilden somit die Grundlage präventiver Maßnahmen. Im Zuge des Alterns und damit 

einhergehenden Erkrankungen konzentrieren sich Studien zu motorischem Sequenzlernen 

unter anderem auf Patienten, die an Morbus Parkinson erkrankt sind. Morbus Parkinson ist 

eine neurodegenerative Erkrankung, die unter anderem mit dem Verlust dopaminerger 

Neurone sowie pathologischen Veränderungen der Kortex-Basalganglien-Schleifen 

einschließlich einer veränderten Synchronisation von Beta-Oszillationen einhergeht. In 

Anbetracht dessen mag es kaum überraschen, dass diese Patienten oftmals eingeschränktes 

motorisches Sequenzlernen zeigen. Ob pathologische Beta-Oszillationen für diese 

Beeinträchtigung verantwortlich sind, wurde bislang noch nicht untersucht. Ähnlich zu 

motorischem Sequenzlernen, spielen auch beim rückmeldungsbasierten Lernen Strukturen 

der Kortex-Basalganglien-Schleifen sowie das Dopamin-System eine wichtige Rolle. Diese Art 

des Lernens basiert auf der Verbindung von eigenen (aktiv) oder beobachteten Handlungen 

(beobachtungsgestützt) mit damit einhergehenden Konsequenzen (z.B. positive oder 
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negative Rückmeldungen). Interessanterweise zeigen Studien zu rückmeldungsbasiertem 

Lernen bei Morbus Parkinson, dass beobachtungsgestütztes Lernen zumindest in frühen 

Phasen der Erkrankung vergleichbar mit dem gesunder Probanden zu sein scheint, 

wohingegen aktives Lernen bei diesen Patienten verändert ist und in Abhängigkeit des 

dopaminergen Medikationsstatus zu variieren scheint. Neben der Dopamin-Substitution, ist 

die Tiefe Hirnstimulation (THS) des STN eine erfolgreiche Behandlungsmethode vor allem für 

Patienten mit fortgeschrittenem Morbus Parkinson. Bezüglich rückmeldungsbasiertem 

Lernen gibt es erste Evidenz, dass aktives Lernen durch Rückmeldung im Rahmen der STN-

THS verbessert werden kann. Die Effekte auf beobachtungsgestütztes Lernen durch 

Rückmeldung wurden bisher nicht untersucht. Ein genaueres Verständnis möglicher 

Veränderungen kognitiver Leistung wie des rückmeldungsbasierten Lernens durch die THS ist 

von großer Bedeutung für eine Verbesserung der Behandlung sowie für eine Prognose 

bezüglich therapeutischer Effekte bei Morbus Parkinson. Da die THS zunehmend auch eine 

Behandlungsoption für jüngere, berufstätige Patienten darstellt, können Veränderungen 

kognitiver Funktionen beachtliche Auswirkungen auf die Erwerbstätigkeit und im Zuge 

dessen auch auf die Lebensqualität dieser Patienten haben. 

Diese Doktorarbeit umfasst drei Studien, die zu einem besseren Verständnis des impliziten 

motorischen Sequenz- sowie des rückmeldungsbasierten Lernens bei physiologischem und 

pathologischem Altern am Beispiel des Morbus Parkinson beitragen sollen. Die Untersuchung 

motorischen Sequenzlernens im Verlauf des physiologischen Alterns (Studie 1) wurde durch 

die Charakterisierung neuronaler Oszillationen, die dem Sequenzlernen bei physiologischem 

und pathologischem Altern zugrunde liegen, ergänzt (Studie 2). Studie 3 befasste sich mit den 

Effekten der STN-THS auf das rückmeldungsbasierte Lernen bei Parkinsonpatienten. Gesunde 

ältere Erwachsene dienten hier als Kontrollgruppe.  

Studie 1 untersuchte Prozesse der Akquisition und Konsolidierung einer motorischen 

Sequenz im Verlauf des physiologischen Alterns. Zudem wurde erfasst, ob das 

Arbeitsgedächtnis mit diesen Prozessen verbunden ist. Die Studie zeigt, dass junge und ältere 

Erwachsene im Gegensatz zu Erwachsenen im mittleren Alter eine motorische Sequenz 

erlernten. Die Daten weisen darauf hin, dass ältere Erwachsene möglicherweise explizite 

Lernstrategien anwenden. Daher besteht Grund zur Annahme, dass das beobachtete Defizit 

bei Erwachsenen im mittleren Alter darauf zurückzuführen ist, dass implizites Lernen weniger 

effektiv wird, kompensatorische Strategien aber noch nicht erfolgreich implementiert 
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wurden. Unmittelbar nach der Akquisition waren sowohl junge als auch ältere Erwachsene 

interferenzanfällig. Nach einer Pause von einer Stunde jedoch zeigten beide Altersgruppen 

eine Stabilisierung der Sequenz, was darauf hindeutet, dass eine Konsolidierung der 

motorischen Sequenz stattgefunden hat. Unspezifisches offline improvement, eine generelle 

Verbesserung der Reaktionszeiten, die nicht sequenz-spezifisch war, wurde hingegen nur bei 

Erwachsenen jungen und mittleren Alters beobachtet. Diese Befunde geben Grund zur 

Annahme, dass unterschiedliche Formen der Konsolidierung spezifisch durch 

Alterungsprozesse beeinflusst werden. Das Arbeitsgedächtnis war unabhängig vom Alter der 

Probanden nicht mit dem Erwerb oder der Konsolidierung der motorischen Sequenz 

verbunden. 

Studie 2 diente der Beantwortung der Frage, ob und inwieweit pathologisches Altern am 

Beispiel des Morbus Parkinson mit Veränderungen motorischen Sequenzlernens einhergeht. 

Mittels Magnetenzephalographie (MEG) wurde die neuromagnetische Aktivität mit dem Ziel 

aufgezeichnet, die funktionelle Bedeutung von neuronalen Oszillationen – vor allem im Beta-

Frequenzbereich – für diese Form des Lernens zu charakterisieren. Parkinsonpatienten 

zeigten im Vergleich zu gesunden Erwachsenen eingeschränktes Sequenzlernen sowie eine 

größere Interferenzanfälligkeit unmittelbar im Anschluss an die Akquisition. Diese 

Unterschiede wurden von einer geringeren Beta-Suppression bei Parkinsonpatienten 

begleitet, was deren Bedeutung für das Lernen motorischer Sequenzen unterstützt. 

Interessanterweise zeigte sich bei gesunden Erwachsenen ein korrelativer Zusammenhang 

zwischen der Akquisitionsleistung und der Interferenzanfälligkeit, wohingegen diese beiden 

Prozesse bei Parkinsonpatienten nicht miteinander korrelierten. Die Annahme distinkt 

ablaufender Prozesse bei Morbus Parkinson wurde weiterhin durch den Befund gestützt, 

dass eine stärkere Beta-Suppression bei Parkinsonpatienten förderlich für die 

Interferenzanfälligkeit, nicht aber für die Akquisitionsleistung war. Zusätzlich zu den 

Befunden im Beta-Frequenzband lieferte die Studie erste Evidenz für die Annahme, dass 

Theta-Oszillationen in einem alternden aber gesunden motorischen System mit Prozessen 

der Interferenzanfälligkeit verbunden sein könnten. 

Studie 3 konzentrierte sich auf aktives und beobachtungsgestütztes Lernen durch 

Rückmeldung bei Parkinsonpatienten und gesunden älteren Erwachsenen. Hauptbestandteil 

der Studie war die Untersuchung der Effekte der THS auf rückmeldungsbasiertes Lernen. 

Ältere Erwachsene dienten als Kontrollgruppe. Die Daten zeigten, dass die THS aktives 
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rückmeldungsbasiertes Lernen, das auf der Verbindung von eigenen Handlungen mit damit 

einhergehenden Auswirkungen basiert, begünstig und dass Patienten im Stimulations-OFF 

nicht aber im Stimulations-ON schlechteres aktives Lernen zeigen als gesunde Erwachsene. 

Bei der Anwendung des durch die Rückmeldung Gelernten profitierten interessanterweise 

nur stärker beeinträchtigte Patienten von der THS. Zusätzlich zu diesen Ergebnissen des 

aktiven Lernens, liefert die Studie erste Hinweise darauf, dass die THS auch 

beobachtungsgestütztes Lernen durch Rückmeldung begünstigt.  

Zusammengefasst trägt diese Arbeit zum Verständnis des impliziten motorischen 

Sequenzlernens und des rückmeldungsbasierten Lernens bei physiologischem und 

pathologischem Altern am Beispiel des Morbus Parkinson bei. Die drei Studien zeigen (i) 

initiales Lernen einer motorischen Sequenz – möglicherweise durch den Einsatz 

kompensatorischer expliziter Lernstrategien – sowie die Stabilisierung der neu angeeigneten 

Sequenz als eine Form von Konsolidierung bei gesunden, älteren Erwachsenen, (ii) 

vermindertes motorisches Sequenzlernen bei Patienten mit Morbus Parkinson, das 

vermutlich mit Veränderungen der Modulation von Beta- und Theta-Oszillationen 

einhergeht, sowie (iii) einen förderlichen Effekt der STN-THS auf rückmeldungsbasiertes 

Lernen bei Parkinsonpatienten, so dass diese Patienten eine Lernleistung ähnlich zu der 

gesunder Kontrollen zeigen. Das Wissen über solch physiologische und pathologische 

Veränderungen sowie behandlungsbezogene Einflüsse ist unverzichtbar, um die 

Funktionsfähigkeit bei physiologischem Altern zu erhalten sowie präzise Prognosen und eine 

Verbesserung des Behandlungserfolgs bei pathologischen Veränderungen zu ermöglichen.  

 

 

 

 

 

 

 

 

 



Introduction 1 

1 Introduction 

“Most of what we know about the world and its civilizations we have learned. Thus learning 

[and memory] is central to our sense of individuality” (Kandel and Hawkins, 1992, p.79). This 

citation from Eric R. Kandel and Robert D. Hawkins in its simplicity stresses the importance of 

learning. Learning is a driving force for successful adjustment to our environment and even 

for social progress (Kandel and Hawkins, 1992). The great interest in learning is reflected by 

the variety of academic disciplines engaged in this research field including, but not limited to, 

psychology, neuroscience, education, and philosophy. Although there is no agreed-upon 

absolute definition of learning, possibly owing to the breadth of interest, it is usually referred 

to as the process by which we acquire or modify knowledge about the world (Kandel et al., 

2000). The term knowledge might concern information or facts but also skills or even values. 

In the studies of learning, it is not only of interest what we learn, but also how we learn. 

Traditionally, implicit (or non-declarative) and explicit (declarative) forms of learning have 

been distinguished which has been supported by case studies of amnestic patients with 

specific impairments of explicit learning (and memory) processes involving conscious 

participation (Schacter, 1987; Squire, 1992, 2004; Schacter and Tulving, 1994; Squire and 

Zola, 1996). Although a common universal definition is still lacking, implicit learning is often 

laxly defined as learning which occurs without being aware of what is learned (Frensch and 

Rünger, 2003). Explicit learning, on the other hand, utilizes conscious participation (reviewed 

by Squire, 1992). Although it has been questioned whether implicit and explicit learning are 

indeed completely distinguishable with independent underlying cognitive and neural systems 

(Ward et al., 2013) the concept of multiple learning (and memory) processes and systems is 

widely accepted and applied (e.g., see Squire, 2004). 

One important field of interest in the learning literature refers to the acquisition of (motor) 

skills (e.g., grasping objects, practicing sports, driving a car, or playing a musical instrument) 

representing an important component of our everyday life. In the laboratory, experimental 

paradigms investigate explicit (e.g., Karni et al., 1995) or implicit motor learning (e.g., 

Robertson et al., 2004a) and usually measure either (i) the incremental acquisition of 

movement patterns, e.g. motor sequences or (ii) the capacity to modify previously learned 

movements to compensate for changes in the environment referred to as motor adaptation 

(for a review see Doyon and Benali, 2005). Similarly, learning of associative links between 

actions and corresponding outcomes (e.g., positive or negative feedback) referring to 
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feedback learning enables the successful adjustment to our environment. While positive 

consequences (e.g., reward or positive feedback) lead to increased frequency of a certain 

action, negative outcomes (e.g., punishment or negative feedback) usually result in reduced 

frequency of an action. Studies investigating neural correlates of these learning processes 

suggest that both motor sequence learning and feedback learning recruit distributed brain 

networks including cortico-basal ganglia circuits (reviewed by Doyon et al., 2009; Haber and 

Knutson, 2010). Furthermore, the dopaminergic system has been revealed to play an 

essential role in feedback-based learning (Haber and Knutson, 2010). Interestingly, 

Parkinson’s disease (PD), a neurodegenerative disorder, is primarily associated with the loss 

of dopaminergic cells in the basal ganglia and pathological alterations within cortico-basal 

ganglia circuits (reviewed by Kalia and Lang, 2015). Therefore, the investigation of PD 

constitutes a fruitful line of motor sequence and feedback learning research. 

The current thesis aimed to extend the knowledge about two types of learning, i.e. implicit 

motor sequence and feedback learning. As both types of learning underlie everyday 

behaviors and their successful adjustment to our environment, they are an essential aspect 

of life across the entire life span. Therefore, both implicit motor sequence and feedback 

learning were investigated in healthy as well as pathological aging taking the prominent 

example of PD, for which advanced age constitutes a major risk factor (Kalia and Lang, 2015). 

Non-invasive recordings of neurophysiological measures using magnetoencephalography 

(MEG) and the investigation of treatment effects in PD (i.e., deep brain stimulation (DBS) of 

the subthalamic nucleus (STN)) complemented behavioral data.     

1.1 Implicit motor sequence learning  

Motor sequence learning relates to the ability to acquire knowledge of sequences of events 

and actions and plays a pivotal role in various everyday activities. If one just thinks of typing, 

riding a bike or playing a musical instrument, it becomes apparent that these activities all 

make use of sequences of movements (Clegg et al., 1998). In motor sequence learning 

paradigms, participants typically learn such sequences of movements. Required motor 

responses in these tasks often involve button presses with fingers of the left and/or right 

hand on a response box (e.g., Doyon et al., 2002), finger to thumb opposition movements 

(e.g., Karni et al., 1995), arm movements (e.g., Doyon et al., 1996), or oculomotor sequential 

movements (e.g., Albouy et al., 2006). To assess learning, parameters such as decreases in 

reaction time (RT), movement time, and errors or changes in kinematics are measured. As 
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outlined above, sequential knowledge may be acquired explicitly or implicitly, that is with or 

without being aware of what has been learned or the fact that learning had occurred. The 

present thesis concentrates on learning under implicit conditions. The Serial Reaction Time 

Task (SRTT; Nissen and Bullemer, 1987) is an established measure for implicit motor 

sequence learning (Figure 1). Learning is usually reflected in a RT decrease over the course of 

the task. In the traditional variant, participants are not informed about the sequence of 

button presses embedded in the task and participants usually do not become aware of this 

sequential nature. However, if the applied sequence is presented extensively, explicit 

learning might be induced as well (Stadler, 1994). Moreover, the SRTT can be employed as a 

task assessing explicit learning by informing the participants about the repeatedly presented 

sequence prior to learning (Robertson et al., 2004a). 

The initial acquisition of motor sequences is usually characterized by relatively rapid 

improvements in performance (reviewed by Karni et al., 1998). However, learning does not 

only occur during practice in so-called ‘online’ periods but also ‘offline’ without further 

training between sessions referred to as consolidation (Karni et al., 1998; Robertson et al., 

2004b, 2005). The umbrella term consolidation describes different behavioral phenomena 

and is assumed to take mainly two forms: stabilization of skills reflected by reduced 

susceptibility to interference by an interfering task and further skill enhancement referred to 

as offline improvement (reviewed by Robertson et al., 2004b). With regard to consolidation 

in implicit learning, several factors such as the length of the period between sessions have 

been identified as relevant (Janacsek and Nemeth, 2012). More specifically, previous studies 

suggest that gain in consolidation might increase with the length of the offline period (Press 

et al., 2005) and that a ‘critical time interval’ of at least 1 to 4 hours – depending on task 

demands – must pass until enhancement of the newly acquired skill can be observed (Press 

et al., 2005; Robertson et al., 2005). In contrast, there is first evidence that improvement may 

be observable after a shorter break of only 10 minutes (Pollok et al., 2014), suggesting that 

newly acquired motor skills may become stabilized relatively rapidly.  

Over the last years, an area of research on motor sequence learning focused on disentangling 

the contribution of cognitive processes. Although several cognitive abilities including general 

fluid intelligence (Unsworth and Engle, 2005) and temporal processing (Ashe et al., 2006) 

have been suggested to play a role, working memory in particular has emerged as being 

substantially involved in acquiring motor sequences (reviewed by Seidler et al., 2012). 
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Figure 1: Serial reaction time task (SRTT). Sequence of events in two exemplary SRTT trials is 
depicted. The response keys are spatially mapped to four bars presented on the screen. Participants 
are instructed to press the corresponding button as soon as one of the bars changes from dark to 
light blue. Adapted and modified from Meissner et al. (submitted). 

Working memory is considered as one fundamental prerequisite of almost every cognitive 

function and is suggested to constitute the interface between perception and attention, long-

term memory, cognitive control and action planning (Wolf and Walter, 2008). It refers to a 

system with a limited capacity which temporarily stores and manipulates information 

(Baddeley and Hitch, 1974; Baddeley, 1992). Tasks used to investigate working memory not 

only make use of materials reflecting different working memory domains (e.g., verbal or 

visuospatial) but also differ with regard to mainly necessitated mental processes such as 

manipulation or rather pure maintenance (e.g., storage and matching) of information. In the 

context of motor sequence learning, it seems plausible that better working memory might 

lead to a ‘larger window’ opened to sequences, thereby making the process of learning 

easier (Frensch and Miner, 1994; Janacsek and Nemeth, 2013). Further, one might assume 

that performance on learning tasks comprising sequences of locations (e.g., the SRTT) might 

be linked to visuospatial rather than verbal working memory. In line with this, Bo and Seidler 

(2009) were able to show that individual differences in visuospatial working memory capacity 

were linked to learning of new sequences of finger movements. In that study, participants 

were explicitly instructed to learn a given sequence cued by boxes presented in a spatial 

array on the computer screen. This further supports the hypothesis that higher order 

cognition such as working memory contributes to motor sequence learning but only when 

intentional processing is emphasized (Unsworth and Engle, 2005). Contradictory to this 

assumption, in a follow-up study applying the SRTT, Bo et al. (2011) were able to show that 

implicit motor learning relies on working memory capacity as well. Interestingly enough, 
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verbal and visuospatial working memory were both related to performance improvement of 

young adults on the SRTT (Bo et al., 2011).  

1.1.1 Neural substrates of implicit motor sequence learning  

Neuroimaging studies using positron emission tomography (PET) and functional magnetic 

resonance imaging (fMRI) have characterized the neural substrates of motor sequence 

learning in humans. Cortical and subcortical structures including primary motor (M1), 

premotor (PMC), supplementary motor (SMA), and dorsolateral prefrontal cortices (DLPFC), 

the basal ganglia (the striatum in particular) and the cerebellum have been suggested to play 

an important role in motor sequence learning (Grafton et al., 1995; Rauch et al., 1997; 

Destrebecqz et al., 2005; Ashe et al., 2006; Doyon et al., 2009; Hardwick et al., 2013; King et 

al., 2013). Doyon and colleagues assume that cortico-basal ganglia and cortico-cerebellar 

networks are involved in acquiring motor sequences, while consolidation may rather rely on 

cortico-basal ganglia circuits (e.g., Albouy et al., 2008; Doyon et al., 2009; King et al., 2013).  

Evidence for the pivotal role of M1 within this network in implicit motor sequence learning 

comes from non-invasive brain stimulation studies (Pascual-Leone et al., 1994; Nitsche et al., 

2003; Robertson et al., 2005; Tecchio et al., 2010; Krause et al., 2016). More specifically, 

anodal transcranial direct current stimulation (tDCS) – suggested to alter brain activity non-

invasively by application of weak electrical currents – applied over the M1 facilitated both 

acquisition performance on the SRTT (Nitsche et al., 2003) and consolidation of a newly 

acquired motor sequence (Tecchio et al., 2010). Furthermore, Pascual-Leone and colleagues 

(1994) demonstrated by using transcranial magnetic stimulation (TMS) that implicit motor 

sequence learning leads to progressively larger motor cortical output maps until explicit 

knowledge is achieved. These findings support not only the importance of M1 for implicit 

motor sequence learning but additionally indicate relatively rapid functional plasticity of this 

area during motor learning. Long-term potentiation-like mechanisms, the modification of 

synaptic strength, have been proposed to play a major role in such plasticity associated with 

motor learning (Butefisch et al., 2000; Rioult-Pedotti et al., 2000; Ziemann et al., 2004; Jung 

and Ziemann, 2009). 

1.1.2 Brain oscillations underlying implicit motor sequence learning 

Synchronized brain oscillations represent a crucial mechanism for local and long-range neural 

communication in a temporally precise manner (Varela et al., 2001; Schnitzler and Gross, 
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2005). Such oscillations reflect rhythmic fluctuations of populations of neurons which are 

mainly characterized by their frequency, amplitude and phase. Classically, they are 

categorized into five frequency bands: delta (< 4 Hz), theta (4-7 Hz), alpha (8-12 Hz), beta (13-

30 Hz), and gamma oscillations (> 30 Hz). Spectral power, which is probably the most 

frequently analyzed parameter of oscillations, is defined as the squared amplitude at a given 

frequency. At the macroscopic level, oscillations can be investigated non-invasively using 

electroencephalography (EEG) or MEG (Figure 2). The signals measured by EEG and MEG are 

generated by synchronized neuronal activity of thousands of neurons aligned in parallel 

(Hämäläinen et al., 1993). Whereas EEG measures electrical activity, MEG records small 

magnetic fields resulting from the electrical current occurring in the brain. The detection of 

these magnetic fields requires very sensitive sensors called superconductive quantum 

interference devices (SQUIDs) which are immersed in liquid helium at the temperature of 4 K 

(− 269 °C). MEG provides a very high temporal resolution in the range of milliseconds as well 

as a good spatial resolution on the cortical surface (2 to 3 mm under optimal conditions; 

Hämäläinen et al., 1993). However, for deeper brain structures with increasing distance to 

the sensors, the spatial resolution diminishes and is worse as compared to neuroimaging 

techniques such as fMRI. Nevertheless, in comparison to electrical fields as measured by EEG, 

magnetic fields are less susceptible to distortion by skull and scalp allowing better spatial 

resolution (Cohen and Cuffin, 1983; Hämäläinen et al., 1993). Another advantage of MEG as 

compared to EEG, especially in the context of studies involving patient populations, relates to 

the preparation of participants (e.g., attachment and placement of electrodes in EEG) before 

the actual experiment which is usually less time-consuming and tiring for the participants 

when using MEG. 

Concerning the functional relevance of neural oscillations, it has been proposed that 

oscillatory activity subserves a mechanism of functional integration within neural networks. 

This assumption arose from intensive research in the last decades which has revealed that a 

wide range of functions, including motor and cognitive processes, are associated with 

synchronized oscillatory activity in different frequency bands (reviewed by Varela et al., 

2001; Buzsáki and Draguhn, 2004; Schnitzler and Gross, 2005; Uhlhaas and Singer, 2006). The 

investigation of oscillatory dynamics in the context of motor control has produced evidence 

that oscillations in the beta frequency band are involved in planning, preparing and executing 
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Figure 2: MEG system. Frontal view of the 306-channel whole-head MEG system (Elekta Neuromag, 
Helsinki, Finland) at the Institute of Clinical Neuroscience and Medical Psychology, Heinrich-Heine-
University Düsseldorf. The insert on the left-hand side adapted and modified from Hari and Kujala 
(2009) depicts the MEG sensors (so-called SQUIDs) arranged within a helmet-shaped inlay. 

movements (Pfurtscheller and Lopes Da Silva, 1999; Kaiser et al., 2001; Engel and Fries, 2010; 

Heinrichs-Graham and Wilson, 2015). A stable and extensively studied finding relates to the 

typical pattern of beta and alpha power modulations with a decrease in power before and 

during execution of voluntary movements followed by its increase exceeding baseline levels 

(Pfurtscheller and Lopes Da Silva, 1999). The decrease in power is often termed beta power 

suppression or event-related desynchronization, whereas the increase after movement 

termination is referred to as beta rebound or event-related synchronization. Due to the 

prominent occurrence of beta oscillations at rest, they were traditionally thought to reflect 

an idling or even an inhibited motor cortical state (Pfurtscheller et al., 1996). However, a 

more recent hypothesis on the functional role of beta oscillations by Engel and Fries (2010) 

proposes that beta activity might rather be seen as an active process which signals the ‘status 

quo’, i.e. the current cognitive or motor state, at the expense of more flexible control 

strategies. Thus, a decrease in beta power should be observed if a change in motor or 

cognitive state is about to occur. Based on this assumption, Brown and colleagues suggested 

that beta power suppression may represent a prospective control mechanism of motor and 

cognitive readiness (Jenkinson and Brown, 2011; Oswal et al., 2012). In line with these 

concepts of beta activity, evidence exists that beta oscillations in particular but also alpha 

oscillations may be critically involved in motor sequence learning in healthy adults (Zhuang 

et al., 1997; Pollok et al., 2014). More specifically, Pollok and colleagues (2014) reported that 
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stronger beta power suppression in motor cortical areas might be linked to superior learning 

on the SRTT. Similarly, transcranial alternating current stimulation (tACS) over M1 was found 

to stabilize a newly learned motor sequence when applied at beta but not at other 

frequencies (10 or 35 Hz; Pollok et al., 2015; Krause et al., 2016). Since tACS is hypothesized 

to interact with oscillations in a frequency-dependent manner (Thut et al., 2012; Helfrich et 

al., 2014; Herrmann et al., 2016), these findings strengthen the assumption of beta 

oscillations and their role in motor sequence learning. 

1.1.3 Age-related changes in implicit motor sequence learning  

Implicit motor sequence learning underlies many everyday activities and is essential for 

proper functioning in various contexts. It is thus an important aspect across the life span until 

old age. The literature on age-related changes in this type of learning is not unequivocal. 

Whereas some studies report intact acquisition in healthy older adults employing the SRTT 

and related tasks (e.g., Howard and Howard, 1992; Brown et al., 2009; Nemeth and Janacsek, 

2011; Verneau et al., 2014), reports of age-related declines are no exception either, 

especially when more complex tasks involving dual tasking or higher-order sequencing were 

applied (e.g., Frensch and Miner, 1994; Howard et al., 2004; Nejati et al., 2008). 

Despite increasing attention towards the investigation of age-related changes in motor 

sequence learning, at least two caveats should be taken into consideration. First, most of the 

research has so far concentrated on adults above the age of 50 as compared to young adults. 

Thus, much less is known about the development of motor sequence learning across the 

adult life span. There is first evidence for developmental changes in implicit motor sequence 

learning provided by two studies investigating different age groups ranging from childhood 

to adults above the age of 80 (Janacsek et al., 2012; Lukacs and Kemeny, 2015). Results of 

these studies suggest that learning abilities increase with age, peaking between 35 and 45 

years, and are then beginning to decrement. In contrast, another study did not find 

differences between age groups in SRTT performance indicating similar learning abilities 

independent of age (Gaillard et al., 2009). Second, the majority of studies on motor sequence 

learning have focused on age-related changes in acquisition rather than consolidation of 

motor sequences. A few studies have examined consolidation as reflected by offline 

improvement on the SRTT and related tasks in older as compared to young adults and report 

diminished or even absent improvement after a period of at least 12 hours in healthy older 

adults (Spencer et al., 2007; Brown et al., 2009; Nemeth and Janacsek, 2011). These findings 
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fuel the assumption that offline improvement is affected by healthy aging. Whether 

stabilization of skills, the second form of motor consolidation, might also vary with age and 

how processes related to consolidation develop across the adult life span is yet to be 

determined.  

As outlined in section 1.1, young adults might rely on working memory capacity in motor 

sequence learning tasks such as the SRTT. Previous studies on working memory in healthy 

aging provide evidence for the assumption that performance in tasks involving the 

maintenance or updating of information declines with increasing age (e.g., Park et al., 2002; 

Bopp and Verhaeghen, 2005; Reuter-Lorenz and Sylvester, 2005; Cappell et al., 2010; Nyberg 

et al., 2012; Draganski et al., 2013). For example, studies using n-back tasks which require 

participants to decide whether the stimulus presented on the screen was the same as the 

stimulus presented n trials back, report poorer performance in older adults, especially in 

trials with larger memory load (Mattay et al., 2006; Geerligs et al., 2014). Accordingly, it has 

been proposed that working memory decrements in the elderly might at least partially 

explain age-related alterations in motor sequence learning (Seidler et al., 2012). More 

specifically, previous studies indicate that older adults rely on working memory processes to 

maximize performance when intentional processing is emphasized (Bo et al., 2009) and 

provide first evidence for the relation between working memory capacity and learning under 

implicit conditions (Bo et al., 2012). The majority of studies examining motor sequence 

learning and its relation to working memory implemented tasks posing strong demands on 

working memory storage capacity (Unsworth and Engle, 2005; Bo et al., 2011, 2012). 

Interestingly, a more recent study revealed that training on a visuospatial n-back task which 

requires updating of information enhances retrieval of explicitly learned motor sequences in 

young and older adults (Chan et al., 2015). Whether performance on these working memory 

tasks can also be linked to more implicit forms of motor sequence learning is not clear yet. 

In parallel to the mixed findings of implicit motor sequence learning in healthy aging at the 

behavioral level, neuroimaging studies on age-related changes yielded equivocal results. 

Whereas Daselaar and colleagues (2003) found similar activation patterns in young and older 

adults during performance on the SRTT, age-related changes in cortico-basal ganglia regions 

have been reported as well. For example, a study by Aizenstein et al. (2006) revealed 

decreased activity in the DLPFC and striatum in older compared to younger participants. 

Furthermore, several studies suggest that increased activity in the medial temporal lobe, 
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including the hippocampus, might compensate for disrupted functioning in the cortico-basal 

ganglia system in the elderly (Rieckmann et al., 2010; Dennis and Cabeza, 2011; for a review 

see King et al., 2013).  

The knowledge of age-related changes in oscillatory activity in the context of implicit motor 

sequence learning is sparse. However, MEG and EEG studies have begun to investigate 

oscillatory activity during preparation and regulation of simple movements in healthy aging 

without the relation to learning (Vallesi et al., 2010; Rossiter et al., 2014; Meziane et al., 

2015; Heinrichs-Graham and Wilson, 2016; Quandt et al., 2016; Schmiedt-Fehr et al., 2016). 

These studies demonstrate a more widespread spatial distribution of beta power suppression 

in healthy aging (e.g., Quandt et al., 2016) and suggest a shift from hemispheric asymmetry in 

young adults with stronger beta power modulation in sensorimotor regions contralateral to 

the motor effector, to more symmetrical, bilateral patterns of modulation in the elderly (e.g., 

Vallesi et al., 2010; Meziane et al., 2015). Besides this spatial expansion, increased 

modulation of beta power with increasing age has been reported as well (Rossiter et al., 

2014; Heinrichs-Graham and Wilson, 2016; Schmiedt-Fehr et al., 2016). These changes have 

been suggested to represent a compensatory mechanism accounting for alterations in motor 

control (Quandt et al., 2016; Schmiedt-Fehr et al., 2016). 

1.2 Feedback learning 

In our daily life, we often need to decide which action or behavior fits best within the 

framework of the current situation. Successful adaptation to the (constantly changing) 

environment is often guided by the ability to learn from consequences of chosen actions. 

Instrumental conditioning, the most basic form of such behavior, allows an organism to learn 

contingencies between own responses and outcomes and enables individuals to use previous 

outcomes to modify future actions (Thorndike, 1911; Skinner, 1938; Mackintosh, 1983; 

Balleine and Dickinson, 1998; Dayan and Balleine, 2002). Whereas actions and decisions 

followed by positive outcomes (e.g., reward or positive feedback) are usually increased in 

frequency, actions and decisions followed by negative outcomes (e.g., punishment or 

negative feedback) are less likely to occur. Such outcomes affecting learning in this manner 

have been termed ‘reinforcers’ (Hollerman and Schultz, 1998). A well-established assumption 

implies that the extent of the difference between the expected and the actual outcome, the 

so-called prediction error, might serve as a signal that teaches us whether to select an 

alternative action or to repeat the respective action in future similar situations (Sutton and 
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Barto, 1998). However, an action may lead to different consequences depending on the 

specific context (e.g., stimuli or situations). Therefore, it has been assumed that prediction 

errors are used to learn the values of stimuli, stimulus-response pairs or both, which are then 

used to optimize action selection (Sutton and Barto, 1998; Maia, 2009, 2010). In other words, 

learning might comprise not only the processing of action-outcome related prediction errors 

but also action-independent prediction errors reflecting the difference between the received 

outcome and the subjective value of the stimulus (Kobza and Bellebaum, 2015). In the last 

decades, a large amount of studies both in animals and humans has investigated such 

feedback-based learning processes in detail (for a review of neural underpinnings see Haber 

and Knutson, 2010). 

1.2.1 Active and observational feedback learning   

Feedback learning involves the incremental acquisition of stimulus-response-outcome 

associations via response-contingent feedback. Under experimental conditions, several tasks 

are used to investigate feedback learning processes. Frank and colleagues (2004) introduced 

a probabilistic selection task requiring participants to learn to select one of two presented 

stimuli (i.e., Asian symbols). Each selection is followed by positive or negative feedback to 

indicate whether the participant’s selection is correct or incorrect. However, the feedback 

given is probabilistic in nature, i.e. selected symbols are not always followed by valid 

(positive or negative) feedback. Other paradigms require two-choice decisions upon the 

presentation of one stimulus at a time (e.g., press a left or right button; Holroyd and Coles, 

2002; Eppinger et al., 2008; Bellebaum and Colosio, 2014). As distinct from the probabilistic 

selection task in which outcomes are related to the stimulus itself, in such tasks the outcome 

is associated with a stimulus–response ensemble. Akin to the probabilistic selection task, the 

validity of feedback is often manipulated, including deterministic (e.g., 100% positive 

feedback when pressing the correct button in response to a specific stimulus) as well as 

probabilistic feedback (e.g., 80% or 50% positive feedback when pressing the correct button; 

Eppinger et al., 2008; Bellebaum and Colosio, 2014). Figure 3 (top row) displays an example 

of such a feedback learning task as applied in the present thesis. Another established 

paradigm that requires individuals to modify their behavior in response to trial-by-trial 

feedback includes probabilistic classification tasks such as the weather prediction task (e.g., 

Knowlton et al., 1994). Here, participants are asked to predict outcomes based on a complex 

stimuli pattern as well as on trial-by-trial feedback on the accuracy of their predictions.  
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Figure 3: Exemplary feedback learning task. Depiction of one exemplary feedback learning trial on an 
active (top) and observational task variant (bottom). Participants are asked to press a left or right key 
in response to the presented stimulus (top) or to observe a response of another person (bottom). 
Positive or negative feedback is presented after each (observed) response. Adapted and modified 
from Meissner et al. (2016a). 

Feedback given to participants often involves monetary feedback (gains and losses) or other 

rewards (O’Doherty et al., 2004; Bellebaum et al., 2012; Bellebaum and Colosio, 2014). But, 

feedback may also be more abstract (e.g., ‘cognitive’ feedback) and might merely inform 

participants about their choice/response accuracy or the right response (e.g., Aron et al., 

2004; Frank et al., 2004; Bellebaum et al., 2016). Interestingly, more abstract forms of 

feedback might engage mechanisms generally similar to those in monetary feedback (Aron et 

al., 2004). With regard to its timing, feedback is usually delivered immediately or shortly after 

the respective response. However, it is also possible to deliver it with a certain delay (Foerde 

and Shohamy, 2011; Foerde et al., 2013; Weismüller and Bellebaum, 2016). Interestingly, it 

has been suggested that task characteristics might influence learning strategies and the 

underlying neural processes recruited by the task (Foerde and Shohamy, 2011; Wilkinson et 

al., 2011; Foerde et al., 2013; Bellebaum et al., 2016). For example, tasks being more 

probabilistic in nature and comprising complex stimulus structures have been suggested to 

reflect rather non-declarative, implicit learning whereas tasks with less complex structures 

might also allow the use of more declarative, explicit learning strategies in the sense of 

explicit if-then rules, at least to some extent (Knowlton et al., 1994; Wilkinson et al., 2011; 

Bellebaum et al., 2016).  

In feedback learning, establishing an association between a particular action and its outcome 

is the basis for behavioral adaptation. These associations can be learned by linking one’s own 

actions to accompanying feedback. Alternatively, they can also be established by observing 

another person’s behavior and the accompanying feedback that this person receives 

(Bellebaum et al., 2010; Burke et al., 2010). The ability to learn from observed actions and 
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outcomes may be crucial, especially in dangerous situations, as one might avoid putting 

oneself at risk. Although the majority of studies investigate active feedback learning, several 

research groups have developed observational task variants allowing to examine both types 

of feedback learning (e.g., Bellebaum et al., 2010; Burke et al., 2010; Cooper et al., 2012; see 

Figure 3). Interestingly, there is evidence that associations between actions and outcomes 

may be learned equally well by active responding and observation (Bellebaum et al., 2012; 

Bellebaum and Colosio, 2014).  

A recent study further investigated the strategies underlying observational feedback learning 

in detail (Bellebaum et al., 2016). Interestingly, participants imitated the observed behavior – 

especially in early phases of the task. However, the observer also paid attention to the course 

of the feedback received by the observed participant and used this to adapt behavior.  

1.2.2 Neural correlates of feedback learning  

Up to date, a wealth of research investigated the neural mechanisms involved in feedback 

learning revealing that the dopaminergic system and cortico-basal ganglia circuits play an 

essential role (reviewed by Haber and Knutson, 2010). Single-cell recordings in monkeys 

showed that dopaminergic neurons code the discrepancy between expected and actual 

reward (Schultz et al., 1993, 1997; Hollerman and Schultz, 1998; Schultz, 1998). While phasic 

bursts of activity were associated with unexpected reward in these studies, omission of 

expected reward was linked to dips in activity. These phasic changes have been suggested to 

be superimposed on the basal tonic activity of dopaminergic neurons which may signify that 

things are as expected (Montague et al., 1996, 2004; Schultz and Dickinson, 2000). 

Microelectrode recordings in PD patients undergoing DBS surgery for treatment have 

reported similar patterns of activity (Zaghloul et al., 2009) suggesting a link between 

dopaminergic activity and feedback learning in humans. Interestingly, the fact that DBS of the 

STN, a part of the basal ganglia, has become a well-established treatment in advanced PD 

(Limousin et al., 1998; Deuschl et al., 2006) affords the opportunity to examine the role of 

this nucleus in feedback learning. Animal studies indicate that the STN may play a role in 

feedback-based learning, as lesions may enhance the incentive salience of stimuli associated 

with rewards (Uslaner and Robinson, 2006; Uslaner et al., 2008). How DBS of the STN in 

humans affects feedback learning will be discussed in more detail in section 1.3.6. 
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At the network level, neuroimaging studies identified the importance of cortico-basal ganglia 

circuits in feedback learning and could link several brain areas to key aspects of this type of 

learning, including activations in dopaminergic midbrain regions (e.g., the substantia nigra) as 

well as dopaminergic projection sites in striatal (dorsal and ventral) and cortical areas (e.g., 

medial prefrontal cortex including the anterior cingulate cortex (ACC); Aron et al., 2004; 

O’Doherty et al., 2004; D’Ardenne et al., 2008; Bellebaum et al., 2012; for a review see Haber 

and Knutson, 2010). The majority of research has concentrated on active feedback learning 

which requires to establish links between own actions and outcomes. However, several 

studies have begun to investigate neural mechanisms underlying observational feedback 

learning and whether these mechanisms differ from those in active feedback learning (e.g., 

Bellebaum et al., 2010; Burke et al., 2010; Cooper et al., 2012; Kobza and Bellebaum, 2015). 

Although some of these results suggest that both types of learning are mediated by similar 

brain structures (Burke et al., 2010; Cooper et al., 2012), there is converging evidence that 

neural mechanisms might differ at least to some extent (Bellebaum et al., 2010; Burke et al., 

2010; Bellebaum et al., 2012; Bellebaum and Colosio, 2014; Kobza and Bellebaum, 2015). For 

example, Bellebaum and colleagues (2010) observed differences between observational and 

active learning in the feedback related negativity (FRN), a feedback-related negative event-

related potential component generated in the ACC which is typically larger for negative than 

positive feedback (see Cohen et al., 2011). More specifically, the FRN difference between 

negative and positive outcomes was less pronounced in observational than in active learners. 

Furthermore, activations in the basal ganglia, and in the striatum particularly, might also 

differ between active and observational feedback learning (Bellebaum et al., 2012; Kobza and 

Bellebaum, 2015). More specifically, parts of the striatum – particularly dorsal striatal areas – 

have been proposed to be more strongly involved when associations have to be learned 

between own (as opposed to observed) actions and action outcomes (Bellebaum et al., 2012; 

Kobza and Bellebaum, 2015; however see Cooper et al., 2012). This fits well to the general 

assumption that the ventral and dorsal striatum might differ in their relative contribution 

during feedback learning tasks depending on the active involvement of participants: whereas 

the ventral striatum seems to be recruited when outcomes do or do not depend on a 

preceding response, the dorsal striatum only comes into play when outcomes are related to 

participants’ responses (O’Doherty et al., 2004). These data suggest that parts of the (dorsal) 

striatum are of specific significance in ascribing outcomes to own rather than observed 

actions (Bellebaum et al., 2012, 2016; Kobza and Bellebaum, 2015).  
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Feedback learning requires the fast, dynamic interplay of several structures distributed 

across the brain. As outlined in section 1.1.2, synchronization of neuronal activity may 

represent a suitable functional mechanism to establish efficient communication between 

different brain regions. EEG and MEG studies have investigated oscillatory activity during 

feedback learning and have provided evidence for a prominent role of theta and beta 

oscillations (e.g., Gehring and Willoughby, 2004; Cohen et al., 2007; Marco-Pallares et al., 

2008; van de Vijver et al., 2011; Andreou et al., 2017; for a review see Cohen et al., 2011). 

These studies suggest that negative feedback may elicit synchronization of theta oscillations, 

whereas positive feedback might be associated with beta activity. Concerning the neural 

generators underlying these effects, multimodal approaches combining methods such as EEG 

and fMRI suggest that theta activity in response to negative feedback may be associated with 

activations in cortical networks including the ACC; beta activity in response to positive 

feedback, on the other hand, corresponded to a network comprising cortical and subcortical 

areas including the striatum and the hippocampus (Mas-Herrero et al., 2015; Andreou et al., 

2017). Interestingly, with regard to neurophysiological mechanisms, the above introduced 

FRN has been proposed to be partly related to the described theta activity or might even be a 

reflection of such oscillations in the time-domain (reviewed by Cohen et al., 2011).  

1.3 Parkinson’s disease 

PD first described in 1817 by the English physician James Parkinson (Parkinson, 1817) is one 

of the most common progressive neurodegenerative diseases. The prevalence rises with age 

from 0.04% in adults between the ages of 40 to 49 years to 1.9% in adults over the age of 80 

(Pringsheim et al., 2014). As the average age of our population continues to rise, the 

proportion of PD patients is expected to increase which places a major social and economic 

burden on our society.  

1.3.1 Clinical characteristics  

PD is characterized as a movement disorder and its clinical diagnosis relies on the presence of 

cardinal motor symptoms such as bradykinesia (slowness of movement), resting tremor, and 

muscular rigidity (stiffness and resistance to limb movement; reviewed by Lang and Lozano, 

1998a, 1998b). The onset of these symptoms is predominantly asymmetric. Although they 

usually spread to the other side of the body during the course of the disease, the symptoms 

continue to be worse on the side of the body affected first (Hoehn and Yahr, 1967; Lee et al., 
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1995; Djaldetti et al., 2006). Postural instability, a fourth cardinal motor symptom, usually 

develops in later stages of the disease and leads to increased risk of falls (Lang and Lozano, 

1998b). The severity of PD motor symptoms can be assessed by means of the motor part of 

the Movement Disorder Society-Sponsored Revision of the Unified Parkinson’s Disease Rating 

Scale (MDS-UPDRS III; Goetz et al., 2008) with higher scores relating to more severe motor 

symptoms. In addition to motor symptom severity, the Hoehn and Yahr scale allows the 

evaluation of disease progression (Hoehn and Yahr, 1967). Increasing progression can be 

charted from stage 1, representing unilateral motor symptoms, to stage 5, indicating that 

patients are bound to bed or a wheelchair. In general, the clinical picture of the disease is 

heterogeneous and, based on the predominant motor signs, mainly two different subtypes 

have been classified, i.e. akinetic-rigid and tremor-dominant PD. These two subtypes differ 

with respect to their predominant motor symptoms and have also been linked to a different 

clinical course and prognosis (Jankovic and Kapadia, 2001; Rajput et al., 2009). As compared 

to patients with tremor-dominant PD, akinetic-rigid PD patients show a more rapid progress 

of the disease with relatively worse prognosis. They further exhibit stronger cognitive decline 

and have an increased risk to develop dementia (Jankovic and Kapadia, 2001; Rajput et al., 

2009). Relating to the latter, despite the emphasis on cardinal motor symptoms, non-motor 

disturbances in PD including cognitive impairment in domains such as executive functions, 

learning and memory, attention, and visuospatial functions have gained increasing attention 

as they contribute to disability and impaired quality of life (Dubois and Pillon, 1997; Schrag et 

al., 2000; Chaudhuri et al., 2006; Svenningsson et al., 2012).  

1.3.2 Etiology and Pathophysiology  

Although the cause of PD has not been elucidated yet, several risk factors have been 

identified. Apart from age, which constitutes the greatest risk factor to develop the disease, 

genetic susceptibility and environmental factors have been identified (reviewed by Kalia and 

Lang, 2015). More specifically, several environmental exposures including pesticide exposure 

or head injuries have been revealed (Noyce et al., 2012). Furthermore, a recent meta-analysis 

identified several potential gene loci associated with increased disease risk including SNCA, a 

gene encoding the protein α-synuclein (Nalls et al., 2014).  

One underlying pathological finding in PD is the loss of dopaminergic neurons most 

pronounced in the substantia nigra pars compacta (SNc), a basal ganglia structure, resulting 

in dopamine depletion in striatal areas (Kish et al., 1988; Hornykiewicz, 2008). Another 
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hallmark of PD is the accumulation of Lewy bodies, an aggregation of abnormally folded 

proteins (reviewed by Goedert et al., 2012). The main component of these Lewy bodies in PD 

is α-synuclein, which aggregates when in a misfolded state and forms Lewy bodies in 

different regions of the brain, the spinal cord, and the peripheral nervous system 

(Polymeropoulos et al., 1997; Spillantini et al., 1997; Braak et al., 2003; Goedert et al., 2012). 

Braak and colleagues hypothesized that the Lewy body pathology spreads in a specified 

pattern of six stages in PD, beginning peripherally and then affecting the central nervous 

system (Braak et al., 2003). This progression seemingly corresponds with the clinical course, 

including motor and non-motor symptoms.  

An influential pathophysiological model developed in the 1980s suggests that dopamine 

depletion in PD disrupts the functionality of the basal ganglia including its connections to 

cortical areas (Crossman, 1987; Albin et al., 1989; DeLong, 1990). The basal ganglia consist of 

a group of interconnected subcortical nuclei, including the striatum (i.e., the caudate 

nucleus, putamen, nucleus accumbens, and the tuberculum olfactorium), the internal and 

external segment of the globus pallidus (GPi, GPe), the STN, and the SNc and substantia nigra 

pars reticulata (SNr). They form parallel, segregated loops with various cortical structures 

(e.g. with the M1 and SMA) via thalamic nuclei (Alexander et al., 1986; Albin et al., 1989; 

DeLong, 1990; Obeso et al., 2008). These loops are functionally subdivided into distinct 

pathways with different cortical projection areas sustaining a variety of motor and non-

motor functions including learning (Redgrave et al., 2010). Whereas the striatum is 

considered to be the main input structure of the basal ganglia receiving major connections 

from the cortex, the GPi and SNr form output nuclei which send information to cortical areas 

via the thalamus. The intrinsic connections within the basal ganglia are thought to be 

organized in form of direct and indirect pathways, thus information is conveyed either 

directly or indirectly within the basal ganglia via STN and GPe. A simplified but generally 

accepted model proposes that activity in the direct pathway inhibits the output structures of 

the basal ganglia, resulting in a net disinhibition or excitation of the thalamus, whereas 

activity in the indirect pathway disinhibits the output structures resulting in increased 

inhibition of the thalamus (Albin et al., 1989; DeLong, 1990; Obeso et al., 2008). In the 

Parkinsonian state, it has been suggested that the activity in the indirect pathway mediated 

by D2 dopamine receptors is increased, whereas activity in the direct pathway mediated by 

D1 dopamine receptors is thought to be reduced (Figure 4; Albin et al., 1989; DeLong, 1990). 
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Figure 4: Classical model of basal ganglia (dys-)function. Basal ganglia function in normal (A) and 
parkinsonian (B) states (Albin et al., 1989; DeLong, 1990). Increased activity of the indirect and 
reduced activity of the direct pathway results in excessive inhibition of the thalamus, and ultimately 
reduced feedback to the cortex in PD. Green arrows depict excitatory, red arrows inhibitory 
projections. Arrow thickness indicates the relative activity, dashed arrows the relative reduction of D1 
and D2 dopaminergic projections from the SNc to the striatum. Adapted and modified from Peterson 
and Horak (2016). 

This internal imbalance of the basal ganglia results in excessive inhibition of the thalamo-

cortical motor system. Due to its simplicity and hypothesis-generating nature, this classical 

model has been attractive and has had an important impact on the understanding of basal 

ganglia functionality and deviations in PD; however, the system might be more complex than 

assumed by this model (for a review see Obeso et al., 2008; Nelson and Kreitzer, 2014). For 

example, beyond the direct and indirect pathways, it has been suggested that there is a third 

direct cortico-STN pathway, the ‘hyperdirect’ link with projections from motor cortical areas 

to the STN (Nambu et al., 1996). The strengthening of this pathway might be a prerequisite 

for some of the pathological alterations in basal ganglia circuits in PD (Holgado et al., 2010). 

Furthermore, whereas this model suggests that the motor state in PD is predicted solely by 

the neuronal firing rate in the basal ganglia output, more recent studies provide evidence 

that changes in neuronal synchronization in cortico-basal ganglia circuits add to the 

understanding of PD pathophysiology (Schnitzler and Gross, 2005; Hammond et al., 2007; 

Oswal et al., 2013). Increased oscillatory beta activity in motor areas of the basal ganglia and 

cortex has received particular attention due to its link to PD motor symptoms such as 

akinesia and rigidity and its responsiveness to levodopa administration (Kühn et al., 2006, 

2009; Jenkinson and Brown, 2011; Pollok et al., 2012; Oswal et al., 2013; Neumann et al., 

2016a; Beudel et al., 2017). Despite the prominent role of beta oscillations, evidence 
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accumulates that pathological alterations of oscillations across multiple frequencies might be 

of significance in PD pathophysiology (Oswal et al., 2013). As opposed to beta oscillations 

which have been classically considered as ‘anti-kinetic’, oscillations in the gamma frequency 

range have been proposed to be a rather ‘pro-kinetic’ signal. Gamma power in the STN 

increases at movement onset, even more so following levodopa administration, and is 

correlated with (pre-) motor cortical activity (Litvak et al., 2012). Changes in oscillatory 

activity might also be associated with cognitive impairment observed in PD. For example, 

altered modulation of beta activity has been suggested to contribute to impairments in 

domains such as executive functioning (Engel and Fries, 2010; Oswal et al., 2012). Previous 

MEG studies exploring the power spectrum in non-demented PD patients in cortical areas 

reported a widespread increase in theta and alpha oscillations relative to healthy adults 

(Bosboom et al., 2006; Stoffers et al., 2007). In PD patients with dementia, the increase in 

theta power was even more pronounced suggesting an important association with cognitive 

processing (Bosboom et al., 2006; Dubbelink et al., 2013). These findings highlight the role of 

oscillatory activity across multiple frequency bands in motor and non-motor PD impairment. 

1.3.3 Treatment 

Up to date, there is no treatment available that could cure or reverse the progression of PD. 

Therefore, treatment aims at the relief of symptoms. Medication and DBS accompanied by 

physical exercise are widely used therapeutic means for the treatment of PD motor 

symptoms. Levodopa (a dopamine precursor), dopamine agonists and monoamine oxidase B 

inhibitors are the main families of drugs used for treatment, especially in early PD. 

Unfortunately, sustained medical management is often accompanied by adverse effects such 

as the appearance of levodopa-induced motor complications with unpredictable and rapid 

changes between akinesia and mobile periods often characterized by hyperkinesia (Goetz et 

al., 2005). In advanced PD, when motor symptoms may not be adequately controlled with 

medication, invasive brain stimulation techniques such as DBS are highly effective treatment 

options (Limousin et al., 1998; Deuschl et al., 2006). DBS electrodes are implanted into a 

target area in the brain, most commonly the STN and, to a lesser extent, the GPi. The 

subcutaneous pulse generator generates electrical current pulses that are directed via an 

extension wire to the electrode where the current pulses are delivered. In PD, the STN is 

typically stimulated with a frequency of 130 Hz (Benabid et al., 2009). So far, DBS is 

considered a treatment option in advanced PD. However, previous research has shown that 
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STN-DBS may be beneficial in relatively early stages of PD before the appearance of severe 

motor complications (Schuepbach et al., 2013). This finding has led to the conclusion that 

DBS should be considered a treatment option in earlier stages of PD for carefully selected 

patients as it may ensure maintenance of quality of life (Deuschl and Agid, 2013). 

Although DBS is an established treatment, the exact mechanisms remain elusive. Initial views 

suggested that its effects on motor symptoms might relate to the inhibition of overactive 

basal ganglia neurons in the STN/GPi. However, more recent observations suggest that DBS 

effects not just manifest through local inhibitory but rather multiple mechanisms ranging 

from immediate neuromodulatory effects and synaptic plasticity to long-term neural 

reorganization (reviewed by Ashkan et al., 2017). It has been proposed that these 

mechanisms include, but are not limited to, the amelioration of abnormal oscillatory activity, 

especially in the beta frequency band, the stimulation of efferent axons imposing a time-

locked, regular pattern of discharge on the axons, the inhibition of hormone and 

neurotransmitter production or release participating in intercellular communication, the 

change in cerebral blood flow and neurogenesis resulting in enhanced neuroplasticity, and a 

potential neuroprotection of dopaminergic cells (for reviews see Benabid et al., 2009; Ashkan 

et al., 2017).  

Beyond its remarkable effect on PD motor symptoms, DBS has also been linked to changes in 

non-motor domains including cognitive functions. However, the literature on effects of DBS 

on such functions is rather controversial, ranging from improvement or no significant change 

(e.g., Ardouin et al., 1999; Funkiewiez et al., 2006) to deterioration of specific functions 

(Parsons et al., 2006; Witt et al., 2008). A recent meta-analysis indicated that PD patients 

with STN-DBS exhibit mild to moderate deficits in different domains including learning and 

memory, attention, executive functions or verbal fluency measures (Combs et al., 2015). 

1.3.4 Implicit motor sequence learning in patients with Parkinson’s disease 

Implicit motor sequence learning is assumed to rely on intact functioning of cortico-basal 

ganglia brain circuits. PD is primarily associated with pathological changes within such 

networks. Therefore, individuals with PD are expected to show altered sequence learning 

when compared to healthy individuals. Although the literature on implicit motor sequence 

learning in PD patients is not as clear-cut as one might assume, numerous studies indeed 

provide evidence for impaired performance on the SRTT and related tasks in PD patients 
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(reviewed by Ruitenberg et al., 2015) which is corroborated by a meta-analysis by Clark et al. 

(2014). Nevertheless, reports of largely preserved learning are no exception either (Smith et 

al., 2001; Kelly et al., 2004). A recent review on motor sequence learning by means of the 

SRTT suggests that task as well as patient characteristics such as medication or disease 

severity might account for some of the contrasting findings (Ruitenberg et al., 2015). 

Regarding dopaminergic medication, patients ON as well as OFF medication have been 

reported to show learning impairment (Pascual-Leone et al., 1993; Muslimovic et al., 2007; 

Seidler et al., 2007; Wilkinson et al., 2009; Stephan et al., 2011). Further, there is growing 

evidence for the assumption that motor sequence learning might decrease when PD 

progresses and when symptoms become more severe (Muslimovic et al., 2007; Wilkinson et 

al., 2009; Stephan et al., 2011). Up to date, most of the implicit motor sequence learning 

research in PD has focused on initial acquisition of motor sequences. Additional 

investigations of processes such as susceptibility to interference or offline improvement have 

attracted less attention in the literature so far. 

Neuroimaging studies investigating neural substrates underlying potential learning deficits in 

PD patients indicated that the disease adversely affects cortico-basal ganglia and/or medial 

temporal lobe activity involved in implicit as well as explicit motor sequence learning in 

healthy aging (e.g., Werheid et al., 2003; Schendan et al., 2013 reviewed by Carbon and 

Eidelberg, 2006; Doyon, 2008). 

As outlined in section 1.3.2, there is ample evidence that alterations in beta oscillations in 

cortico-basal ganglia circuits contribute to PD pathophysiology. Concurrently, recent studies 

in healthy adults suggest a link between modulation of cortical beta oscillations and 

successful implicit motor sequence learning (see section 1.1.2). These findings raise the 

question whether altered modulation of beta oscillations might relate to deficient motor 

sequence learning in PD. Interestingly, recordings of subthalamic beta oscillations in PD 

patients who underwent DBS surgery revealed that the variability in performance during 

explicit learning of a motor sequence might be linked to the modulation of beta oscillations 

(Ruiz et al., 2014). More specifically, Ruiz et al. (2014) found that stronger suppression of 

beta activity at sequence boundaries (i.e., the first and last element of a sequence) may 

promote better task performance, whereas suppression of beta activity before within-

sequence elements was associated with worse performance. Since recordings of STN activity 

are invasive, it is not possible to compare oscillatory activity in patients to ‘normal’ activity in 
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healthy adults. Studies investigating beta oscillations non-invasively in PD patients as 

compared to healthy controls in the context of simple motor responses using EEG or MEG 

reported altered modulation of motor cortical beta activity during index finger movements 

(Heinrichs-Graham et al., 2014) as well as after prolonged practice of reaching movements in 

PD (Moisello et al., 2015; Nelson et al., 2017). Whether altered modulation of beta 

oscillations is also associated with implicit motor sequence learning is yet to be determined.    

1.3.5 Feedback learning in patients with Parkinson’s disease 

Data from animals and healthy humans have emphasized the relevance of cortico-basal 

ganglia circuits and dopamine in particular in learning from consequences of chosen actions 

(Haber and Knutson, 2010). Owing to the pathophysiology of PD involving dopamine 

depletion associated with the disruption of the functionality of the basal ganglia and 

connected areas, another line of feedback learning research has focused on PD patients. 

Interestingly, several studies indeed revealed diminished learning in feedback-based tasks in 

PD patients (Knowlton et al., 1996; Shohamy et al., 2004, 2006; Jahanshahi et al., 2010). For 

example, Shohamy and colleagues (2004) applied a probabilistic classification task which 

required participants to predict outcomes based on a complex pattern of stimuli. Whereas 

PD patients exhibited impaired learning on this task when trial-by-trial feedback was 

involved, they performed similarly to healthy controls in a non-feedback control version of 

the task (Shohamy et al., 2004). Such results were regarded as evidence for the assumption 

that intact basal ganglia functioning is essential for feedback learning in particular (Shohamy 

et al., 2004, 2006). In contrast to the above, reports of largely preserved feedback learning in 

PD exist as well (Schmitt-Eliassen et al., 2007; Wilkinson et al., 2008; Shiner et al., 2012). 

These inconsistencies may be partially attributed to varying task characteristics, such as 

stimulus complexity or feedback timing, because both have been suggested to influence 

learning strategies and the underlying neural substrates (Foerde and Shohamy, 2011; Foerde 

et al., 2013; Bellebaum et al., 2016). Additionally, patient characteristics including symptom 

severity and treatment status may influence feedback learning in PD. A few studies have 

explored the influence of medication status by systematically investigating the same PD 

patients ON as compared to OFF dopaminergic medication (Shohamy et al., 2006; Jahanshahi 

et al., 2010; Coulthard et al., 2012). Surprisingly, some of these studies report a significant 

impairment of feedback learning in PD patients ON as compared to OFF medication as well as 

relative to healthy controls (Shohamy et al., 2006; Jahanshahi et al., 2010). The ‘over-dose’ 
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hypothesis – stating that levodopa doses necessary to remedy dopamine-depleted circuits 

and to alleviate associated motor symptoms, might have detrimental effects on less or non-

depleted circuits possibly relevant for feedback learning (Gotham et al., 1988; Swainson et 

al., 2000; Cools et al., 2001; Cools, 2006) – might constitute one explanation for the 

detrimental effects of dopaminergic medication on feedback learning in PD.  

In addition to these findings, several studies have demonstrated differential effects of altered 

dopamine function on learning from positive and negative feedback (Frank et al., 2004; 

Frank, 2005; Kobza et al., 2012; Bellebaum et al., 2016). Interestingly, these studies showed 

that ON medication, PD patients showed a bias to learn more from positive than from 

negative outcomes (Frank et al., 2004) while OFF medication the reversed pattern with 

enhanced learning from negative feedback (i.e., a negative learning bias) emerged (Frank et 

al., 2004; Kobza et al., 2012; Bellebaum et al., 2016). Noteworthy, higher sensitivity for both 

positive and negative feedback has a negative impact on daily life of PD patients as it might 

be associated with behavioral disturbances such as pathological gambling or risk aversion 

(Frank and Kong, 2008; Vilas et al., 2012).  

Feedback learning can also occur by observing actions and accompanying outcomes of 

another person (Bellebaum et al., 2010; Burke et al., 2010; Kobza et al., 2011, 2012). Studies 

investigating observational as compared to active feedback learning revealed that PD 

patients OFF medication exhibit similar performance patterns as healthy controls during 

observational feedback learning which is in contrast to the performance of PD patients on 

active task variants, in which a negative learning bias has been reported repeatedly (Kobza et 

al., 2012; Bellebaum et al., 2016). The data support the assumption that the underlying 

mechanisms involved in active and observational feedback learning might differ (Bellebaum 

et al., 2010; Bellebaum et al., 2012; Bellebaum and Colosio, 2014) with parts of the (dorsal) 

striatum being more strongly involved in active as compared to observational learning 

(Bellebaum et al., 2012; Kobza and Bellebaum, 2015). Since in early PD, dopamine depletion 

is suggested to especially affect dorsal parts of the striatum (Kish et al., 1988) it is reasonable 

that less affected PD patients as those investigated by Kobza et al. (2012) and Bellebaum and 

colleagues (2016) rather exhibit alterations in active than in observational feedback learning.  
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1.3.6 Effects of STN-DBS on feedback learning in patients with Parkinson’s disease 

In addition to medically treated PD patients, a few studies investigated effects of STN-DBS on 

feedback learning yielding mixed results (e.g., Hälbig et al., 2004; Frank et al., 2007; van 

Wouwe et al., 2011; Wilkinson et al., 2011; Coulthard et al., 2012). One of the first studies 

conducted in this field failed to find effects of STN-DBS status (ON versus OFF) on overall 

feedback learning performance in a probabilistic feedback learning task (Frank et al., 2007). 

In addition to overall learning performance, the study examined RTs in response to pairs of 

stimuli which were followed by positive (or negative) feedback rather equally often (high-

conflict pairs) as compared to more easily discriminable stimuli (low-conflict pairs). 

Interestingly, patients ON but not OFF STN-DBS sped up their responses under high-conflict 

situations. This tendency was especially pronounced in error trials leading to the assumption 

that STN-DBS might induce impulsive behavior in such situations (Frank et al., 2007). On the 

other hand, there are studies providing first evidence for a facilitating effect of STN-DBS on 

feedback learning (Hälbig et al., 2004; van Wouwe et al., 2011; Wilkinson et al., 2011). For 

example, van Wouwe and colleagues (2011) found that overall feedback learning 

performance was enhanced ON as compared to OFF STN-DBS. Although mechanisms of STN-

DBS are still controversial, the authors speculate that the observed effect might be due to a 

beneficial effect of STN-DBS on the dorsal striatum through influences of the STN on multiple 

sites of the cortico-basal ganglia network such as improved cortical processing via the 

hyperdirect pathway (van Wouwe et al., 2011). Another study on STN-DBS effects on 

feedback learning which included healthy controls failed to find facilitating effects of STN-

DBS or significant differences between PD patients and controls on overall learning 

performance (Wilkinson et al., 2011). However, in a more detailed analysis, the rather 

complex stimulus structure of the task was taken into account and stimulus combinations 

which were weakly or strongly associated with particular outcomes were analyzed 

separately. Noteworthy, learning of weakly associated stimuli was found to be improved by 

STN-DBS – only PD patients OFF but not ON STN-DBS exhibited poorer learning performance 

on these trials compared to healthy controls. This result was interpreted as being indicative 

of a facilitating effect of STN-DBS on implicit learning aspects recruiting basal ganglia 

networks (Wilkinson et al., 2011).  

The outlined studies applied paradigms which required to link own actions and 

accompanying outcomes. In order to better understand whether and to what extent STN-DBS 
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affects feedback-based learning processes in PD, it is important to keep in mind that 

feedback learning may also occur through observation of others. Although previous studies 

suggest that PD patients OFF medication in earlier stages of the disease exhibit similar 

performance patterns as healthy controls on such paradigms, effects of STN-DBS on 

observational feedback learning in more advanced stages of the disease remain to be 

investigated. 
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2 Aims of the thesis 

Implicit motor sequence learning is essential for proper functioning in various everyday 

activities. In the light of an aging population, research has begun to focus on age-related 

alterations. But, knowledge of implicit motor sequence learning across the adult life span 

necessary to derive concepts for early detection and prevention of possible age-related 

declines is still sparse. At the neural level, motor sequence learning seems to rely on intact 

functioning of cortico-basal ganglia circuits and a specific role of motor cortical beta 

oscillations has been suggested. Since PD is associated with pathological changes in beta 

oscillations, it is reasonable to assume that alterations of beta oscillations in PD might be 

associated with impaired motor sequence learning.  

Similar to motor sequence learning, feedback learning has been shown to recruit structures 

distributed across the brain, including areas of cortico-basal ganglia circuits. Studies reporting 

alterations in PD patients on active feedback learning tasks further support the role of these 

circuits and the dopaminergic system in this type of learning. Other than active learning, 

performance patterns during observational feedback learning have been suggested to be 

similar to those in healthy adults, at least in earlier stages of the disease. Furthermore, there 

is first evidence that STN-DBS, an established treatment option in advanced PD, may enhance 

active feedback learning processes. Effects of STN-DBS on observational feedback learning, 

on the other hand, have not been determined yet. Further disentangling STN-DBS effects on 

feedback learning is of high relevance for the precise prognosis of cognitive performance and 

thereby quality of life in patients receiving such treatment. 

Considering the above, this thesis aimed to investigate implicit motor sequence and feedback 

learning in healthy and pathological aging using the example of PD. The investigation of 

motor sequence learning across the adult life span at the behavioral level (study 1) was 

extended by recording brain oscillations in healthy and pathological aging during motor 

sequence learning (study 2). Study 3 examined feedback learning in PD patients and healthy 

older adults with a main focus on STN-DBS treatment effects. 

Study 1 aimed to examine alterations of implicit motor sequence learning across the adult 

life span. To this end, healthy participants ranging in age from 18 to 71 years were trained on 

a SRTT. The study particularly focused on age-related differences in acquisition and 

consolidation of a motor sequence. Consolidation as reflected by stabilization (i.e., reduced 
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susceptibility to interference) and offline improvement was assessed after a 1 hour offline 

period. It was further explored whether working memory is related to motor sequence 

learning. 

Study 2 investigated implicit motor sequence learning in PD as compared to healthy aging. In 

addition to behavioral alterations, it aimed to characterize oscillatory dynamics underlying 

motor sequence learning. To this end, PD patients and healthy older adults were trained on a 

SRTT. To assess motor sequence acquisition and susceptibility to interference immediately 

after training, the SRTT comprised interfering randomly varying trials. Neuromagnetic brain 

activity was recorded using MEG. A special emphasis was put on beta oscillations because of 

their suggested relevance in motor sequence learning and PD pathophysiology. Theta, alpha, 

and gamma frequencies were also investigated to identify oscillatory signatures related to 

motor sequence learning in PD as compared to healthy aging.  

Study 3 concentrated on feedback learning known to involve cortico-basal ganglia networks 

and the dopaminergic system. The main focus of the study was the investigation of STN-DBS 

effects on feedback learning in PD. As feedback learning may occur by linking either own or 

observed actions to accompanying outcomes, PD patients treated with STN-DBS and healthy 

control participants completed active and observational feedback learning tasks. To assess 

effects of STN-DBS, PD patients performed both tasks ON as well as OFF STN-DBS.   

This thesis aimed at extending the knowledge about learning abilities in healthy as well as 

pathological aging. In the light of our aging society and its associated diseases, a better 

understanding of (normal or pathological) alterations including their neurophysiological 

correlates takes on increasing significance. Moreover, investigating influences of treatment 

methods such as DBS on cognitive functions including learning is relevant for the precise 

prognosis of therapy-related consequences – particularly for younger, still working patients – 

and thereby quality of life.  
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3 STUDY 1: Implicit Motor Sequence Learning and Working 
Memory Performance Changes across the Adult Life Span 

Study 1 (Appendix 1) examined effects of healthy aging on implicit motor sequence learning. 

A second aim was to investigate whether working memory processes are related to this type 

of learning. In the light of an aging population, a better understanding of age-related changes 

in implicit motor sequence learning and mediating cognitive processes is of increasing social 

and economic significance. The investigation across the adult life span brings the advantage 

of being able to pinpoint when alterations in learning are starting to emerge. In the long run, 

such an approach may lay the foundation for successful approaches to improve learning 

performance in different phases of life as well as to derive concepts for an early detection 

and prevention of possible declines in advanced age. 

3.1 Introduction 

The acquisition of motor sequences occurs during practice and is usually followed by motor 

consolidation (Karni et al., 1998; Robertson et al., 2004b, 2005) which refers to stabilization 

(i.e., reduced susceptibility to interference) as well as offline improvement between sessions 

without further training (Robertson et al., 2004b, 2005). These processes are rather well-

studied in young healthy adults. However, the literature on effects of healthy aging on motor 

sequence learning is controversial, with results ranging from intact (Howard and Howard, 

1992; Brown et al., 2009; Nemeth and Janacsek, 2011) to diminished learning abilities 

(Frensch and Miner, 1994; Howard et al., 2004) in the elderly as compared to young adults. 

Furthermore, the concept of consolidation and its age-related changes are still rarely 

examined. Although a few studies report reduced or even lacking offline improvement in 

older as compared to young adults (Spencer et al., 2007; Brown et al., 2009; Nemeth and 

Janacsek, 2011), the investigating of stabilization of motor sequences as reflected by reduced 

susceptibility to interference has attracted less attention so far.  

Relating to cognitive processes involved in motor sequence learning, it has been suggested 

that working memory might contribute to this type of learning, at least in young healthy 

adults (Unsworth and Engle, 2005; Bo and Seidler, 2009; Bo et al., 2011). Furthermore, 

another study provided first evidence for the hypothesis that age-related declines in working 

memory might contribute to alterations in motor sequence learning in older adults (Bo et al., 
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2012). The present study was conducted to gain a better understanding of alterations in 

motor sequence learning and its association with working memory across the adult life span.   

3.2 Methods  

Twenty young (18-29 years), 20 middle-aged (30-50 years), and 20 older adults (51-71 years) 

participated in the study. To investigate effects of aging on implicit motor sequence learning 

and to examine whether working memory is linked to this type of learning, all participants 

completed verbal and visuospatial n-back tasks and were trained on a SRTT on the same day. 

Task order was counterbalanced across participants within each group. The SRTT was 

introduced as a measure of RT and participants were not informed about the 8-item 

sequence of button presses (ring-index-thumb-middle-ring-middle-thumb-index) embedded 

in the task. Sequence and random trials at the beginning of the task served as RT baseline. To 

enable acquisition of the motor sequence, it was presented 15 times during training with the 

last two sequences referred to as end of acquisition (EoA). Two sequences of eight randomly 

varying trials followed which served as control and interference. Subsequently, the 

investigation of early susceptibility to interference was enabled by another repeating 

presentation of the learned sequence. As the study further concentrated on consolidation 

(i.e., stabilization as indicated by reduced susceptibility to interference by a random pattern 

and offline improvement), the task comprised a second run which followed after a break of 1 

hour. In run 2, two sequences of eight randomly varying trials were followed by two 

presentations of the sequence to assess unspecific and sequence-specific offline 

improvement as well as stabilization (Figure 5).  

 

Figure 5: SRTT procedure. Two presentations of the 8-item sequence and randomly varying trials 
served as baseline. To enable acquisition, the sequence was presented 15 times with the last two 
sequences referred to as EoA. Subsequent randomly varying trials served as control and interference. 
Then, the sequence was presented twice to assess susceptibility to interference immediately after 
acquisition (SI). Run 2 after an offline period of 1 hour consisted of both random trials and two 
presentation of the sequence to assess unspecific as well as sequence-specific offline improvement 
and susceptibility to interference. ‘S’ indicates sequence trials, ‘R’ indicates random trials. Adapted 
and modified from Meissner et al. (2016b). 
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To assess explicit sequence knowledge, participants were asked (I) whether they had noticed 

anything unusual about the task and (II) to recall the sequence if they were aware of a 

repeating pattern after finishing the task.  

Working memory tasks were derived from the classical n-back task (Cohen et al., 1994). For 

both the verbal and visuospatial subtype of the task, three different working memory loads 

(0-, 1-, and 2-back) were used. During the task, participants were presented with a sequence 

of stimuli and were asked to press a response key whenever the presented stimulus was 

identical to the one presented n trials back. For the verbal subtype, letters were used as 

stimuli, whereas for the visuospatial subtype, white circles at different locations on the 

screen were used.  

Statistical analyses on RTs focused on differences between groups in acquisition, 

susceptibility to interference immediately after training on the SRTT as well as on group 

differences in consolidation (i.e., offline improvement and reduced susceptibility to 

interference). Working memory performance (i.e., percentage of hits) was compared 

between groups and possible links to motor sequence learning were investigated by means 

of correlational analyses. 

3.3 Results and Discussion 

As one of the main results, study 1 revealed that both young and older adults were able to 

acquire the motor sequence embedded in the task. Interestingly enough, the gain in RT in 

older adults was even larger than the one in young adults suggesting that sequence learning 

is well preserved in the healthy elderly. But, it is important to note that older adults also 

showed significantly slower baseline RTs than the younger adults. The present data fit with 

the results of several studies reporting intact or even better motor sequence acquisition in 

healthy older as compared to young adults (Howard and Howard, 1992; Brown et al., 2009; 

Janacsek and Nemeth, 2012). Although findings of age-related deficits in motor sequence 

learning have been reported as well, it is important to note, that such deficits were 

particularly observed in tasks involving complex sequences or dual-tasking, thus, when task 

demands were high (Frensch and Miner, 1994; Howard et al., 2004).  

In contrast to the results in young and older adults, middle-aged adults did not exhibit 

acquisition of the motor sequence in the present study. Notably, middle-aged adults were 

significantly faster than the oldest age group at the beginning of the task. However, the 
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elderly were able to bridge the gap and both groups yielded comparable RTs after training. 

Similarly, a previous study by Janacsek and colleagues (2012) found comparable declines in 

motor sequence acquisition above the age of 44. However, unlike the present data, this 

decline was also observable in older adults (Janacsek et al., 2012). Interestingly enough, in 

the present study, nine older adults exhibited evidence of sequence awareness acquired over 

the course of the task. In contrast, only one young and one middle-aged adult perceived a 

sequential pattern. On the basis of this data, one might hypothesize that healthy older adults 

refer to (compensatory) explicit rather than implicit learning strategies presumably used by 

younger adults and middle-aged adults. Although speculative, older participants may have 

adopted the explicit learning strategy to compensate for deficient implicit learning. This 

assumption was supported by additional analyses revealing that older adults who showed 

evidence of sequence awareness tended to be faster in sequence than in randomly varying 

control trials, whereas RTs did not differ significantly in older adults without sequence 

awareness. Further indirect support comes from a study by Dennis and Cabeza (2011) which 

found greater activity in the medial temporal lobe – known to be involved in explicit learning 

(Cohen et al., 1985, 1999) – during the SRTT in older as compared to young adults. Taken 

together with the present findings in middle-aged adults, one might speculate that, implicit 

learning may become less effective in middle-aged adults, while the transition to a successful 

adoption of compensatory strategies might still pend. 

As one might expect in the case of lacking sequence acquisition, middle-aged adults were not 

susceptible to interference immediately after training on the SRTT. In contrast to that, both 

young and older adults exhibited susceptibility to interference by the random pattern 

immediately after training on the SRTT which was found to be reduced in both groups after 

an offline period of 1 hour. In accordance with a hypothesis stated by Brown and colleagues 

(2009), the data provide first evidence for the assumption that the stabilization of skills, one 

form of motor consolidation, might be well preserved in older adults. With regard to the 

second component of consolidation, offline improvement, only young and middle-aged 

adults exhibited (further) gains in RT between the two runs. However, offline improvement 

was not specific for sequence trials but rather represented more general, unspecific RT 

facilitation. This contradicts previous assumptions of the presence of sequence-specific 

improvement between sessions on similar implicit versions of the SRTT (Robertson et al., 

2004a; Brown et al., 2009). Discrepancies between results might be due to longer offline 
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periods of 12 to 24 hours in those studies as compared to the 1 hour break implemented in 

the present study suggesting that an offline period of 1 hour may have been too short to 

induce enhancement of sequence-specific skills. In older adults, there was no further RT 

improvement observable over the offline period which is in line with previous results and 

supportive of the hypothesis that offline improvement between learning sessions is affected 

by healthy aging (Brown et al., 2009; Nemeth and Janacsek, 2011). Although beyond the 

scope of the study, one might speculate that alterations in neuroplastic processes induced by 

motor training might account for the lack of further RT improvement in older adults in the 

present study (Sawaki et al., 2003; Rogasch et al., 2009; Fathi et al., 2010). Taken together, 

these data give rise to the hypothesis, that offline improvement and stabilization represent 

discrete aspects of consolidation which might be distinctly affected by aging. 

Replicating previous findings on working memory performance in healthy aging (e.g., Mattay 

et al., 2006; Geerligs et al., 2014), older as compared to young participants exhibited a 

decline in verbal and visuospatial working memory when memory load was high as in the 2-

back tasks. Although working memory processes have been suggested to contribute to motor 

sequence learning (Bo et al., 2011, 2012) the present study failed to find evidence for a 

significant relation between working memory and implicit motor sequence learning. When 

interpreting the present data, it is important to note that former studies investigated the 

influence of working memory on motor sequence learning by implementing tasks that pose 

strong demands on storage capacity (Luck and Vogel, 1997; Fukuda et al., 2010). However, n-

back tasks used in the present study especially involve manipulating (e.g., updating) of 

information (Braver et al., 1997; Rottschy et al., 2012). Discrepancies in study results might 

thus relate to different mental processes required for successful task performance. Despite 

the lack of significant associations between acquisition and consolidation of a motor 

sequence and working memory, RTs on the SRTT during baseline measurement were 

inversely related to working memory performance when memory load was high. A 

conceivable interpretation of this result might be that although working memory was not 

significantly linked to motor sequence learning, poorer working memory might still be partly 

responsible for generally slower RTs as particularly observed in older participants. 

3.4 Conclusion 

Study 1 revealed that implicit motor sequence learning changes across the adult life span. 

More specifically, both young and older but not middle-aged adults were able to acquire the 
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embedded motor sequence. Interestingly, the oldest age group exhibited the greatest gains 

in RT and possibly relied on explicit rather than implicit learning strategies. These findings 

might lead to the speculation that in middle-aged adults, implicit learning may become less 

effective while a strategy change is still lacking. Further, stabilization of skills after the offline 

period and the lack of offline improvement in older adults give rise to hypothesize, that 

different processes may underlie these two forms of consolidation which might be distinctly 

affected by aging. Replicating previous results, older participants showed diminished working 

memory performance when memory load was high. However, working memory as assessed 

by n-back tasks was not linearly linked to implicit motor sequence learning across the adult 

life span.   
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4 STUDY 2: The significance of brain oscillations in motor sequence 
learning: Insights from Parkinson’s disease 

Study 1 investigated implicit motor sequence learning in healthy aging and revealed that 

motor sequence acquisition is observable even in the elderly. To complement these findings, 

study 2 (Appendix 2) aimed at the investigation of implicit motor sequence learning and its 

underlying oscillatory dynamics in healthy older adults and PD patients as a prominent 

example of pathological aging. Particular emphasis was placed on a possible relation 

between alterations in beta oscillations and motor learning in PD. 

4.1 Introduction 

In young adults, there is evidence that a suppression of brain oscillations at beta frequencies 

might contribute to successful motor sequence learning on the SRTT (Pollok et al., 2014). At 

the same time, there is abundant evidence that oscillatory activity, especially in the beta 

frequency range, is altered in PD (Schnitzler and Gross, 2005; Hammond et al., 2007; Oswal 

et al., 2013; Nelson and Kreitzer, 2014). Furthermore, implicit motor sequence learning is 

diminished in PD patients when compared to healthy participants (for a review see 

Ruitenberg et al., 2015). To shed light on the possible relation between pathological 

alterations of beta power and motor learning abilities in PD patients, neuromagnetic activity 

was recorded in PD patients as well as in healthy older adults while performing the SRTT. 

According to previous findings, it was hypothesized that PD patients exhibit less beta power 

suppression when compared to healthy adults and, concomitant with this alteration, 

diminished motor sequence learning. Although the study focused particularly on beta 

oscillations, activity in the theta, alpha and gamma frequency bands was also examined since 

cognitive and motor impairment in PD has been proposed to relate to alterations across 

these frequencies as well (Oswal et al., 2013).  

4.2 Methods  

Twenty PD patients and 20 age- and sex-matched healthy adults were included in the study. 

In PD patients, motor impairment was assessed by means of the MDS-UPDRS III (Goetz et al., 

2008). All participants performed a version of the SRTT similar to that in study 1 (Nissen and 

Bullemer, 1987; Figure 6). PD patients completed the task on their regular dopaminergic 

medication.  
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Figure 6: Study design. RTs during Random served as baseline measurement. To enable motor 
sequence acquisition, an 8-item sequence was presented 15 times (Training on the task). EoA 
comprised ten repetitions of the sequence. For the assessment of Susceptibility to Interference, ten 
sequences of eight randomly varying trials were presented (Interference) and followed by ten 
repetitions of the introduced sequence. Adapted and modified from Meissner et al. (submitted). 

Prior to training on the SRTT, randomly varying trials served as baseline (Random). These 

trials were followed by the repeated presentation of the embedded motor sequence 

(Training on the SRTT) which was the same 8-item sequence as introduced in study 1. To 

assess whether participants were able to learn the sequence, it was presented again at EoA 

immediately after training on the task. The further investigation of susceptibility to 

interference was realized by presenting interfering random trials (Interference) followed by 

another block of sequence trials (Susceptibility to Interference). Explicit sequence knowledge 

was assessed as in study 1. Three PD patients and three healthy older adults were able to 

recall at least half of the sequence correctly. 

Neuromagnetic brain activity was recorded throughout the task using a whole-head MEG 

system (Elekta Neuromag, Helsinki, Finland). Behavioral analyses on RTs were focused on 

possible group differences in motor sequence acquisition and susceptibility to interference. 

Correlational analyses were performed to investigate whether sequence acquisition was 

related to susceptibility to interference. Further, in patients, clinical characteristics (i.e., 

motor impairment, antiparkinsonian medication dose) were correlated with RTs and 

differences in RTs between blocks. For MEG data analyses, data were processed for time-

frequency analysis. To investigate whether oscillatory activity differed already between 

groups during Random, i.e. prior to learning, theta, alpha, beta, and gamma power was 

compared between groups including all sensors by means of cluster-based permutation tests 

with Monte Carlo randomization to control for multiple comparisons. Cortical sources of 

oscillatory activity during Random were identified using Dynamic Imaging of Coherent 

Sources (DICS). The change in oscillatory activity in the introduced frequency bands over the 

course of the task (contrasts of interest: EoA vs. Random; Susceptibility to Interference vs. 

Random) was further compared between groups including all sensors as well as in a selection 

of sensors covering right and left sensorimotor cortices using the same statistical approach as 
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for Random. In a last step, brain-behavior correlations were calculated between time-

frequency data and clinical characteristics as well as SRTT performance. 

4.3 Results and Discussion 

Statistical analyses comparing oscillatory activity between groups prior to learning revealed 

significant differences at alpha and beta frequencies. PD patients exhibited stronger beta 

modulation as compared to healthy adults which was most pronounced during button press 

when beta suppression prevailed. As additionally suggested by source reconstruction, beta 

modulation appeared to be more widespread in PD, proposing that a larger network might 

be recruited for successful task performance. Although these findings contradict results of a 

previous MEG study showing reduced beta modulation during such basic movements in PD 

patients as compared to healthy older adults (Heinrichs-Graham et al., 2014), it is important 

to note, that PD patients in that study were investigated OFF and not ON medication as in 

the present study. As beta modulation seems to be reduced when dopamine is deficient but 

promoted by antiparkinsonian medication (Doyle et al., 2005; Litvak et al., 2012; Oswal et al., 

2012, 2013), the observed differences might stem from different levodopa levels. 

Importantly, stronger modulation of beta power was found to be related to slower RTs in the 

present study. Taken together with the observed differences between groups at beta 

frequencies as well as with the results by Heinrichs-Graham and colleagues (2014), this 

finding might provide indirect support for the assumption that lower and higher levels of 

beta activity – i.e., deviation from ‘optimal’ activity – might contribute to alterations in motor 

performance as observed in PD (Brittain et al., 2014). In addition to alterations at beta 

frequencies, PD patients exhibited a stronger alpha power modulation. Alpha oscillations 

have been suggested to contribute to automatic motor control processes and to subserve 

attentional demands (Klostermann et al., 2007; Pollok et al., 2009; Klimesch, 2012). 

Differences in alpha power modulation may thus reflect enhanced control mechanisms and 

attentional resources necessary for task execution in PD. Although there was no significant 

group difference during the execution of simple motor responses at theta or gamma 

frequencies, less theta power was found to be significantly associated with greater motor 

impairment suggesting that these oscillations might relate to motor characteristics in PD.  

As assumed, PD patients exhibited diminished but basically preserved acquisition of the 

motor sequence when compared to healthy adults. This finding is in line with previous 

studies reporting a decline in implicit motor sequence learning in PD (for a review see 
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Ruitenberg et al., 2015). Furthermore, PD patients showed more pronounced susceptibility 

to interfering random trials than healthy adults. This finding extends existing literature on 

SRTT performance in PD, as susceptibility to interference has rarely been studied but needs 

to be taken into account to understand the various processes involved in motor sequence 

learning (Doyon, 2008; Marinelli et al., 2017). Surprisingly, better sequence acquisition was 

related to reduced susceptibility to interference only in healthy adults. These results suggest 

that while reduced susceptibility to interference relies on successful motor sequence 

acquisition in healthy aging, these two processes may be distinct in PD.  

When relating clinical characteristics of patients to SRTT performance, no significant 

associations were found. This is in contrast to reports of increasing motor sequence learning 

deficits with increasing motor impairment (e.g., Muslimovic et al., 2007) but reveals that 

severity of motor symptoms may not significantly modulate SRTT motor performance per se.   

Impaired motor sequence acquisition in PD as compared to healthy adults was paralleled by 

less motor cortical beta power suppression at EoA relative to Random. This finding supports 

the assumption that beta power suppression is relevant for motor sequence learning as it 

may represent a neurophysiological marker of early reorganization associated with motor 

learning (Pollok et al., 2014). It is further in line with the hypothesis that beta activity 

promotes the maintenance of the current motor and cognitive state at the expense of 

flexible control (Engel and Fries, 2010). Notably, group differences were most pronounced in 

sensorimotor areas ipsilateral to the moving hand. Although cluster-based permutation tests 

do not provide information about the exact spatial extent of the effect, this finding fits well 

to results of Meziane et al. (2015) revealing symmetrical, bilateral beta power suppression in 

motor areas during a reaching task in older adults but not in PD patients. Thus, loss of 

hemispheric lateralization may be one compensatory mechanism of a healthy but aging 

motor system (Vallesi et al., 2010) which may be deficient in PD. Increased beta power has 

been related to decreases in cortical excitability  (Noh et al., 2012; McAllister et al., 2013). 

Thus, one might assume that beta power suppression reflects an increase in cortical 

excitability promoting changes in practice-related networks which contribute to the 

enhancement of motor skills. These processes may be impaired in PD.   

Group level analyses suggested that less beta power suppression over the course of learning 

in patients as compared to healthy adults was paralleled by diminished acquisition. But, 

brain-behavior correlations revealed that in PD, stronger beta power suppression at EoA as 
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compared to random trials prior to learning was associated with worse motor sequence 

acquisition. In contrast to this, stronger beta power suppression in sequence trials after 

interference as compared to trials prior to learning was found to be linked to reduced 

susceptibility to interference, i.e. better performance in PD patients. Although the results 

seem contradictory at first, it is possible that, in contrast to our hypothesis, beta power 

suppression might promote reduced susceptibility to interference but not necessarily 

acquisition per se, at least in PD. Furthermore, the present findings fit well to the assumption 

that in PD, motor sequence acquisition and susceptibility to interference might represent 

distinct processes relying on distinct neurophysiological correlates. In the context of motor 

sequence acquisition, it has been shown before that beta suppression may not always be 

beneficial in PD. More specifically, a study on explicit sequence learning revealed that beta 

suppression in the STN was linked to better performance only when occuring at a specific 

phase of the sequence (Ruiz et al., 2014) which supports the hypothesis that the significance 

of beta suppression in PD may vary depending on its relation to task phase.  

In contrast to previous results (Pollok et al., 2014), there was no significant linear correlation 

between beta power and SRTT performance in healthy adults. As Pollok and colleagues 

(2014) investigated young adults, one may speculate that discrepancies relate to age-specific 

changes in motor sequence learning and underlying neural correlates.  

Beyond beta oscillations, significant differences between groups during motor sequence 

learning emerged in theta power. More specifically, healthy adults showed a significantly 

stronger increase in theta power in motor cortical areas from Random to sequence trials 

after Interference than PD patients most pronounced during button press. This finding 

suggests that peri-movement theta power may contribute to reduced susceptibility to 

interference after training on the SRTT. This process appears to be impaired in PD. 

Correlative evidence linking stronger increase in theta power over the course of the task to 

less susceptibility to interference in healthy adults further emphasizes the role of theta 

oscillations for this process. The present results are generally in line with a recent 

neurofeedback study proposing a link between increases in theta power after learning and 

better consolidation of an explicitly learned motor sequence (Rozengurt et al., 2016). 

Furthermore, theta oscillations have been suggested to be involved in learning when 

sensorimotor integration is needed (Bland, 1986; Bland and Oddie, 2001; Caplan et al., 2003; 

Cruikshank et al., 2012) as well as in the induction of synaptic plasticity which indicate a 
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mnemonic function of these oscillations (Pavlides et al., 1988; Larson and Lynch, 1989; Orr et 

al., 2001).  

4.4 Conclusion 

Study 2 revealed diminished but basically preserved motor sequence acquisition as well as 

higher susceptibility to interference in PD patients as compared to healthy adults. These 

differences were paralleled by less beta power suppression in PD patients supporting the 

hypothesis that the modulation of beta oscillations is of significance in this type of learning. 

Whereas susceptibility to interference directly after training was found to rely on successful 

acquisition in healthy controls, these processes appeared to be distinct in PD. Further, 

stronger beta power suppression may specifically promote reduced susceptibility to 

interference but might not be beneficial for sequence acquisition in PD. In addition to the 

relevance of beta oscillations, the data give rise to the assumption that theta power might 

contribute to reduced susceptibility to interference, at least in an aging but healthy motor 

system. 
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5 STUDY 3: Facilitating effects of deep brain stimulation on 
feedback learning in Parkinson’s disease 

Whereas study 1 and 2 concentrated on implicit motor sequence learning and the underlying 

neurophysiological correlates in healthy and pathological aging, study 3 (Appendix 3) 

examined feedback learning known to involve cortico-basal ganglia circuits and the 

dopaminergic system in particular. The main focus was to investigate whether and how 

feedback learning is affected by STN-DBS used for the treatment of PD motor symptoms. 

Healthy older adults served as control group. The assessment of STN-DBS effects on feedback 

learning is of particular interest as it may help to gain a better understanding of cognitive 

alterations associated with STN-DBS in PD. Such knowledge is of high relevance for the 

prognosis of therapy outcome, particularly for younger patients still pursuing a profession. 

5.1 Introduction 

Optimal adaptation of behavior in daily life requires, inter alia, learning from consequences 

of chosen actions. The learning processes which link events, actions and accompanying 

outcomes (e.g., positive/negative feedback) have been shown to draw on dopaminergic 

midbrain structures and their projection sites in striatal and cortical areas (Haber and 

Knutson, 2010). Considering this in the light of the loss of dopaminergic neurons in PD, it 

might not be surprising that research concentrating on PD patients indeed reported impaired 

feedback learning in those patients (Knowlton et al., 1996; Shohamy et al., 2004). 

Interestingly, learning deficits were often reported ON but not OFF dopaminergic medication 

(e.g., Shohamy et al., 2006; Jahanshahi et al., 2010). Furthermore, several studies have 

investigated effects of STN-DBS status (ON versus OFF) on feedback learning in PD patients 

(e.g., Frank et al., 2007; van Wouwe et al., 2011; Wilkinson et al., 2011). They report 

inconsistent results ranging from no significant effects on overall learning (Frank et al., 2007) 

to facilitating effects possibly due to a beneficial effect of STN-DBS on the dorsal striatum 

(van Wouwe et al., 2011). Notably, these studies employed paradigms in which participants 

were required to link their own actions to respective outcomes. But, feedback learning can 

also occur by observing actions of another person and linking these actions to accompanying 

outcomes (Bellebaum et al., 2010). As indicated by neuroimaging studies (Burke et al., 2010; 

Bellebaum et al., 2012), observational feedback learning as compared to active task variants 

might involve parts of (dorsal) striatal structures to a lesser extent. Further support for this 
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assumption is provided by investigations of PD patients in earlier stages of the disease (Kobza 

et al., 2012) in which dopamine depletion might primarily affect the dorsal striatum (Kish et 

al., 1988). Here, similar performance patterns in PD patients and healthy adults were 

reported for observational but not for active feedback learning (Kobza et al., 2012).  

In the light of the inconsistencies regarding STN-DBS and its effects on active feedback 

learning and the lack of comparison to observational task variants, the present study 

investigated PD patients ON and OFF STN-DBS during active and observational feedback 

learning and compared their performance to those of healthy older adults. Based on 

previous results, it was hypothesized that STN-DBS might improve feedback learning in PD 

patients, especially during the active task variant.  

5.2 Methods 

Nineteen PD patients treated with bilateral STN-DBS and 18 age- and sex-matched healthy 

controls participated in the study. Due to severe motor symptoms, one patient was not able 

to complete the study and had to be excluded leaving a total of 18 PD patients for final 

analyses. All participants performed active as well as observational task variants twice. PD 

patients performed both tasks ON and OFF STN-DBS while remaining on their regular 

dopaminergic medication (Figure 7). The order of tasks (active vs. observational) and STN-

DBS status (ON vs. OFF) in patients was counterbalanced across participants.  

Each feedback learning task comprised three learning phases. Each of these learning phases 

was followed by a test phase. Both learning and test phases contained 60 trials each. During 

active learning phases, one of six abstract Asian symbols was presented and participants had 

to respond to the presented symbol with a right or left button press. Each response was 

followed by either positive or negative feedback. For two symbols, feedback was 

deterministic with valid feedback in 100% of the trials. For the remaining symbols, feedback 

was probabilistic (80% (two symbols) or 60% (two symbols) of the responses were followed 

by valid feedback). The observational task variant involved the same stimuli and feedback 

conditions as the active task. It differed only with regard to the responses given: During 

observational learning, participants did not select the responses themselves but observed 

responses and accompanying outcomes of another participant on a computer screen. In 

order to receive the corresponding negative or positive feedback, participants were required 

to confirm the observed response by pressing the respective right or left button.  
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Figure 7: Experimental procedure. Motor symptoms (MDS-UPDRS III) as well as active and 
observational feedback learning were assessed ON and OFF STN-DBS in PD patients. Healthy controls 
performed active and observational feedback learning tasks twice as well. Order of task (and DBS 
status) was counterbalanced across participants in each group. Adapted and modified from Meissner 
et al. (2016a). 

In both task variants, participants had to acquire stimulus-response-outcome associations by 

trial and error. Active and observational test phases served to assess stimulus-response-

outcome associations acquired during learning phases. These test phases involved the same 

symbols as during learning but no feedback to selected responses. In addition to feedback 

learning, motor impairment in PD patients ON and OFF STN-DBS was assessed by means of 

the MDS-UPDRS III.  

Statistical analyses were performed separately for active learning, active and observational 

test phases and focused on group differences and effects of STN-DBS on task performance 

(i.e., percentage of correct responses). Separate analyses of active learning phases were 

included to examine whether the ability to learn and to apply what has been learned is 

differently affected by STN-DBS. Further, it was investigated whether symptom severity 

(MDS-UPDRS III scores) somehow influences effects of STN-DBS on feedback learning. 

Additional control analyses where conducted to examine whether effects of STN-DBS on 

motor impairment and basic motor performance (RTs and missed responses recorded during 

feedback learning tasks) might contribute to performance on feedback learning tasks in 

patients with PD. 

5.3 Results and Discussion 

In line with the hypothesis, STN-DBS was found to significantly improve active feedback 

learning in PD patients. The data not only replicate results reported by a previous study (van 

Wouwe et al., 2011) but also extend those by additionally showing that PD patients OFF but 

not ON STN-DBS exhibited poorer active feedback learning than healthy adults. Thus, the 

present data support the hypothesis that, at least for the purpose of feedback-based 

learning, STN-DBS helps to reach a rather ‘healthy’ level of (dorsal) striatal functioning. 

Although another study by Wilkinson and colleagues (2011) did not find a beneficial effect of 
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STN-DBS on overall feedback learning in PD patients, it is important to note that the stimulus 

structure used in their study was more complex and is thus not directly comparable to the 

present data.  

Surprisingly, in active test phases without feedback, there was no beneficial effect of STN-

DBS. This result gives rise to the assumption that STN-DBS differently modulates the ability to 

learn and to apply what has been learned. Previous reports of partially distinct roles of 

striatal structures and dopamine for feedback learning per se and the application of what has 

been learned are in line with this assumption and might provide one possible explanation of 

the present pattern of results (Shiner et al., 2012; Smittenaar et al., 2012). Additional 

analyses taking symptom severity of PD patients into account further helped to disentangle 

these distinct effects of STN-DBS. These analyses revealed that PD patients with more severe 

motor symptoms benefited from STN-DBS and showed improved task performance ON as 

compared to OFF STN-DBS, whereas there was no facilitating effect of STN-DBS on active test 

performance in patients with less severe symptoms. Furthermore, differences in active test 

performance between STN-DBS ON and OFF states tended to be correlated with symptom 

severity: with increasing symptom severity task performance improved ON relative to OFF 

STN-DBS and vice versa. Although these findings can be taken as evidence that symptom 

severity might modulate the effect of STN-DBS on the application of learned associations, a 

systematic investigation of larger cohorts of PD patients at different disease stages is 

necessary to disentangle modulatory influences and underlying mechanisms of STN-DBS 

effects. 

For the observational task variant, STN-DBS tended to modulate performance assessed 

during test phases. Similar to active learning trials, PD patients ON STN-DBS reached a 

performance level similar to healthy adults, whereas OFF STN-DBS they performed 

significantly worse than healthy adults. The present data give rise to the hypothesis that STN-

DBS might not only facilitate active but also observational learning from feedback. At a more 

general level, it has been suggested that STN-DBS is beneficial for cognitive functions relying 

on ventral striatal structures and connected areas (Funkiewiez et al., 2006). As such 

structures are suggested to contribute to observational learning from feedback (Burke et al., 

2010; Bellebaum et al., 2012), the present findings support this assumption. Interestingly, a 

previous study investigated PD patients during observational feedback learning and reported 

no significant differences in performance patterns between PD patients and healthy 
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participants (Kobza et al., 2012). Noteworthy, the study of Kobza et al. (2012) included PD 

patients in rather early stages of the disease, whereas in the present study, PD patients in 

more advanced stages participated. It has been suggested that the level of dopamine 

depletion in ventral striatal structures is rather small in early PD but becomes more 

pronounced in advanced PD (Kish et al., 1988). Thus, different levels of dopamine depletion 

might be one explanation for the difference in results.  

STN-DBS has been shown to be effective in improving PD motor symptoms (Deuschl et al., 

2006). In the present study, it is not possible to completely rule out that such an 

improvement contributed to STN-DBS effects on feedback learning. However, additional 

control analyses on RTs and number of missed responses did not reveal significant 

modulations of these variables by STN-DBS. Further, motor improvement due to STN-DBS as 

determined by the change in MDS-UPDRS III scores (STN-DBS OFF - STN-DBS ON) was not 

significantly related to differences between STN-DBS ON and OFF states in active or 

observational feedback learning. Considering this, one might conclude that beneficial effects 

of STN-DBS on feedback learning as observed in the present study are independent of motor 

improvement due to STN-DBS, at least to some extent. 

5.4 Conclusion 

Study 3 revealed that STN-DBS which is known to be an effective treatment of PD motor 

symptoms also possess beneficial effects on cognitive functions such as learning from 

feedback. More specifically, the finding that PD patients OFF but not ON STN-DBS showed 

worse active feedback learning than healthy adults supports the hypothesis that STN-DBS 

exerts a facilitating effect on learning which requires to link own actions to accompanying 

outcomes. Interestingly, when it comes to the application of what has been learned, only 

more severely impaired patients might benefit from STN-DBS. In addition to active feedback 

learning, the study provided first evidence that STN-DBS might be beneficial for observational 

feedback learning, thus when outcomes are required to be linked to actions of another 

person.  
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6 General Discussion  

The current thesis aimed at contributing to the understanding of implicit motor sequence 

learning and feedback learning in healthy and pathological aging using the prominent 

example of PD. In addition to the investigation of motor sequence learning across the adult 

life span with a focus on healthy aging (study 1), the thesis concentrated on oscillatory 

dynamics underlying this type of learning in PD as compared to healthy aging (study 2). In a 

second line of research, feedback learning was investigated in PD patients and healthy older 

adults with a main focus on effects of DBS treatment on this type of learning (study 3).   

The investigation of implicit motor sequence learning in study 1 and 2 revealed that healthy 

older adults are still able to acquire motor sequences without being instructed to do so, 

whereas this ability seems to be diminished but basically prevailed in PD patients. The fact 

that study 1 included not only participants of ‘extreme’ groups (i.e., older and young adults) 

but also middle-aged adults bridging the gap, allowed the investigation of learning across the 

adult life span. Surprisingly, in contrast to older and young participants, middle-aged adults 

did not exhibit acquisition of a motor sequence. As almost half of the older participants 

showed evidence of sequence awareness (as compared to one young/one middle-aged 

adult), one of the conclusions drawn from study 1 was that the observed difference in the 

acquisition of the motor sequence, especially between middle-aged and older adults, might 

be attributable to compensatory explicit strategies applied by older adults. Although this 

explanation might contradict reports of impeded motor sequence learning in older adults by 

providing explicit information and declines in explicit learning with advanced age (Verneau et 

al., 2014; see also King et al., 2013), it is important to keep in mind that in this thesis, 

participants were neither informed about a repeating pattern of button presses in the task 

nor explicitly instructed to acquire a given sequence. Explicit strategies were thus not 

prompted by the instruction or task itself. Therefore, one might speculate that healthy 

participants at higher age might incidentally apply explicit learning strategies to compensate 

for possibly deficient implicit learning. In contrast, in middle-aged participants, implicit 

learning may already be impaired but the adoption of explicit strategies is less efficient 

resulting in impaired sequence learning. Noteworthy, sequence awareness did not differ 

between healthy adults and PD patients in study 2 and was also observed to a lesser extent 

as in study 1. It has been suggested that the length of the response-to-stimulus interval might 

influence the feasibility of explicit strategies (Frensch and Miner, 1994). Therefore, the 
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difference between study 1 and 2 regarding the length of this interval might be one possible 

explanation for the difference in results.  

In addition to motor sequence acquisition, the thesis concentrated on stabilization of a newly 

acquired sequence reflected by reduced susceptibility to interference both immediately after 

training (study 1 and 2) and after an offline period of 1 hour (study 1) as well as on offline 

improvement (study 1). Surprisingly, PD patients but not healthy older adults were found to 

be susceptible to interference right after training on the SRTT in study 2, whereas study 1 

revealed susceptibility to interference in healthy older and young adults. Both studies applied 

similar versions of the SRTT. However, they differed in the number of sequence repetitions, 

owing to the investigation of neural oscillations in study 2. Our findings may thus suggest 

that enhanced training of the sequence (as in study 2) leads to a more stabilized pattern of 

movement in healthy adults which may be affected by PD. This observation highlights the 

ability of the aging but healthy brain for neuroplastic reorganization. Whether the ability for 

such reorganization is generally impaired in PD or whether these patients just need more 

extensive training on the task cannot be answered by the present data. In line with the 

interpretation of neuroplasticity in the aging brain, study 1 further revealed that although 

healthy older adults were susceptible to interference immediately after sequence 

acquisition, they showed stabilization of the newly learned sequence after the offline period 

similar to young adults. For offline improvement, a different pattern of results emerged. Only 

young and middle-aged but not older adults showed faster RTs after the 1 hour break. 

Interestingly, the improvement in young and middle-aged adults was not specific for 

sequence trials but rather represented unspecific RT facilitation. A previous study comparing 

young and older adults on the SRTT found a similar lack of offline improvement in older 

adults (Brown et al., 2009). But, in that study, young adults showed sequence-specific 

improvement over an offline period of 24 hours. A plausible explanation for these differences 

might lie in the length of the offline period. Furthermore, in the study of Brown and 

colleagues (2009), the offline period included both wake and sleep, whereas participants 

stayed awake during the break in the present study 1. Although offline improvement of 

implicit skills has been suggested to be time rather than sleep dependent (Robertson et al., 

2004a; for a review see King et al., 2013), sleep-specific processes have been suggested to be 

involved in long-term synaptic plasticity (Fogel and Smith, 2011). Therefore, the 

enhancement of skills might not only be influenced by the length of the offline period but 
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may also depend on whether this period includes an interval of sleep or not. Taken together, 

the present results provide evidence for the speculation, that although motor skills might not 

be enhanced over the offline period in older adults, consolidation may be expressed in 

stabilization of skills rather than being completely affected by aging (Brown et al., 2009). 

Furthermore, the data lead to the hypothesis that offline improvement and stabilization 

represent discrete aspects of consolidation which are distinctly affected by aging processes. 

In contrast to former studies by Bo and colleagues (2011, 2012) which suggest a link between 

working memory and SRTT performance in young and older adults, study 1 revealed no 

significant correlation between working memory and acquisition or consolidation 

independent of age. These previous studies implemented working memory tasks that pose 

strong demands on storage capacity (Luck and Vogel, 1997; Fukuda et al., 2010), while n-back 

tasks as used in study 1 mainly involve updating of information (Braver et al., 1997; Rottschy 

et al., 2012). Thus, discrepancies in study results might relate to different mental processes 

and their neurophysiological correlates required for successful task performance. 

The significance of motor cortical beta oscillations in implicit motor sequence learning was 

revealed in study 2. More specifically, PD patients exhibited less beta power suppression 

than healthy adults paralleling diminished acquisition of the motor sequence at the 

behavioral level. This finding is in line with the assumption that beta power suppression is 

relevant for motor sequence learning and may represent a neurophysiological marker of 

early reorganization associated with this type of learning derived from results in young adults 

(Pollok et al., 2014). Thus, although study 2 did not involve testing of young adults, one may 

conclude that motor sequence learning might be linked to a suppression of beta oscillations 

in healthy adults, irrespective of age. Reduced beta power suppression, as observed in PD, 

might go along with deficits in motor sequence learning in pathological aging. This is 

especially interesting in the light of the fact that increased synchronization in the beta band 

displays one hallmark of PD (reviewed by Oswal et al., 2013). Despite the proposed role of 

beta oscillations in motor sequence learning, it is important to keep in mind that unlike in 

young adults (Pollok et al., 2014), beta oscillations were not linearly linked to motor 

sequence learning in healthy older adults which might relate to age-specific changes. A 

different picture emerged in PD, thus in a pathological form of aging: Although beta 

suppression promoted reduced susceptibility to interference, it was not beneficial for motor 

sequence acquisition indicating that these processes may relate to distinct 
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neurophysiological correlates in PD. This assumption was further indirectly supported by the 

behavioral finding that acquisition and susceptibility to interference were related in healthy 

adults but not in PD. Beyond beta oscillations, study 2 provided first evidence for the 

relevance of motor cortical theta activity for processes related to susceptibility to 

interference in healthy older participants. More specifically, healthy adults did not only show 

stronger increases in theta power over the course of the task than PD patients, but this 

increase was also correlated with less susceptibility to interference. Unfortunately, on the 

basis of these results, it is not possible to determine whether theta oscillations are related to 

reduced susceptibility to interference per se or rather reflect a compensatory mechanism in 

a healthy but aging motor system which might be impaired in pathological aging such as in 

PD. Further studies are needed to answer this question more profoundly. In sum, the findings 

of study 2 support the significance of beta oscillations for initial learning of a motor sequence 

and propose a role for theta oscillations in stabilization of a newly acquired motor sequence 

in healthy adults. These processes appear to be altered in PD. 

Study 3 of the thesis examined feedback learning with a main focus on the influence of STN-

DBS treatment on this type of learning in PD. At a general level, the effects of treatment in 

PD on cognitive functions such as feedback learning are of high relevance for optimizing 

treatment strategies and thereby quality of life of those patients (Schrag et al., 2000; 

Chaudhuri et al., 2006). In contrast to its remarkable effects on PD motor symptoms, 

previous studies have linked DBS to changes in cognitive function ranging from improvement 

or no significant change (e.g., Ardouin et al., 1999; Funkiewiez et al., 2006) to a deterioration 

of specific functions (Parsons et al., 2006; Witt et al., 2008). Therefore, investigations as in 

study 3 which disentangle the effects of DBS on specific cognitive functions are needed and 

must be further integrated to capture the complete picture of PD and the effects of its 

treatment options. This is particularly relevant for PD patients at younger age, since 

detrimental effects of DBS on cognitive functions may have considerable implications for 

their occupational capacity and quality of life. Study 3 revealed a facilitating effect of STN-

DBS on active feedback learning which replicates former results of van Wouwe and 

colleagues (2011). Importantly, the data also showed that PD patients OFF but not ON STN-

DBS performed worse than healthy older adults suggesting that STN-DBS may improve 

deficient feedback learning in PD patients and might help to reach a rather ‘normal’ level of 

functioning in this context. Interestingly, in contrast to active learning itself, the application 
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of what has been learned may only be facilitated by STN-DBS in more severely impaired 

patients. Although this finding points towards a modulating influence of disease severity on 

the effects of STN-DBS, further investigations of larger cohorts of PD patients treated with 

STN-DBS at different disease stages are necessary to systematically disentangle modulatory 

influences of such characteristics as well as their underlying mechanisms.  

To the best of knowledge, study 3 was the first study to investigate observational feedback 

learning in PD patients treated with STN-DBS and provided evidence for the assumption that 

STN-DBS might promote observational feedback learning in these patients. More specifically, 

whereas PD patients OFF STN-DBS performed worse than healthy controls, ON STN-DBS 

these patients reached a performance level similar to that in controls. Thus, STN-DBS might 

ameliorate deficient feedback learning in PD not only in the context of active feedback 

learning but also when associations between actions and outcomes were learned by 

observing another person. Previous studies on observational feedback learning in PD patients 

reported similar performance patterns in PD patients as in healthy participants (Kobza et al., 

2012; Bellebaum et al., 2016). When comparing these findings to the present result of 

deficient learning in PD patients OFF STN-DBS, it is important to note that those studies 

included PD patients in rather early stages of the disease. In contrast, in the present study 3, 

patients with more advanced PD participated. One might thus speculate that although 

observational feedback learning may be well preserved in early PD, it seems to be altered 

when the disease progresses. This assumption goes well with the finding that the level of 

dopamine depletion in ventral striatal structures presumably involved in observational 

feedback learning (e.g., Burke et al., 2010) is rather small in early PD but becomes more 

pronounced in advanced PD (Kish et al., 1988). Furthermore, in study 3, PD patients 

remained on their regular dopaminergic medication, whereas Kobza and colleagues (2012) 

and Bellebaum et al. (2016) tested PD patients OFF medication. Although it cannot be 

completely ruled out that this difference might have further influenced the varying results, a 

previous study revealed that cognitive functions relying on the ventral striatum do not vary 

depending on dopaminergic medication status in advanced PD (MacDonald et al., 2013) 

suggesting medication-related effects to be less likely. 

With regard to the underlying mechanisms of the observed facilitating effect of STN-DBS on 

feedback learning, previous studies suggest that this facilitation might be due to a beneficial 

effect of STN-DBS on the dorsal striatum through influences of the STN on multiple sites of 
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the cortico-basal ganglia network (van Wouwe et al., 2011). Interestingly, in study 3, active 

feedback learning did not differ significantly between PD patients ON STN-DBS and healthy 

control subjects. Relating this result to the assumption of van Wouwe and colleagues (2011), 

one may speculate that for the purpose of active feedback learning, STN-DBS helps to reach a 

rather ‘normal’ level of dorsal striatum functioning. In contrast to active feedback learning, 

parts of the dorsal (as opposed to the ventral) striatum have been proposed to be less 

strongly involved in observational feedback learning (Burke et al., 2010; Bellebaum et al., 

2012, 2016; Kobza et al., 2012). Thus, the facilitating effect of STN-DBS in tasks requiring to 

link observed actions and outcomes may be mediated by a different mechanism which may 

relate to the ‘normalization’ of ventral striatal functioning. Interestingly, a previous study 

reported that STN-DBS-induced blood flow changes in the ACC, an area connected to the 

ventral striatum, was related to the variability in STN-DBS effects on cognitive performance 

(Campbell et al., 2008). Although the data of the present study 3 does not allow drawing 

conclusions about underlying mechanisms, one might speculate that changes in blood flow 

might represent one conceivable mechanism underlying STN-DBS effects on active as well as 

observational feedback learning. Furthermore, DBS has been proposed to achieve some of its 

effects by disrupting pathological oscillatory activity and might thereby allow the restoration 

of ‘functionality’ of the cortico-basal ganglia circuits (reviewed by Benabid et al., 2009; 

Wichmann and DeLong, 2016; Ashkan et al., 2017). Noteworthy, previous studies have 

provided evidence for a prominent role of oscillatory activity in (active) feedback-based 

learning in healthy adults (Cohen et al., 2011). Whether a ‘normalization’ of pathological 

oscillatory activity by STN-DBS constitutes a mechanism for the facilitating effect on feedback 

learning remains to be determined. Regarding the interpretation of results at the 

neurophysiological level, it is important to keep in mind that it remains purely speculative, 

since the exact mechanisms of actions of DBS as well as some of the mechanisms underlying 

feedback learning – observational variants in particular – are still debated. Future studies 

recording brain activity in PD patients treated with DBS during cognitive tasks are needed to 

gain a better understanding of DBS effects on cognitive functions.  

An issue which warrants a comment in this discussion relates to the fact that all tasks used in 

this thesis involved motor responses. PD is generally characterized as a movement disorder 

and its clinical diagnosis relies on motor symptoms. Therefore, when discussing the results of 

the thesis including learning deficits in PD patients as compared to healthy adults (study 2 
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and 3) and their amelioration by STN-DBS (study 3), the question arises whether motor 

impairment and its improvement by STN-DBS might have contributed to these findings. 

Although a potential influence of motor impairment on task performance cannot be 

completely ruled out, several control analyses indicated that RTs per se were not significantly 

associated with motor impairment or significantly modulated by STN-DBS. Furthermore, 

learning improvement due to STN-DBS in study 3 was not linked to improvement of motor 

symptoms. Thus, it appears to be reasonable to assume that the observed differences in 

learning might be independent of motor impairment. 

In summary, this thesis contributes to the understanding of learning in healthy aging as well 

as in PD constituting a prominent example of pathological aging. Novel findings regarding 

implicit motor sequence learning across the adult life span with a possible compensatory 

change in learning strategy as well as the occurrence of consolidation manifesting as 

stabilization of skills in healthy older adults were revealed (study 1). It was further 

demonstrated that motor sequence learning is affected by pathological aging such as PD. 

Reduced modulation of beta and theta oscillations may underlie these deficits implying their 

significance in this type of learning (study 2). Moreover, a beneficial effect of STN-DBS on 

feedback learning was found. Noteworthy, it was revealed that STN-DBS may enhance not 

only learning from own but also from observed actions and outcomes in PD patients to a 

level similar to that in healthy adults (study 3). Such knowledge about physiological and 

pathological changes as well as treatment effects is an essential prerequisite for the 

preservation of functionality in healthy aging as well as for precise prognosis and 

optimization of treatment outcome in disease.  
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7 Outlook 

This thesis contributed to the understanding of implicit motor sequence and feedback 

learning in healthy and pathological aging and provides several avenues for future research.  

Study 1 and 2 provide evidence for alterations in implicit motor sequence learning across the 

adult life span as well as in PD. Interestingly, initial acquisition and consolidation of a motor 

sequence have been shown to be modulated by non-invasive brain stimulation such as tDCS 

(Savic and Meier, 2016). Moreover, such techniques may have the potential to enhance 

performance which might be diminished due to aging or disease (Gutchess, 2014). A recent 

study provided evidence that tDCS applied over M1 has the potential to promote offline 

improvement of an explicitly known motor sequence in healthy older adults (Rumpf et al., 

2017). Thus, tDCS might constitute a useful tool to reduce deficits such as lacking offline 

improvement in healthy aging or diminished acquisition in PD as observed in this thesis.   

Study 2 supports the significance of beta oscillations in motor sequence learning and 

suggests that oscillatory theta activity might be involved in processes related to susceptibility 

to interference. But, on the basis of study 2, it is not possible to determine whether theta 

oscillations are associated with such processes per se or rather reflect a mechanism of 

compensation in an aging motor system. Future studies concentrating on theta oscillations 

and their possible role in motor sequence learning across the adult life span are needed to 

shed further light on this question. Moreover, although study 2 provides neurophysiological 

correlates of motor sequence learning, it does not allow drawing causal conclusions 

regarding the contribution of beta and theta oscillations to motor sequence learning. 

Interestingly, tACS, another non-invasive brain stimulation technique, has been suggested to 

modulate brain oscillations in a frequency-dependent manner (Thut et al., 2012; Helfrich et 

al., 2014). Thus, by selectively and directly modulating brain oscillations at distinct 

frequencies, this method might allow the investigation of the causal role of cortical beta and 

theta activity in motor sequence learning. For beta oscillations, previous studies using such 

an approach in young healthy adults provided evidence that beta oscillations might play a 

role in stabilizing newly acquired motor sequences (Pollok et al., 2015; Krause et al., 2016). 

By extending such an approach to other frequency bands as well as to cohorts other than 

young healthy adults, a broader understanding of oscillatory activity and its significance in 

motor sequence learning might be gained.  
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As set out, motor symptoms in PD usually begin on one side of the body. With disease 

progression, symptoms also spread to the other side of the body (Hoehn and Yahr, 1967; Lee 

et al., 1995; Djaldetti et al., 2006). Systematically investigating motor sequence learning 

abilities in the (yet) unaffected side might provide insight into the temporal progression of 

learning deficits relative to pure motor symptoms. Applying such an approach, a recent study 

suggests that diminished consolidation of explicitly learned motor sequences might be 

evident even before the onset of classical motor symptoms (Dan et al., 2015). By further 

investigating the neural processes underlying learning with the (yet) unaffected versus 

affected side or learning in early and advanced disease stages by means of MEG may permit 

an assertion about changes in oscillatory dynamics over the course of the disease. This 

constitutes another important step towards the goal of capturing the complete picture of PD 

and its underlying dynamics.  

Study 3 revealed a facilitating effect of STN-DBS on feedback learning in PD patients. A major 

step towards a better understanding of STN-DBS effects on cognitive functions such as 

feedback learning may be achieved by determining the neural mechanisms underlying such 

effects. Patients undergoing DBS afford a unique opportunity to record brain activity directly 

from the human basal ganglia. However, such recordings are only attainable during or 

immediately after the therapeutic implantation of DBS electrodes, when patients may still be 

weakened by surgery. Solving this problem, new technologies provide the opportunity to 

record neural signals from an implanted sensing stimulator via wireless data transfer 

(Medtronic Activa PC+S; Quinn et al., 2015; Neumann et al., 2016b; Trager et al., 2016). With 

such a device, it is possible to acquire data months after DBS surgery and to study underlying 

neurophysiological correlates of STN-DBS effects on more complex cognitive functions. Apart 

from basal ganglia activity, the development of new artefact rejection methods allows the 

recording of cortical brain activity via non-invasive techniques such as MEG both ON and OFF 

DBS (Abbasi et al., 2016). A huge advantage of non-invasive recordings is that they allow the 

assessment of cortical brain activity in healthy humans and thereby provide the opportunity 

to compare brain activity ON and OFF DBS in patients to ‘healthy’, physiological activity.  

These future projects will further broaden the understanding of learning abilities and how 

these abilities might change due to aging or disease. Such an understanding is indispensable, 

not only for the development of strategies to preserve functionality as best as possible in 

healthy aging but also to improve therapeutic options in disease and thereby quality of life.     



References 54 

8 References 

Abbasi O, Hirschmann J, Schmitz G, Schnitzler A, Butz M. Rejecting deep brain stimulation 
artefacts from MEG data using ICA and mutual information. J. Neurosci. Methods 2016; 268: 
131–141. 

Aizenstein HJ, Butters MA, Clark KA, Figurski JL, Stenger VA, Nebes RD, et al. Prefrontal and 
striatal activation in elderly subjects during concurrent implicit and explicit sequence 
learning. Neurobiol. Aging 2006; 27: 741–751. 

Albin RL, Young AB, Penney JB. The functional anatomy of basal ganglia disorders. Trends 
Neurosci. 1989; 12: 366–375. 

Albouy G, Ruby P, Phillips C, Luxen A, Peigneux P, Maquet P. Implicit oculomotor sequence 
learning in humans: Time course of offline processing. Brain Res. 2006; 1090: 163–171. 

Albouy G, Sterpenich V, Balteau E, Vandewalle G, Desseilles M, Dang-Vu T, et al. Both the 
Hippocampus and Striatum Are Involved in Consolidation of Motor Sequence Memory. 
Neuron 2008; 58: 261–272. 

Alexander GE, DeLong MR, Strick PL. Parallel organization of functionally segregated circuits 
linking basal ganglia and cortex. Annu. Rev. Neurosci. 1986; 9: 357–381. 

Andreou C, Frielinghaus H, Rauh J, Mußmann M, Vauth S, Braun P, et al. Theta and high-beta 
networks for feedback processing: a simultaneous EEG-fMRI study in healthy male subjects. 
Transl. Psychiatry 2017; 7: e1016. 

Ardouin C, Pillon B, Peiffer E, Bejjani P, Limousin P, Damier P, et al. Bilateral subthalamic or 
pallidal stimulation for Parkinson’s disease affects neither memory nor executive functions: A 
consecutive series of 62 patients. Ann. Neurol. 1999; 46: 217–223. 

Aron AR, Shohamy D, Clark J, Myers C, Gluck MA, Poldrack RA. Human Midbrain Sensitivity to 
Cognitive Feedback and Uncertainty During Classification Learning. J. Neurophysiol. 2004; 92: 
1144–1152. 

Ashe J, Lungu O V, Basford AT, Lu X. Cortical control of motor sequences. Curr. Opin. 
Neurobiol. 2006; 16: 213–221. 

Ashkan K, Rogers P, Bergman H, Ughratdar I. Insights into the mechanisms of deep brain 
stimulation. Nat. Rev. Neurol. 2017; 13: 548–554. 

Baddeley A. Working memory. Science 1992; 255: 556–559. 

Baddeley AD, Hitch G. Working Memory. In: Bower GH, editor(s). Psychology of learning and 
motivation. New York: Academic Press; 1974. p. 47–89. 

Balleine BW, Dickinson A. Goal-directed instrumental action: contingency and incentive 
learning and their cortical substrates. Neuropharmacology 1998; 37: 407–419. 

Bellebaum C, Colosio M. From Feedback- to Response-based Performance Monitoring in 
Active and Observational Learning. J. Cogn. Neurosci. 2014; 26: 2111–2127. 

Bellebaum C, Jokisch D, Gizewski ER, Forsting M, Daum I. The neural coding of expected and 



References 55 

unexpected monetary performance outcomes: Dissociations between active and 
observational learning. Behav. Brain Res. 2012; 227: 241–251. 

Bellebaum C, Kobza S, Ferrea S, Schnitzler A, Pollok B, Südmeyer M. Strategies in probabilistic 
feedback learning in Parkinson patients OFF medication. Neuroscience 2016; 320: 8–18. 

Bellebaum C, Kobza S, Thiele S, Daum I. It Was Not MY Fault: Event-Related Brain Potentials 
in Active and Observational Learning from Feedback. Cereb. Cortex 2010; 20: 2874–2883. 

Benabid AL, Chabardes S, Mitrofanis J, Pollak P. Deep brain stimulation of the subthalamic 
nucleus for the treatment of Parkinson’s disease. Lancet Neurol. 2009; 8: 67–81. 

Beudel M, Oswal A, Jha A, Foltynie T, Zrinzo L, Hariz M, et al. Oscillatory Beta Power 
Correlates With Akinesia-Rigidity in the Parkinsonian Subthalamic Nucleus. Mov. Disord. 
2017; 32: 174–175. 

Bland BH. The physiology and pharmacology of hippocampal formation theta rhythms. Prog. 
Neurobiol. 1986; 26: 1–54. 

Bland BH, Declerck S, Jackson J, Glasgow S, Oddie S. Septohippocampal properties ofN-
methyl-D-aspartate-induced theta-band oscillation and synchrony. Synapse 2007; 61: 185–
197. 

Bland BH, Oddie SD. Theta band oscillation and synchrony in the hippocampal formation and 
associated structures: the case for its role in sensorimotor integration. Behav. Brain Res. 
2001; 127: 119–136. 

Bo J, Borza V, Seidler RD. Age-Related Declines in Visuospatial Working Memory Correlate 
With Deficits in Explicit Motor Sequence Learning. J. Neurophysiol. 2009; 102: 2744–2754. 

Bo J, Jennett S, Seidler RD. Working memory capacity correlates with implicit serial reaction 
time task performance. Exp. Brain Res. 2011; 214: 73–81. 

Bo J, Jennett S, Seidler RD. Differential working memory correlates for implicit sequence 
performance in young and older adults. Exp. Brain Res. 2012; 221: 467–477. 

Bo J, Seidler RD. Visuospatial Working Memory Capacity Predicts the Organization of 
Acquired Explicit Motor Sequences. J. Neurophysiol. 2009; 101: 3116–3125. 

Bopp KL, Verhaeghen P. Aging and Verbal Memory Span: A Meta-Analysis. Journals Gerontol. 
Ser. B Psychol. Sci. Soc. Sci. 2005; 60: P223–P233. 

Bosboom JLW, Stoffers D, Stam CJ, van Dijk BW, Verbunt J, Berendse HW, et al. Resting state 
oscillatory brain dynamics in Parkinson’s disease: An MEG study. Clin. Neurophysiol. 2006; 
117: 2521–2531. 

Braak H, Del Tredici K, Rüb U, de Vos RA., Jansen Steur EN., Braak E. Staging of brain 
pathology related to sporadic Parkinson’s disease. Neurobiol. Aging 2003; 24: 197–211. 

Braver TS, Cohen JD, Nystrom LE, Jonides J, Smith EE, Noll DC. A Parametric Study of 
Prefrontal Cortex Involvement in Human Working Memory. Neuroimage 1997; 5: 49–62. 

Brittain J-S, Sharott A, Brown P. The highs and lows of beta activity in cortico-basal ganglia 
loops. Eur. J. Neurosci. 2014; 39: 1951–1959. 



References 56 

Brown RM, Robertson EM, Press DZ. Sequence Skill Acquisition and Off-Line Learning in 
Normal Aging. PLoS One 2009; 4: e6683. 

Burke CJ, Tobler PN, Baddeley M, Schultz W. Neural mechanisms of observational learning. 
Proc. Natl. Acad. Sci. U. S. A. 2010; 107: 14431–14436. 

Butefisch CM, Davis BC, Wise SP, Sawaki L, Kopylev L, Classen J, et al. Mechanisms of use-
dependent plasticity in the human motor cortex. Proc. Natl. Acad. Sci. U. S. A. 2000; 97: 
3661–3665. 

Buzsáki G, Draguhn A. Neuronal Oscillations in Cortical Networks. Science 2004; 304: 1926–
1929. 

Campbell MC, Karimi M, Weaver PM, Wu J, Perantie DC, Golchin NA, et al. Neural correlates 
of STN DBS-induced cognitive variability in Parkinson disease. Neuropsychologia 2008; 46: 
3162–3169. 

Caplan JB, Madsen JR, Schulze-Bonhage A, Aschenbrenner-Scheibe R, Newman EL, Kahana 
MJ. Human theta oscillations related to sensorimotor integration and spatial learning. J. 
Neurosci. 2003; 23: 4726–4736. 

Cappell KA, Gmeindl L, Reuter-Lorenz PA. Age differences in prefontal recruitment during 
verbal working memory maintenance depend on memory load. Cortex 2010; 46: 462–473. 

Chan JSY, Wu Q, Liang D, Yan JH. Visuospatial working memory training facilitates visually-
aided explicit sequence learning. Acta Psychol. 2015; 161: 145–153. 

Chaudhuri KR, Healy DG, Schapira AH V. Non-motor symptoms of Parkinson ’ s disease : 
diagnosis and management. Lancet Neurol. 2006; 5: 235–245. 

Clark GM, Lum JAG, Ullman MT. A Meta-Analysis and Meta-regression of Serial Reaction Time 
Task Performance in Parkinson’s Disease. Neuropsychology 2014; 28: 945–958. 

Clegg BA, DiGirolamo GJ, Keele SW. Sequence learning. Trends Cogn. Sci. 1998; 2: 275–280. 

Cohen D, Cuffin BN. Demonstration of useful differences between magnetoencephalogram 
and electroencephalogram. Electroencephalogr. Clin. Neurophysiol. 1983; 56: 38–51. 

Cohen JD, Forman SD, Braver TS, Casey BJ, Servan-Schreiber D, Noll DC. Activation of the 
prefrontal cortex in a nonspatial working memory task with functional MRI. Hum. Brain 
Mapp. 1994; 1: 293–304. 

Cohen MX, Elger CE, Ranganath C. Reward expectation modulates feedback-related 
negativity and EEG spectra. Neuroimage 2007; 35: 968–978. 

Cohen MX, Wilmes KA, van de Vijver I. Cortical electrophysiological network dynamics of 
feedback learning. Trends Cogn. Sci. 2011; 15: 558–566. 

Cohen NJ, Eichenbaum H, Deacedo BS, Corkin S. Different Memory Systems Underlying 
Acquisition of Procedural and Declarative Knowledge. Ann. N. Y. Acad. Sci. 1985; 444: 54–71. 

Cohen NJ, Ryan J, Hunt C, Romine L, Wszalek T, Nash C. Hippocampal system and declarative 
(relational) memory: Summarizing the data from functional neuroimaging studies. 
Hippocampus 1999; 9: 83–98. 



References 57 

Combs HL, Folley BS, Berry DTR, Segerstrom SC, Han DY, Anderson-Mooney AJ, et al. 
Cognition and Depression Following Deep Brain Stimulation of the Subthalamic Nucleus and 
Globus Pallidus Pars Internus in Parkinson’s Disease: A Meta-Analysis. Neuropsychol. Rev. 
2015; 25: 439–454. 

Cools R. Dopaminergic modulation of cognitive function-implications for L-DOPA treatment in 
Parkinson’s disease. Neurosci. Biobehav. Rev. 2006; 30: 1–23. 

Cools R, Barker RA, Sahakian BJ, Robbins TW. Enhanced or Impaired Cognitive Function in 
Parkinson’s Disease as a Function of Dopaminergic Medication and Task Demands. Cereb. 
Cortex 2001; 11: 1136–1143. 

Cooper JC, Dunne S, Furey T, O’Doherty JP. Human Dorsal Striatum Encodes Prediction Errors 
during Observational Learning of Instrumental Actions. J. Cogn. Neurosci. 2012; 24: 106–118. 

Coulthard EJ, Bogacz R, Javed S, Mooney LK, Murphy G, Keeley S, et al. Distinct roles of 
dopamine and subthalamic nucleus in learning and probabilistic decision making. Brain 2012; 
135: 3721–3734. 

Crossman AR. Primate models of dyskinesia: The experimental approach to the study of basal 
ganglia-related involuntary movement disorders. Neuroscience 1987; 21: 1–40. 

Cruikshank LC, Singhal A, Hueppelsheuser M, Caplan JB. Theta oscillations reflect a putative 
neural mechanism for human sensorimotor integration. J. Neurophysiol. 2012; 107: 65–77. 

D’Ardenne K, McClure SM, Nystrom LE, Cohen JD. BOLD responses reflecting dopaminergic 
signals in the human ventral tegmental area. Science 2008; 319: 1264–1267. 

Dan X, King BR, Doyon J, Chan P. Motor Sequence Learning and Consolidation in Unilateral De 
Novo Patients with Parkinson’s Disease. PLoS One 2015; 10: e0134291. 

Daselaar SM, Rombouts SARB, Veltman DJ, Raaijmakers JGW, Jonker C. Similar network 
activated by young and old adults during the acquisition of a motor sequence. Neurobiol. 
Aging 2003; 24: 1013–1019. 

Dayan P, Balleine BW. Reward, Motivation, and Reinforcement Learning. Neuron 2002; 36: 
285–298. 

DeLong MR. Primate models of movement disorders of basal ganglia origin. Trends Neurosci. 
1990; 13: 281–285. 

Dennis NA, Cabeza R. Age-related dedifferentiation of learning systems: an fMRI study of 
implicit and explicit learning. Neurobiol. Aging 2011; 32: 2318.e17-2318.e30. 

Destrebecqz A, Peigneux P, Laureys S, Degueldre C, Del Fiore G, Aerts J, et al. The neural 
correlates of implicit and explicit sequence learning: Interacting networks revealed by the 
process dissociation procedure. Learn. Mem. 2005; 12: 480–490. 

Deuschl G, Agid Y. Subthalamic neurostimulation for Parkinson’s disease with early 
fluctuations: balancing the risks and benefits. Lancet Neurol. 2013; 12: 1025–1034. 

Deuschl G, Schade-Brittinger C, Krack P, Volkmann J, Schäfer H, Bötzel K, et al. A Randomized 
Trial of Deep-Brain Stimulation for Parkinson’s Disease. N. Engl. J. Med. 2006; 355: 896–908. 



References 58 

Djaldetti R, Ziv I, Melamed E. The mystery of motor asymmetry in Parkinson’s disease. Lancet 
Neurol. 2006; 5: 796–802. 

Doyle LMF, Kühn AA, Hariz M, Kupsch A, Schneider GH, Brown P. Levodopa-induced 
modulation of subthalamic beta oscillations during self-paced movements in patients with 
Parkinson’s disease. Eur. J. Neurosci. 2005; 21: 1403–1412. 

Doyon J. Motor sequence learning and movement disorders. Curr. Opin. Neurol. 2008; 21: 
478–83. 

Doyon J, Bellec P, Amsel R, Penhune V, Monchi O, Carrier J, et al. Contributions of the basal 
ganglia and functionally related brain structures to motor learning. Behav. Brain Res. 2009; 
199: 61–75. 

Doyon J, Benali H. Reorganization and plasticity in the adult brain during learning of motor 
skills. Curr. Opin. Neurobiol. 2005; 15: 161–167. 

Doyon J, Owen AM, Petrides M, Sziklas V, Evans AC. Functional anatomy of visuomotor skill 
learning in human subjects examined with positron emission tomography. Eur. J. Neurosci. 
1996; 8: 637–648. 

Doyon J, Song AW, Karni A, Lalonde F, Adams MM, Ungerleider LG. Experience-dependent 
changes in cerebellar contributions to motor sequence learning. Proc. Natl. Acad. Sci. U. S. A. 
2002; 99: 1017–1722. 

Draganski B, Lutti A, Kherif F. Impact of brain aging and neurodegeneration on cognition: 
evidence from MRI. Curr. Opin. Neurol. 2013; 26: 640–645. 

Dubbelink KTE, Stoffers D, Deijen JB, Twisk JWR, Stam CJ, Berendse HW. Cognitive decline in 
Parkinson’s disease is associated with slowing of resting-state brain activity: a longitudinal 
study. Neurobiol. Aging 2013; 34: 408–418. 

Dubois B, Pillon B. Cognitive deficits in Parkinson’s disease. J. Neurol. 1997; 244: 2–8. 

Engel AK, Fries P. Beta-band oscillations - signalling the status quo? Curr. Opin. Neurobiol. 
2010; 20: 156–165. 

Eppinger B, Kray J, Mock B, Mecklinger A. Better or worse than expected? Aging, learning, 
and the ERN. Neuropsychologia 2008; 46: 521–539. 

Fathi D, Ueki Y, Mima T, Koganemaru S, Nagamine T, Tawfik A, et al. Effects of aging on the 
human motor cortical plasticity studied by paired associative stimulation. Clin. Neurophysiol. 
2010; 121: 90–93. 

Foerde K, Race E, Verfaellie M, Shohamy D. A Role for the Medial Temporal Lobe in 
Feedback-Driven Learning: Evidence from Amnesia. J. Neurosci. 2013; 33: 5698–5704. 

Foerde K, Shohamy D. Feedback Timing Modulates Brain Systems for Learning in Humans. J. 
Neurosci. 2011; 31: 13157–13167. 

Fogel SM, Smith CT. The function of the sleep spindle: A physiological index of intelligence 
and a mechanism for sleep-dependent memory consolidation. Neurosci. Biobehav. Rev. 
2011; 35: 1154–1165. 



References 59 

Frank MJ. Dynamic dopamine modulation in the basal ganglia: a neurocomputational account 
of cognitive deficits in medicated and non-medicated Parkinsonism. J. Cogn. Neurosci. 2005; 
17: 51–72. 

Frank MJ, Kong L. Learning to avoid in older age. Psychol. Aging 2008; 23: 392–398. 

Frank MJ, Samanta J, Moustafa AA, Sherman SJ. Hold Your Horses: Impulsivity, Deep Brain 
Stimulation, and Medication in Parkinsonism. Science 2007; 318: 1309–1312. 

Frank MJ, Seeberger L, O’Reilly R. By Carrot or by Stick: Cognitive Reinforcement Learning in 
Parkinsonism. Science 2004; 306: 1940–1943. 

Frensch PA, Miner CS. Effects of presentation rate and individual differences in short-term 
memory capacity on an indirect measure of serial learning. Mem. Cognit. 1994; 22: 95–110. 

Frensch PA, Rünger D. Implicit Learning. Curr. Dir. Psychol. Sci. 2003; 12: 13–18. 

Fukuda K, Vogel E, Mayr U, Awh E. Quantity, not quality: the relationship between fluid 
intelligence and working memory capacity. Psychon. Bull. Rev. 2010; 17: 673–679. 

Funkiewiez A, Ardouin C, Cools R, Krack P, Fraix V, Batir A, et al. Effects of levodopa and 
subthalamic nucleus stimulation on cognitive and affective functioning in Parkinson’s disease. 
Mov. Disord. 2006; 21: 1656–1662. 

Gaillard V, Destrebecqz A, Michiels S, Cleeremans A. Effects of age and practice in sequence 
learning: A graded account of ageing, learning, and control. Eur. J. Cogn. Psychol. 2009; 21: 
255–282. 

Geerligs L, Saliasi E, Renken RJ, Maurits NM, Lorist MM. Flexible connectivity in the aging 
brain revealed by task modulations. Hum. Brain Mapp. 2014; 35: 3788–3804. 

Gehring WJ, Willoughby AR. Are all medial frontal negativities created equal? Toward a richer 
empirical basis for theories of action monitoring. In: Ullsperger M, Falkenstein M, editor(s). 
Errors, conflicts and the brain. Leipzig: Max Planck Institute of Cognitive Neuroscience; 2004. 
p. 14–20. 

Goedert M, Spillantini MG, Del Tredici K, Braak H. 100 years of Lewy pathology. Nat. Rev. 
Neurol. 2012; 9: 13–24. 

Goetz CG, Poewe W, Rascol O, Sampaio C. Evidence-Based Medical Review Update: 
Pharmacological and Surgical Treatments of Parkinson’s Disease: 2001 to 2004. Mov. Disord. 
2005; 20: 523–539. 

Goetz CG, Tilley BC, Shaftman SR, Stebbins GT, Fahn S, Martinez-Martin P, et al. Movement 
Disorder Society-sponsored revision of the Unified Parkinson’s Disease Rating Scale (MDS-
UPDRS): Scale presentation and clinimetric testing results. Mov. Disord. 2008; 23: 2129–
2170. 

Gotham AM, Brown RG, Marsden CD. “Frontal” cognitive function in patients with 
Parkinson’s disease “on” and “off” levodopa. Brain 1988; 111: 299–321. 

Grafton ST, Hazeltine E, Ivry R. Functional Mapping of Sequence Learning in Normal Humans. 
J. Cogn. Neurosci. 1995; 7: 497–510. 



References 60 

Gutchess A. Plasticity of the aging brain: New directions in cognitive neuroscience. Science 
2014; 346: 579–582. 

Haber SN, Knutson B. The Reward Circuit: Linking Primate Anatomy and Human Imaging. 
Neuropsychopharmacology 2010; 35: 4–26. 

Hälbig TD, Gruber CAD, Kopp UA, Scherer P, Schneider G, Trottenberg T, et al. Subthalamic 
stimulation differentially modulates declarative and nondeclarative memory. Neuroreport 
2004; 15: 539–543. 

Hämäläinen MS, Hari R, Ilmoniemi RJ, Knuutila J, Lounasmaa O V. Magnetoencephalography - 
theory, instrumentation, and applications to noninvasivee studies of the working human 
brain. Rev. Mod. Phys. 1993; 65: 413–505. 

Hammond C, Bergman H, Brown P. Pathological synchronization in Parkinson’s disease: 
networks, models and treatments. Trends Neurosci. 2007; 30: 357–364. 

Hardwick RM, Rottschy C, Miall RC, Eickhoff SB. A quantitative meta-analysis and review of 
motor learning in the human brain. Neuroimage 2013; 67: 283–297. 

Hari R, Kujala M V. Brain basis of human social interaction: from concepts to brain imaging. 
Physiol. Rev. 2009; 89: 453–479. 

Heinrichs-Graham E, Wilson TW. Coding complexity in the human motor circuit. Hum. Brain 
Mapp. 2015; 36: 5155–5167. 

Heinrichs-Graham E, Wilson TW. Is an absolute level of cortical beta suppression required for 
proper movement? Magnetoencephalographic evidence from healthy aging. Neuroimage 
2016; 134: 514–521. 

Heinrichs-Graham E, Wilson TW, Santamaria PM, Heithoff SK, Torres-Russotto D, Hutter-
Saunders JAL, et al. Neuromagnetic Evidence of Abnormal Movement-Related Beta 
Desynchronization in Parkinson’s Disease. Cereb. Cortex 2014; 24: 2669–2678. 

Helfrich RF, Schneider TR, Rach S, Trautmann-Lengsfeld SA, Engel AK, Herrmann CS. 
Entrainment of brain oscillations by transcranial alternating current stimulation. Curr. Biol. 
2014; 24: 333–339. 

Herrmann CS, Strüber D, Helfrich RF, Engel AK. EEG oscillations: From correlation to causality. 
Int. J. Psychophysiol. 2016; 103: 12–21. 

Hoehn MM, Yahr MD. Parkinsonism: onset , progression, and mortality. Neurology 1967; 17: 
427–442. 

Holgado AJN, Terry JR, Bogacz R. Conditions for the Generation of Beta Oscillations in the 
Subthalamic Nucleus–Globus Pallidus Network. J. Neurosci. 2010; 30: 12340–12352. 

Hollerman JR, Schultz W. Dopamine neurons report an error in the temporal prediction of 
reward during learning. Nat. Neurosci. 1998; 1: 304–309. 

Holroyd CB, Coles MGH. The neural basis of human error processing: Reinforcement learning, 
dopamine, and the error-related negativity. Psychol. Rev. 2002; 109: 679–709. 

Hornykiewicz O. Basic Research on Dopamine in Parkinson’s Disease and the Discovery of the 



References 61 

Nigrostriatal Dopamine Pathway: The View of an Eyewitness. Neurodegener. Dis. 2008; 5: 
114–117. 

Howard D V., Howard JH. Adult age differences in the rate of learning serial patterns: 
Evidence from direct and indirect tests. Psychol. Aging 1992; 7: 232–241. 

Howard D V., Howard JH, Japikse K, DiYanni C, Thompson A, Somberg R. Implicit Sequence 
Learning: Effects of Level of Structure, Adult Age, and Extended Practice. Psychol. Aging 2004; 
19: 79–92. 

Jahanshahi M, Wilkinson L, Gahir H, Dharminda A, Lagnado DA. Medication impairs 
probabilistic classification learning in Parkinson’s disease. Neuropsychologia 2010; 48: 1096–
1103. 

Janacsek K, Fiser J, Nemeth D. The best time to acquire new skills: age-related differences in 
implicit sequence learning across the human lifespan. Dev. Sci. 2012; 15: 496–505. 

Janacsek K, Nemeth D. Predicting the future: From implicit learning to consolidation. Int. J. 
Psychophysiol. 2012; 83: 213–221. 

Janacsek K, Nemeth D. Implicit sequence learning and working memory: Correlated or 
complicated? Cortex 2013; 49: 2001–2006. 

Jankovic J, Kapadia AS. Functional Decline in Parkinson Disease. Arch. Neurol. 2001; 58: 
1611–1615. 

Jenkinson N, Brown P. New insights into the relationship between dopamine, beta 
oscillations and motor function. Trends Neurosci. 2011; 34: 611–618. 

Jung P, Ziemann U. Homeostatic and Nonhomeostatic Modulation of Learning in Human 
Motor Cortex. J. Neurosci. 2009; 29: 5597–5604. 

Kaiser J, Birbaumer N, Lutzenberger W. Event-related beta desynchronization indicates 
timing of response selection in a delayed-response paradigm in humans. Neurosci. Lett. 
2001; 312: 149–152. 

Kalia L V, Lang AE. Parkinson’s disease. Lancet 2015; 386: 896–912. 

Kandel ER, Hawkins RD. The Biological Basis of Learning and Individuality. Sci. Am. 1992; 267: 
78–86. 

Kandel ER, Kupfermann I, Iversen S. Learning and Memory. In: Kandel ER, Schwartz JH, Jesell 
TM, editor(s). The Principles of Neural Science. New York: McGraw-hill; 2000.  

Karni A, Meyer G, Jezzard P, Adams MM, Turner R, Ungerleider LG. Functional MRI evidence 
for adult motor cortex plasticity during motor skill learning. Nature 1995; 377: 155–158. 

Karni A, Meyer G, Rey-Hipolito C, Jezzard P, Adams MM, Turner R, et al. The acquisition of 
skilled motor performance: fast and slow experience-driven changes in primary motor cortex. 
Proc. Natl. Acad. Sci. U. S. A. 1998; 95: 861–868. 

Kelly SW, Jahanshahi M, Dirnberger G. Learning of ambiguous versus hybrid sequences by 
patients with Parkinson’s disease. Neuropsychologia 2004; 42: 1350–1357. 



References 62 

King BR, Fogel SM, Albouy G, Doyon J. Neural correlates of the age-related changes in motor 
sequence learning and motor adaptation in older adults. Front. Hum. Neurosci. 2013; 7: 142. 

Kish SJ, Shannak K, Hornykiewicz O. Uneven Pattern of Dopamine Loss in the Striatum of 
Patients with Idiopathic Parkinson’s Disease. N. Engl. J. Med. 1988; 318: 876–880. 

Klimesch W. Α-Band Oscillations, Attention, and Controlled Access To Stored Information. 
Trends Cogn. Sci. 2012; 16: 606–617. 

Klostermann F, Nikulin V V., Kühn AA, Marzinzik F, Wahl M, Pogosyan A, et al. Task-related 
differential dynamics of EEG alpha- and beta-band synchronization in cortico-basal motor 
structures. Eur. J. Neurosci. 2007; 25: 1604–1615. 

Knowlton BJ, Mangels JA, Squire LR. A Neostriatal Habit Learning System in Humans. Science 
1996; 273: 1399–1402. 

Knowlton BJ, Squire LR, Gluck MA. Probabilistic Classification Learning in Amnesia. Learn. 
Mem. 1994; 1: 106–120. 

Kobza S, Bellebaum C. Processing of action- but not stimulus-related prediction errors differs 
between active and observational feedback learning. Neuropsychologia 2015; 66: 75–87. 

Kobza S, Ferrea S, Schnitzler A, Pollok B, Südmeyer M, Bellebaum C. Dissociation between 
Active and Observational Learning from Positive and Negative Feedback in Parkinsonism. 
PLoS One 2012; 7: e50250. 

Kobza S, Thoma P, Daum I, Bellebaum C. The feedback-related negativity is modulated by 
feedback probability in observational learning. Behav. Brain Res. 2011; 225: 396–404. 

Krause V, Meier A, Dinkelbach L, Pollok B. Beta Band Transcranial Alternating (tACS) and 
Direct Current Stimulation (tDCS) Applied After Initial Learning Facilitate Retrieval of a Motor 
Sequence. Front. Behav. Neurosci. 2016; 10: 4. 

Kühn AA, Kupsch A, Schneider G-H, Brown P. Reduction in subthalamic 8-35 Hz oscillatory 
activity correlates with clinical improvement in Parkinson’s disease. Eur. J. Neurosci. 2006; 
23: 1956–1960. 

Kühn AA, Tsui A, Aziz T, Ray N, Brücke C, Kupsch A, et al. Pathological synchronisation in the 
subthalamic nucleus of patients with Parkinson’s disease relates to both bradykinesia and 
rigidity. Exp. Neurol. 2009; 215: 380–387. 

Lang AE, Lozano AM. Parkinson’s Disease. First of Two Parts. N. Engl. J. Med. 1998a; 339: 
1044–1053. 

Lang AE, Lozano AM. Parkinson’s Disease. Second of two parts. N. Engl. J. Med. 1998b; 339: 
1130–1143. 

Larson J, Lynch G. Theta pattern stimulation and the induction of LTP: the sequence in which 
synapses are stimulated determines the degree to which they potentiate. Brain Res. 1989; 
489: 49–58. 

Lee CS, Schulzer M, Mak E, Hammerstad JP, Calne S, Calne DB. Patterns of asymmetry do not 
change over the course of idiopathic parkinsonism. Neurology 1995; 45: 435–439. 



References 63 

Limousin P, Krack P, Pollak P, Benazzouz A, Ardouin C, Hoffmann D, et al. Electrical 
stimulation of the subthalamic nucleus in advanced Parkinson’s disease. N. Engl. J. Med. 
1998; 339: 1105–1111. 

Litvak V, Eusebio A, Jha A, Oostenveld R, Barnes G, Foltynie T, et al. Movement-Related 
Changes in Local and Long-Range Synchronization in Parkinson’s Disease Revealed by 
Simultaneous Magnetoencephalography and Intracranial Recordings. J. Neurosci. 2012; 32: 
10541–10553. 

Luck SJ, Vogel EK. The capacity of visual working memory for features and conjunctions. 
Nature 1997; 390: 279–281. 

Lukacs A, Kemeny F. Development of different forms of skill learning throughout the lifespan. 
Cogn. Sci. 2015; 39: 383–404. 

MacDonald AA, Monchi O, Seergobin KN, Ganjavi H, Tamjeedi R, MacDonald PA. Parkinson’s 
disease duration determines effect of dopaminergic therapy on ventral striatum function. 
Mov. Disord. 2013; 28: 153–160. 

Mackintosh NJ. Conditioning and Associative Learning. Oxford: Clarendon Press; 1983.  

Maia T V. Two-factor theory, the actor-critic model, and conditioned avoidance. Learn. 
Behav. 2010; 38: 50–67. 

Maia T V. Reinforcement learning, conditioning, and the brain: Successes and challenges. 
Cogn. Affect. Behav. Neurosci. 2009; 9: 343–364. 

Marco-Pallarés J, Cucurell D, Cunillera T, García R, Andrés-Pueyo A, Münte TF, et al. Human 
oscillatory activity associated to reward processing in a gambling task. Neuropsychologia 
2008; 46: 241–248. 

Marinelli L, Quartarone A, Hallett M, Frazzitta G, Felice Ghilardi M. The many facets of motor 
learning and their relevance for Parkinson’s disease. Clin. Neurophysiol. 2017; 128: 1127–
1141. 

Mas-Herrero E, Ripollés P, HajiHosseini A, Rodríguez-Fornells A, Marco-Pallarés J. Beta 
oscillations and reward processing: Coupling oscillatory activity and hemodynamic responses. 
Neuroimage 2015; 119: 13–19. 

Mattay VS, Fera F, Tessitore A, Hariri AR, Berman KF, Das S, et al. Neurophysiological 
correlates of age-related changes in working memory capacity. Neurosci. Lett. 2006; 392: 32–
37. 

McAllister CJ, Ronnqvist KC, Stanford IM, Woodhall GL, Furlong PL, Hall SD. Oscillatory Beta 
Activity Mediates Neuroplastic Effects of Motor Cortex Stimulation in Humans. J. Neurosci. 
2013; 33: 7919–7927. 

Meissner SN, Keitel A, Südmeyer M, Pollok B. Implicit Motor Sequence Learning and Working 
Memory Performance Changes Across the Adult Life Span. Front. Aging Neurosci. 2016b; 8: 
89. 

Meissner SN, Südmeyer M, Keitel A, Pollok B, Bellebaum C. Facilitating effects of deep brain 
stimulation on feedback learning in Parkinson’s disease. Behav. Brain Res. 2016a; 313: 88–96. 



References 64 

Meziane HB, Moisello C, Perfetti B, Kvint S, Isaias IU, Quartarone A, et al. Movement 
Preparation and Bilateral Modulation of Beta Activity in Aging and Parkinson’s Disease. PLoS 
One 2015; 10: e0114817. 

Moisello C, Blanco D, Lin J, Panday P, Kelly SP, Quartarone A, et al. Practice changes beta 
power at rest and its modulation during movement in healthy subjects but not in patients 
with Parkinson’s disease. Brain Behav. 2015; 5: 1–14. 

Montague PR, Dayan P, Sejnowski TJ. A Framework for Mesencephalic Dopamine Systems 
Based on Predictive Hebbian Learning. J. Neurosci. 1996; 76: 1936–1947. 

Montague PR, Hyman SE, Cohen JD. Computational roles for dopamine in behavioural 
control. Nature 2004; 431: 760–767. 

Muslimovic D, Post B, Speelman JD, Schmand B. Motor procedural learning in Parkinson’s 
disease. Brain 2007; 130: 2887–2897. 

Nalls MA, Pankratz N, Lill CM, Do CB, Hernandez DG, Saad M, et al. Large-scale meta-analysis 
of genome-wide association data identifies six new risk loci for Parkinson’s disease. Nat. 
Genet. 2014; 46: 989–993. 

Nambu A, Takada M, Inase M, Tokuno H. Dual Somatotopical Representations in the Primate 
Subthalamic Nucleus: Evidence for Ordered but Reversed Body-Map Transformations from 
the Primary Motor Cortex and the Supplementary Motor Area. J. Neurosci. 1996; 16: 2671–
2683. 

Nejati V, Garusi Farshi MT, Ashayeri H, Aghdasi MT. Dual task interference in implicit 
sequence learning by young and old adults. Int. J. Geriatr. Psychiatry 2008; 23: 801–804. 

Nelson AB, Kreitzer AC. Reassessing models of basal ganglia function and dysfunction. Annu. 
Rev. Neurosci. 2014; 37: 117–135. 

Nelson AB, Moisello C, Lin J, Panday P, Ricci S, Canessa A, et al. Beta Oscillatory Changes and 
Retention of Motor Skills during Practice in Healthy Subjects and in Patients with Parkinson’s 
Disease. Front. Hum. Neurosci. 2017; 11: 104. 

Nemeth D, Janacsek K. The Dynamics of Implicit Skill Consolidation in Young and Elderly 
Adults. Journals Gerontol. Ser. B Psychol. Sci. Soc. Sci. 2011; 66B: 15–22. 

Neumann W-J, Degen K, Schneider G-H, Brücke C, Huebl J, Brown P, et al. Subthalamic 
synchronized oscillatory activity correlates with motor impairment in patients with 
Parkinson’s disease. Mov. Disord. 2016a; 31: 1748–1751. 

Neumann W-J, Staub F, Horn A, Schanda J, Mueller J, Schneider G-H, et al. Deep brain 
recordings using an implanted pulse generator in Parkinson’s disease. Neuromodulation 
2016b; 19: 20–24. 

Nissen MJ, Bullemer P. Attentional requirements of learning: Evidence from performance 
measures. Cogn. Psychol. 1987; 19: 1–32. 

Nitsche MA, Schauenburg A, Lang N, Liebetanz D, Exner C, Paulus W, et al. Facilitation of 
implicit motor learning by weak transcranial direct current stimulation of the primary motor 
cortex in the human. J. Cogn. Neurosci. 2003; 15: 619–626. 



References 65 

Noh NA, Fuggetta G, Manganotti P, Fiaschi A, Acharya P. Long Lasting Modulation of Cortical 
Oscillations after Continuous Theta Burst Transcranial Magnetic Stimulation. PLoS One 2012; 
7: e35080. 

Noyce AJ, Bestwick JP, Silveira-Moriyama L, Hawkes CH, Giovannoni G, Lees AJ, et al. Meta-
analysis of early nonmotor features and risk factors for Parkinson disease. Ann. Neurol. 2012; 
72: 893–901. 

Nyberg L, Lövdén M, Riklund K, Lindenberger U, Bäckman L. Memory aging and brain 
maintenance. Trends Cogn. Sci. 2012; 16: 292–305. 

O’Doherty J, Dayan P, Schultz J, Deichmann R, Friston K, Dolan RJ. Dissociable roles of ventral 
and dorsal striatum in instrumental conditioning. Science 2004; 304: 452–454. 

Obeso JA, Rodríguez-Oroz MC, Benitez-Temino B, Blesa FJ, Guridi J, Marin C, et al. Functional 
organization of the basal ganglia: Therapeutic implications for Parkinson’s disease. Mov. 
Disord. 2008; 23: S548–S559. 

Orr G, Rao G, Houston FP, McNaughton BL, Barnes CA. Hippocampal synaptic plasticity is 
modulated by theta rhythm in the fascia dentata of adult and aged freely behaving rats. 
Hippocampus 2001; 11: 647–654. 

Oswal A, Brown P, Litvak V. Synchronized neural oscillations and the pathophysiology of 
Parkinson’s disease. Curr. Opin. Neurol. 2013; 26: 662–670. 

Oswal A, Litvak V, Sauleau P, Brown P. Beta Reactivity, Prospective Facilitation of Executive 
Processing, and Its Dependence on Dopaminergic Therapy in Parkinson’s Disease. J. Neurosci. 
2012; 32: 9909–9916. 

Park DC, Lautenschlager G, Hedden T, Davidson NS, Smith AD, Smith PK. Models of 
visuospatial and verbal memory across the adult life span. Psychol. Aging 2002; 17: 299–320. 

Parkinson J. An Essay on the Shaking Palsy. London: Sherwood, Neely, and Jones; 1817.  

Parsons TD, Rogers SA, Braaten AJ, Woods SP, Tröster AI. Cognitive sequelae of subthalamic 
nucleus deep brain stimulation in Parkinson’s disease: a meta-analysis. Lancet Neurol. 2006; 
5: 578–88. 

Pascual-Leone A, Grafman J, Clark K, Stewart IM, Massaquoi S, Lou J-S, et al. Procedural 
Learning in Parkinson ’ s Disease and Cerebellar Degeneration. Ann. Neurol. 1993; 34: 594–
602. 

Pascual-Leone A, Grafman J, Hallett M. Modulation of Cortical Motor Output Maps During 
Development of Implicit and Explicit Knowledge. Science 1994; 263: 1287–1289. 

Pavlides C, Greenstein YJ, Grudman M, Winson J. Long-term potentiation in the dentate gyrus 
is induced preferentially on the positive phase of θ-rhythm. Brain Res. 1988; 439: 383–387. 

Peterson DS, Horak FB. Neural Control of Walking in People with Parkinsonism. Physiology 
2016; 31: 95–107. 

Pfurtscheller G, Lopes Da Silva FH. Event-related EEG/MEG synchronization and 
desynchronization: basic principles. Clin. Neurophysiol. 1999; 110: 1842–1857. 



References 66 

Pfurtscheller G, Stancák A, Neuper C. Post-movement beta synchronization. A correlate of an 
idling motor area? Electroencephalogr. Clin. Neurophysiol. 1996; 98: 281–293. 

Pollok B, Boysen A-C, Krause V. The effect of transcranial alternating current stimulation 
(tACS) at alpha and beta frequency on motor learning. Behav. Brain Res. 2015; 293: 234–240. 

Pollok B, Krause V, Butz M, Schnitzler A. Modality specific functional interaction in 
sensorimotor synchronization. Hum. Brain Mapp. 2009; 30: 1783–1790. 

Pollok B, Krause V, Martsch W, Wach C, Schnitzler A, Südmeyer M. Motor-cortical oscillations 
in early stages of Parkinson’s disease. J. Physiol. 2012; 590: 3203–3212. 

Pollok B, Latz D, Krause V, Butz M, Schnitzler A. Changes of motor-cortical oscillations 
associated with motor learning. Neuroscience 2014; 275: 47–53. 

Polymeropoulos MH, Lavedan C, Leroy E, Ide SE, Dehejia A, Dutra A, et al. Mutation in the α-
Synuclein Gene Identified in Families with Parkinson’s Disease. Science 1997; 276: 2045–
2047. 

Press DZ, Casement MD, Pascual-Leone A, Robertson EM. The time course of off-line motor 
sequence learning. Cogn. brain Res. 2005; 25: 375–378. 

Pringsheim T, Jette N, Frolkis A, Steeves TDL. The prevalence of Parkinson’s disease: A 
systematic review and meta-analysis. Mov. Disord. 2014; 29: 1583–1590. 

Quandt F, Bönstrup M, Schulz R, Timmermann JE, Zimerman M, Nolte G, et al. Spectral 
Variability in the Aged Brain during Fine Motor Control. Front. Aging Neurosci. 2016; 8: 305. 

Quinn EJ, Blumenfeld Z, Velisar A, Koop MM, Shreve LA, Trager MH, et al. Beta oscillations in 
freely moving Parkinson’s subjects are attenuated during deep brain stimulation. Mov. 
Disord. 2015; 30: 1750–1758. 

Rajput AH, Voll A, Rajput ML, Robinson CA, Rajput A. Course in Parkinson disease subtypes: A 
39-year clinicopathologic study. Neurology 2009; 73: 206–212. 

Rauch SL, Whalen PJ, Savage CR, Curran T, Kendrick A, Brown HD, et al. Striatal recruitment 
during an implicit sequence learning task as measured by functional magnetic resonance 
imaging. Hum. Brain Mapp. 1997; 5: 124–132. 

Redgrave P, Rodriguez M, Smith Y, Rodriguez-Oroz MC, Lehericy S, Bergman H, et al. Goal-
directed and habitual control in the basal ganglia: implications for Parkinson’s disease. Nat. 
Rev. Neurosci. 2010; 11: 760–772. 

Reuter-Lorenz PA, Sylvester C-YC. The Cognitive Neuroscience of Working Memory and 
Aging. In: Cabeza R, Nyberg L, Park D, editor(s). Cognitive Neuroscience of Aging: Linking 
Cognitive and Cerebral Aging. New York, New York: Oxford University Press; 2005. p. 186–
217. 

Rieckmann A, Fischer H, Bäckman L. Activation in striatum and medial temporal lobe during 
sequence learning in younger and older adults: Relations to performance. Neuroimage 2010; 
50: 1303–1312. 

Rioult-Pedotti M-S, Friedman D, Donoghue JP. Learning-Induced LTP in Neocortex. Science 



References 67 

2000; 290: 533–536. 

Robertson EM, Pascual-Leone A, Miall RC. Current concepts in procedural consolidation. Nat. 
Rev. Neurosci. 2004b; 5: 576–582. 

Robertson EM, Pascual-Leone A, Press DZ. Awareness Modifies the Skill-Learning Benefits of 
Sleep. Curr. Biol. 2004a; 14: 208–212. 

Robertson EM, Press DZ, Pascual-Leone A. Off-Line Learning and the Primary Motor Cortex. J. 
Neurosci. 2005; 25: 6372–6378. 

Rogasch NC, Dartnall TJ, Cirillo J, Nordstrom MA, Semmler JG. Corticomotor plasticity and 
learning of a ballistic thumb training task are diminished in older adults. J. Appl. Physiol. 
2009; 107: 1874–1883. 

Rossiter HE, Davis EM, Clark E V., Boudrias MH, Ward NS. Beta oscillations reflect changes in 
motor cortex inhibition in healthy ageing. Neuroimage 2014; 91: 360–365. 

Rottschy C, Langner R, Dogan I, Reetz K, Laird AR, Schulz JB, et al. Modelling neural correlates 
of working memory: A coordinate-based meta-analysis. Neuroimage 2012; 60: 830–846. 

Rozengurt R, Barnea A, Uchida S, Levy DA. Theta EEG neurofeedback benefits early 
consolidation of motor sequence learning. Psychophysiology 2016; 53: 965–973. 

Ruitenberg MFL, Duthoo W, Santens P, Notebaert W, Abrahamse EL. Sequential movement 
skill in Parkinson’s disease: A state-of-the-art. Cortex 2015; 65: 102–112. 

Ruiz MH, Rusconi M, Brücke C, Haynes JD, Schönecker T, Kühn AA. Encoding of sequence 
boundaries in the subthalamic nucleus of patients with Parkinson’s disease. Brain 2014; 137: 
2715–2730. 

Rumpf J-J, Wegscheider M, Hinselmann K, Fricke C, King BR, Weise D, et al. Enhancement of 
motor consolidation by post-training transcranial direct current stimulation in older people. 
Neurobiol. Aging 2017; 49: 1–8. 

Savic B, Meier B. How Transcranial Direct Current Stimulation Can Modulate Implicit Motor 
Sequence Learning and Consolidation: A Brief Review. Front. Hum. Neurosci. 2016; 10: 26. 

Sawaki L, Yaseen Z, Kopylev L, Cohen LG. Age-dependent changes in the ability to encode a 
novel elementary motor memory. Ann. Neurol. 2003; 53: 521–524. 

Schacter D, Tulving E. Memory systems. Cambridge, Massachusetts: MIT Press; 1994.  

Schacter DL. Implicit Memory: History and Current Status. J. Exp. Psychol. Learn. Mem. Cogn. 
1987; 13: 501–518. 

Schendan HE, Tinaz S, Maher SM, Stern CE. Frontostriatal and mediotemporal lobe 
contributions to implicit higher-order spatial sequence learning declines in aging and 
Parkinson’s disease. Behav. Neurosci. 2013; 127: 204–221. 

Schmiedt-Fehr C, Mathes B, Kedilaya S, Krauss J, Basar-Eroglu C. Aging differentially affects 
alpha and beta sensorimotor rhythms in a go/nogo task. Clin. Neurophysiol. 2016; 127: 
3234–3242. 



References 68 

Schmitt-Eliassen J, Ferstl R, Wiesner C, Deuschl G, Witt K. Feedback-based versus 
observational classification learning in healthy aging and Parkinson’s disease. Brain Res. 
2007; 1142: 178–188. 

Schnitzler A, Gross J. Normal and pathological oscillatory communication in the brain. Nat. 
Rev. Neurosci. 2005; 6: 285–96. 

Schrag A, Jahanshahi M, Quinn N. What contributes to quality of life in patients with 
Parkinson’s disease? J. Neurol. Neurosurg. Psychiatry 2000; 69: 308–312. 

Schuepbach WMM, Rau J, Knudsen K, Volkmann J, Krack P, Timmermann L, et al. 
Neurostimulation for Parkinson’s Disease with Early Motor Complications. N. Engl. J. Med. 
2013; 368: 610–622. 

Schultz W. Predictive Reward Signal of Dopamine Neurons. J. Neurophysiol. 1998; 80: 1–27. 

Schultz W, Apicella P, Ljungberg T. Responses of Monkey Dopamine Neurons to Reward and 
Conditioned Stimuli during Successive Steps of Learning a Delayed Response Task. J. 
Neurosci. 1993; 13: 900–913. 

Schultz W, Dayan P, Montague PR. A Neural Substrate of Prediction and Reward. Science 
1997; 275: 1593–1599. 

Schultz W, Dickinson A. Neuronal Coding of Prediction Errors. Annu. Rev. Neurosci. 2000; 23: 
473–500. 

Seidler RD, Bo J, Anguera JA. Neurocognitive contributions to motor skill learning: the role of 
working memory. J. Mot. Behav. 2012; 44: 445–453. 

Seidler RD, Tuite P, Ashe J. Selective impairments in implicit learning in Parkinson’s disease. 
Brain Res. 2007; 1137: 104–110. 

Shiner T, Seymour B, Wunderlich K, Hill C, Bhatia KP, Dayan P, et al. Dopamine and 
performance in a reinforcement learning task: evidence from Parkinson’s disease. Brain 
2012; 135: 1871–1883. 

Shohamy D, Myers CE, Geghman KD, Sage J, Gluck MA. L-dopa impairs learning, but spares 
generalization, in Parkinson’s disease. Neuropsychologia 2006; 44: 774–784. 

Shohamy D, Myers CE, Grossman S, Sage J, Gluck MA, Poldrack RA. Cortico-striatal 
contributions to feedback-based learning: converging data from neuroimaging and 
neuropsychology. Brain 2004; 127: 851–859. 

Skinner BF. The Behavior of Organisms. New York: Appleton-Century-Crofts; 1938.  

Smith JG, Siegert RJ, Mcdowall J, Abernethy D. Preserved Implicit Learning on both the Serial 
Reaction Time Task and Artificial Grammar in Patients with Parkinson’ s Disease. Brain Cogn. 
2001; 45: 378–391. 

Smittenaar P, Chase HW, Aarts E, Nusselein B, Bloem BR, Cools R. Decomposing effects of 
dopaminergic medication in Parkinson’s disease on probabilistic action selection - learning or 
performance? Eur. J. Neurosci. 2012; 35: 1144–1151. 

Spencer RMC, Gouw AM, Ivry RB. Age-related decline of sleep-dependent consolidation. 



References 69 

Learn. Mem. 2007; 14: 480–484. 

Spillantini GM, Schmidt ML, Lee VM-Y, Trojanowski JQ, Jakes R, Goedert M. [alpha]-Synuclein 
in Lewy bodies. Nature 1997; 6645: 839–840. 

Squire LR. Declarative and Nondeclarative Memory: Multiple Brain Systems Supporting 
Learning. J. Cogn. Neurosci. 1992; 4: 232–243. 

Squire LR. Memory systems of the brain: A brief history and current perspective. Neurobiol. 
Learn. Mem. 2004; 82: 171–177. 

Squire LR, Zola SM. Structure and function of declarative and nondeclarative memory 
systems. Proc. Natl. Acad. Sci. U. S. A. 1996; 93: 13515–13522. 

Stadler MA. Explicit and implicit learning and maps of cortical motor output. Science 1994; 
265: 1600–1601. 

Stephan MA, Meier B, Zaugg SW, Kaelin-Lang A. Motor sequence learning performance in 
Parkinson’s disease patients depends on the stage of disease. Brain Cogn. 2011; 75: 135–140. 

Stoffers D, Bosboom JLW, Deijen JB, Wolters EC, Berendse HW, Stam CJ. Slowing of 
oscillatory brain activity is a stable characteristic of Parkinson’s disease without dementia. 
Brain 2007; 130: 1847–1860. 

Sutton RS, Barto AG. Reinforcement Learning: An Introduction. Cambridge: MIT Press; 1998.  

Svenningsson P, Westman E, Ballard C, Aarsland D. Cognitive impairment in patients with 
Parkinson’s disease: diagnosis, biomarkers, and treatment. Lancet Neurol. 2012; 11: 697–
707. 

Swainson R, Rogers RD, Sahakian BJ, Summers BA, Polkey CE, Robbins TW. Probabilistic 
learning and reversal deficits in patients with Parkinson’s disease or frontal or temporal lobe 
lesions: possible adverse effects of dopaminergic medication. Neuropsychologia 2000; 38: 
596–612. 

Tecchio F, Zappasodi F, Assenza G, Tombini M, Vollaro S, Barbati G, et al. Anodal Transcranial 
Direct Current Stimulation Enhances Procedural Consolidation. J. Neurophysiol. 2010; 104: 
1134–1140. 

Thorndike EL. Animal intelligence: Experimental studies. New York: Macmillan; 1911.  

Thut G, Miniussi C, Gross J. The Functional Importance of Rhythmic Activity in the Brain. Curr. 
Biol. 2012; 22: R658–R663. 

Trager MH, Koop MM, Velisar A, Blumenfeld Z, Nikolau JS, Quinn EJ, et al. Subthalamic beta 
oscillations are attenuated after withdrawal of chronic high frequency neurostimulation in 
Parkinson’s disease. Neurobiol. Dis. 2016; 96: 22–30. 

Uhlhaas PJ, Singer W. Neural synchrony in brain disorders: relevance for cognitive 
dysfunctions and pathophysiology. Neuron 2006; 52: 155–168. 

Unsworth N, Engle RW. Individual differences in working memory capacity and learning: 
Evidence from the serial reaction time task. Mem. Cognit. 2005; 33: 213–220. 



References 70 

Uslaner JM, Dell ’Orco JM, Pevzner A, Robinson TE. The Influence of Subthalamic Nucleus 
Lesions on Sign-Tracking to Stimuli Paired with Food and Drug Rewards: Facilitation of 
Incentive Salience Attribution? Neuropsychopharmacology 2008; 33: 2352–2361. 

Uslaner JM, Robinson TE. Subthalamic nucleus lesions increase impulsive action and decrease 
impulsive choice - mediation by enhanced incentive motivation? Eur. J. Neurosci. 2006; 24: 
2345–2354. 

Vallesi A, McIntosh AR, Kovacevic N, Chan SCC, Stuss DT. Age effects on the asymmetry of the 
motor system : Evidence from cortical oscillatory activity. Biol. Psychol. 2010; 85: 213–218. 

Varela F, Lachaux J-P, Rodriguez E, Martinerie J. The brainweb: Phase synchronization and 
large-scale integration. Nat. Rev. Neurosci. 2001; 2: 229–239. 

Verneau M, van der Kamp J, Savelsbergh GJP, de Looze MP. Age and Time Effects on Implicit 
and Explicit Learning. Exp. Aging Res. 2014; 40: 477–511. 

van de Vijver I, Ridderinkhof KR, Cohen MX. Frontal Oscillatory Dynamics Predict Feedback 
Learning and Action Adjustment. J. Cogn. Neurosci. 2011; 23: 4106–4121. 

Vilas D, Pont-Sunyer C, Tolosa E. Impulse control disorders in Parkinson’s disease. 
Parkinsonism Relat. Disord. 2012; 18: S80–S84. 

Ward E V, Berry CJ, Shanks DR. Age effects on explicit and implicit memory. Front. Psychol. 
2013; 4: 639. 

Weismüller B, Bellebaum C. Expectancy affects the feedback-related negativity (FRN) for 
delayed feedback in probabilistic learning. Psychophysiology 2016; 53: 1739–1750. 

Werheid K, Zysset S, Müller A, Reuter M, von Cramon DY. Rule learning in a serial reaction 
time task : An fMRI study on patients with early Parkinson ’ s disease. Cogn. Brain Res. 2003; 
16: 273–284. 

Wichmann T, DeLong MR. Deep Brain Stimulation for Movement Disorders of Basal Ganglia 
Origin: Restoring Function or Functionality? Neurotherapeutics 2016; 13: 264–83. 

Wilkinson L, Beigi M, Lagnado DA, Jahanshahi M. Deep brain stimulation of the subthalamic 
nucleus selectively improves learning of weakly associated cue combinations during 
probabilistic classification learning in Parkinson’s disease. Neuropsychology 2011; 25: 286–
294. 

Wilkinson L, Khan Z, Jahanshahi M. The role of the basal ganglia and its cortical connections 
in sequence learning: Evidence from implicit and explicit sequence learning in Parkinson’s 
disease. Neuopsychologia 2009; 47: 2564–2573. 

Wilkinson L, Lagnado DA, Quallo M, Jahanshahi M. The effect of feedback on non-motor 
probabilistic classification learning in Parkinson’s disease. Neuropsychologia 2008; 46: 2683–
2695. 

Witt K, Daniels C, Reiff J, Krack P, Volkmann J, Pinsker MO, et al. Neuropsychological and 
psychiatric changes after deep brain stimulation for Parkinson’s disease: a randomised, 
multicentre study. Lancet Neurol. 2008; 7: 605–614. 



References 71 

Wolf RC, Walter H. Arbeitsgedächtnis—Psychologie. In: Kircher T, Gauggel S, editor(s). 
Neuropsychologie der Schizophrenie. Berlin, Heidelberg, Germany: Springer; 2008. p. 231–
241. 

van Wouwe NC, Ridderinkhof KR, van den Wildenberg WPM, Band GPH, Abisogun A, Elias WJ, 
et al. Deep Brain Stimulation of the Subthalamic Nucleus Improves Reward-Based Decision-
Learning in Parkinson’s Disease. Front. Hum. Neurosci. 2011; 5: 1–13. 

Zaghloul KA, Blanco JA, Weidemann CT, McGill K, Jaggi JL, Baltuch GH, et al. Human 
substantia nigra neurons encode unexpected financial rewards. Science 2009; 323: 1496–
1499. 

Zhuang P, Toro C, Grafman J, Manganotti P, Leocani L, Hallett M. Event-related 
desynchronization (ERD) in the alpha frequency during development of implicit and explicit 
learning. Electroencephalogr. Clin. Neurophysiol. 1997; 102: 374–381. 

Ziemann U, Iliać T V., Pauli C, Meintzschel F, Ruge D. Learning Modifies Subsequent Induction 
of Long-Term Potentiation-Like and Long-Term Depression-Like Plasticity in Human Motor 
Cortex. J. Neurosci. 2004; 24: 1666–1672. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Erklärung 72 

9 Erklärung 

Ich versichere an Eides Statt, dass die Dissertation von mir selbständig und ohne unzulässige 

fremde Hilfe unter Beachtung der „Grundsätze zur Sicherung guter wissenschaftlicher Praxis 

an der Heinrich-Heine-Universität Düsseldorf“ erstellt worden ist. Die Dissertation wurde in 

der vorliegenden oder in ähnlicher Form noch bei keiner anderen Institution eingereicht. Ich 

habe bisher keine erfolglosen Promotionsversuche unternommen.  

 

Düsseldorf, den  

 

 

Sarah Nadine Meißner 

 

 

 

 

 

 

 

 

 

 

 

 



Danksagung 73 

10 Danksagung 

An dieser Stelle möchte ich mich bei allen bedanken, die mich die letzten Jahre begleitet 

haben und ohne deren tatkräftige Unterstützung diese Doktorarbeit nicht realisierbar 

gewesen wäre. 

Mein ganz besonderer Dank gilt meiner Doktormutter Prof. Dr. Bettina Pollok. Bettina, ganz 

herzlichen Dank für dein offenes Ohr für sämtliche Belange (z.B. meine „kurzen Fragen“) 

sowie für deinen Optimismus und die unkomplizierte Art und Weise, Dinge anzugehen und zu 

lösen. Du hast mir immer die Möglichkeit gegeben selbstständig zu arbeiten. Vielen Dank für 

deine tolle Betreuung und dein mir entgegengebrachtes Vertrauen. 

Prof. Dr. Christian Bellebaum möchte ich ganz herzlich für die Zweitbetreuung der Arbeit 

danken. Vielen Dank für die sehr angenehme Zusammenarbeit, deine Unterstützung und 

deinen Rat, Christian, auch wenn die Datenlage mal etwas komplizierter wurde.   

Prof. Dr. Alfons Schnitzler möchte ich für die Möglichkeit danken, an seinem Institut 

wissenschaftlich zu arbeiten und zu promovieren. 

Ein herzliches Dankeschön möchte ich auch an alle Kolleginnen und Kollegen aussprechen, 

die mich fortwährend unterstützt haben: Dr. Ariane Keitel für die fachliche Unterstützung 

angefangen bei gemeinsamen Patientenmessungen zu Beginn meiner Zeit hier in Düsseldorf 

sowie die moralische Unterstützung als Bürokollegin – danke für die schöne Zeit Ariane; Dr. 

Vanessa Krause für Zeit und Rat bei gemeinsamen MEG-Messungen, für die vielen 

konstruktiven Vorschläge sowie für das Korrekturlesen der Arbeit; Prof. Dr. Martin Südmeyer 

sowie Dr. Christian Hartmann, die ich immerzu mit klinischen Fragen löchern durfte. Danke 

auch an Dr. Wiebke Fleischer, meine Bürokollegin zu Beginn meiner Zeit in Düsseldorf, die 

mich herzlich in Raum 27 aufgenommen hat. Ein ganz herzliches Dankeschön auch an Dr. 

Anne Klepp, Dr. Nora Schaal, und Dr. Thomas Baumgarten, für die nicht immer nur fachliche 

und sachliche Unterstützung (Nora, dir natürlich auch ein herzliches Dankeschön fürs 

Korrekturlesen!) sowie an alle anderen Kollegen, die meine Arbeitstage mit gemeinsamen 

Mittagspausen, netten Gesprächen, Fußballspielen oder Yoga nach Feierabend bereichert 

haben. 

Außerdem möchte ich allen Probanden danken, die freiwillig und ohne persönlichen Nutzen 

an den Messungen teilgenommen haben und somit diese Arbeit erst ermöglich haben. 



Danksagung 74 

Ein großer Dank geht an meine Freunde, die während meiner Schulzeit, meinem 

Psychologiestudium, meiner Zeit in Boston sowie hier in Düsseldorf für mich da waren und, 

entweder persönlich oder am Telefon, immer Zeit für mich hatten. Tabea, dir möchte ich 

ganz besonders für die beste WG aller Zeiten danken, für das gemeinsame Lernen aber auch 

Feiern und Genießen der vielen Freuden des Lebens während unseres Psychologiestudiums.  

Zu guter Letzt möchte ich meiner Familie danken - meinen Eltern, meinen Schwestern Kerstin 

und Katja, meinen Brüdern im Herzen Uli und Jan, dem kleinen Sonnenschein Matilda und 

natürlich Alex. Ich kann euch gar nicht genug danken für eure bedingungslose Unterstützung. 

Danke, dass ihr mir immer zuhört, mit Rat und Tat zur Seite steht, für mich da seid, egal ob 

live und in Farbe, per Telefon, Skype, Face-Time oder auf welchen Wegen auch immer. Alex, 

dir danke ich ganz besonders für die vielen Jahre, die du mich nun schon bedingungslos 

unterstützt und in denen du zahlreiche Kilometer für mich überbrückt hast – danke für alles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix 75 

11 Appendix 

 

This work is based on:  

 

Appendix 1:  

Meissner SN, Keitel A, Südmeyer M, Pollok B. Implicit Motor Sequence Learning and Working 

Memory Performance Changes Across the Adult Life Span. Front. Aging Neurosci. 2016; 8: 89. 

Personal contribution: 90 %, experimental design, data acquisition, data analysis, data 

interpretation, manuscript writing and revision. 

Impact factor (2016): 4.504 

 

Appendix 2:  

Meissner SN, Krause V, Südmeyer M, Hartmann CJ, Pollok B. The significance of brain 

oscillations in motor sequence learning: Insights from Parkinson’s disease. (submitted) 

Personal contribution: 90 %, experimental design, data acquisition, data analysis, data 

interpretation, manuscript writing. 

 

Appendix 3:  

Meissner SN, Südmeyer M, Keitel A, Pollok B, Bellebaum C. Facilitating effects of deep brain 

stimulation on feedback learning in Parkinson’s disease. Behav. Brain Res. 2016; 313: 88–96. 

Personal contribution: 80%, data acquisition, data analysis, data interpretation, manuscript 

writing and revision. 

Impact factor (2016): 3.002  



ORIGINAL RESEARCH
published: 26 April 2016

doi: 10.3389/fnagi.2016.00089

Implicit Motor Sequence Learning
and Working Memory Performance
Changes Across the Adult Life Span
Sarah Nadine Meissner 1*, Ariane Keitel 1, Martin Südmeyer 1,2 and Bettina Pollok 1

1 Institute of Clinical Neuroscience and Medical Psychology, Medical Faculty, Heinrich-Heine-University, Duesseldorf,
Germany, 2 Department of Neurology, Medical Faculty, Heinrich-Heine-University, Duesseldorf, Germany

Edited by:
Lutz Jäncke,

University of Zurich, Switzerland

Reviewed by:
Rachael D. Seidler,

University of Michigan, USA
Lakshmi Rajagopal,

Northwestern University, USA

*Correspondence:
Sarah Nadine Meissner

sarah.meissner@med.uni-
duesseldorf.de

Received: 10 February 2016
Accepted: 11 April 2016
Published: 26 April 2016

Citation:
Meissner SN, Keitel A, Südmeyer M
and Pollok B (2016) Implicit Motor
Sequence Learning and Working
Memory Performance Changes

Across the Adult Life Span.
Front. Aging Neurosci. 8:89.

doi: 10.3389/fnagi.2016.00089

Although implicit motor sequence learning is rather well understood in young adults,
effects of aging on this kind of learning are controversial. There is first evidence that
working memory (WM) might play a role in implicit motor sequence learning in young
adults as well as in adults above the age of 65. However, the knowledge about the
development of these processes across the adult life span is rather limited. As the
average age of our population continues to rise, a better understanding of age-related
changes in motor sequence learning and potentially mediating cognitive processes
takes on increasing significance. Therefore, we investigated aging effects on implicit
motor sequence learning and WM. Sixty adults (18–71 years) completed verbal and
visuospatial n-back tasks and were trained on a serial reaction time task (SRTT).
Randomly varying trials served as control condition. To further assess consolidation
indicated by off-line improvement and reduced susceptibility to interference, reaction
times (RTs) were determined 1 h after initial learning. Young and older but not
middle-aged adults showed motor sequence learning. Nine out of 20 older adults
(compared to one young/one middle-aged) exhibited some evidence of sequence
awareness. After 1 h, young and middle-aged adults showed off-line improvement.
However, RT facilitation was not specific to sequence trials. Importantly, susceptibility
to interference was reduced in young and older adults indicating the occurrence
of consolidation. Although WM performance declined in older participants when
load was high, it was not significantly related to sequence learning. The data
reveal a decline in motor sequence learning in middle-aged but not in older adults.
The use of explicit learning strategies in older adults might account for the latter
result.

Keywords: aging, SRTT, implicit motor sequence learning, consolidation, working memory, n-back

INTRODUCTION

Implicit motor sequence learning refers to the ability to incidentally acquire knowledge of
sequences of events and actions. The acquisition of such skills occurs ‘‘on-line’’ during
practice but skills can stabilize—manifesting as reduced susceptibility to interference—or
even improve ‘‘off-line’’ without further training (Robertson et al., 2004a, 2005). Reduced
interference as well as off-line improvement constitute two components of the concept of
consolidation (Robertson et al., 2004a). Previous studies suggest that consolidation requires
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an interval of at least 1 h after acquisition (Robertson et al.,
2005; Janacsek and Nemeth, 2012). However, Pollok et al. (2014)
who utilized the serial reaction time task (SRTT), a common
paradigm to assess implicit motor sequence learning (Nissen
and Bullemer, 1987), observed off-line changes after a break
of only 10 min. Findings of how motor sequence learning
changes with advancing age are controversial. Whereas some
studies found intact acquisition in older adults (Howard and
Howard, 1992; Brown et al., 2009; Nemeth and Janacsek, 2011),
others suggest age-related declines in implicit motor sequence
learning (Frensch and Miner, 1994; Howard et al., 2004). Two
studies investigating sequence learning abilities not only in
young and older adults but across the adult life span reported
differing results. Gaillard et al. (2009) found no significant
differences in motor sequence learning between young, middle-
aged, and older adults, whereas Janacsek et al. (2012) reported
a decrement in sequence learning abilities around the age of
45. Interestingly, changes of cortico-spinal interaction reflecting
the integrity of the pyramidal’s system occur at this age as
well (Kamp et al., 2013). Concerning consolidation of implicitly
learned motor sequences in the elderly, studies are rare.
There are a few studies reporting reduced or even lacking
off-line improvement in healthy older adults when compared
to younger ones (Spencer et al., 2007; Brown et al., 2009;
Nemeth and Janacsek, 2011). To the best of our knowledge,
age-related differences in susceptibility to interference, the
second component of consolidation, have not been investigated
directly so far.

Implicit motor sequence learning involves the striatum, the
cerebellum as well as supplementary motor, primary motor,
premotor and dorsolateral prefrontal cortices (DLPFC; Grafton
et al., 1995; Destrebecqz et al., 2005; Doyon et al., 2009). Findings
of whether these neural correlates change with advancing age
are mixed. Daselaar et al. (2003), for example, found similar
activations in young and older adults during implicit sequence
learning, whereas others reported age-related changes in task-
related activity with decreased activation in the DLPFC and
striatum in older subjects (Aizenstein et al., 2006). Increased
medial temporal lobe (MTL) activity might compensate for such
changes in striatal structure and function with advancing age
(Dennis and Cabeza, 2011).

Cognitive processes such as working memory (WM) seem to
play an important role in motor sequence learning (Unsworth
and Engle, 2005; Bo and Seidler, 2009). Regarding WM, which
refers to the active storage and manipulation of information
(Baddeley, 1992), evidence exists that performance declines
with increasing age (Reuter-Lorenz et al., 2000; Park et al.,
2002; for meta-analysis see Bopp and Verhaeghen, 2005).
Studies using n-back paradigms in which participants were
asked to indicate when the currently presented stimulus was
the same as the one presented n trials back, reported poorer
performance in the elderly than in younger subjects, especially
when WM load was high (Mattay et al., 2006; Geerligs
et al., 2014). Furthermore, it has been proposed that age-
related declines in WM performance may contribute to age-
related changes in motor sequence learning. This assumption
has been supported by a study showing that older adults

relied on WM processes to maximize learning performance
(Bo et al., 2009). However, the authors used explicit motor
learning tasks. Recently, Bo et al. (2011) provided the first
evidence that in young adults, not only explicit but also
implicit motor sequence learning is related to both verbal
and visuospatial WM capacity, whereas in older adults verbal
rather than visuospatial WM is suggested to be of importance
to perform well in implicit motor sequence learning tasks
(Bo et al., 2012). As is the case for motor sequence learning
in general, the literature on potentially mediating cognitive
processes is dominated by the comparison between young and
older adults. Thus the understanding of changes across the
adult life span is still sparse. At the neural level, a possible
association between WM and motor sequence learning has
at least partially been attributed to the suggested role of the
DLPFC—a structure involved in WM processes (e.g., Jonides
et al., 1993; D’Esposito et al., 1998; Curtis and D’Esposito,
2003)—in motor sequence learning (Bo et al., 2011). For
example, disrupting normal functioning of the DLPFC by means
of transcranial magnetic stimulation (TMS) impairs motor
sequence learning in young adults (Pascual-Leone et al., 1996;
Robertson et al., 2001).

As the average age of our population continues to rise, a
better understanding of age-related changes in motor sequence
learning and potentially mediating cognitive processes across the
adult life span takes on increasing significance. In the present
study, we aimed at investigating whether implicit motor sequence
learning and consolidation as well as verbal and visuospatial WM
changes across the adult life span and whether these processes are
interrelated.

MATERIALS AND METHODS

Participants
Twenty young (10 males, mean age: 23.65± 0.61 years [standard
error of the mean; SEM], range: 18–29 years), 20 middle-aged
(11 males, mean age: 36.25 ± 1.38 years, range: 30–50 years)
and 20 older adults (10 males, mean age: 60.20 ± 1.50 years,
range: 51–71 years) participated in the study. Exclusion criteria
were: dementia (Mattis Dementia Rating Scale (MDRS) score
≤130; Mattis, 1988), history of neurological or psychiatric
disorders, and medication affecting the central nervous system
(CNS). Groups did not differ significantly with respect to
mean years of education, visuospatial (Block-Tapping-Test;
Schellis, 1997) or verbal short-term memory (Digit span; Von
Aster et al., 2006; all p > 0.10). Although older adults scored
significantly worse on the MDRS (median score 142.00) than
young (median score 143.00; U = 1.93; p = 0.05) and middle-
aged adults (median score 143.50; U = 2.06; p < 0.05), all
participants scored within the normal range (score >130). All
participants were right-handed as determined by the Edinburgh
Handedness Inventory (Oldfield, 1971) and had normal or
corrected-to-normal vision. The study was approved by the
local ethics committee (study no. 4792) and was conducted
according to the Declaration of Helsinki. All subjects participated
voluntarily and provided written informed consent prior to
the study.
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Testing Procedure and Tasks
To investigate visuospatial and verbal WM, motor sequence
learning and potential links between these processes, all
participants completed computerized verbal and visuospatial
n-back tasks as well as the SRTT on the same day. Stimulus
presentation and response recording were controlled by
Eprimer Software version 2 (Psychology Software Tools,
Sharpsburg, PA, USA) installed on a standard windows
computer. The order of task (SRTT vs. n-back) and task
subtype (verbal vs. visuospatial n-back) was counterbalanced
and randomly determined among participants within each
group. Prior to performing the tasks, participants filled out
handedness (Oldfield, 1971), biographical and health screening
questionnaires and completed the MDRS (Mattis, 1988). Verbal
and visuospatial short-term memory were assessed by means of
the Block-Tapping-Test (Schellis, 1997) and the subtest ‘‘Digit
Span’’ of the German version of the Wechsler Memory Scale
Revised (Von Aster et al., 2006). Testing took approximately
2 h (1 h break included). For an overview of the experimental
procedure, see Figure 1A.

Implicit Motor Sequence Learning: SRTT
The SRTT was introduced to the participants as a test of reaction
time (RT). A custom-made response box with four response
keys anatomically aligned to the right hand was used. Each
response key corresponded to one of four horizontally aligned
bars presented on a 19′′ computer screen (1024 × 768 mm
resolution; 75 Hz refresh rate). Participants were instructed to
rest their thumb, index, middle and ring finger of their right
hand on the response buttons and to press as quickly as possible
the corresponding button as soon as one of the four bars on
the computer screen changed from dark blue to light blue. RT
was defined as the interval between the change in color and the
button press onset. If participants responded correctly, the next
bar was presented after a time interval of 1 s. In case of incorrect
responses, the bar remained light blue until participants pressed
the correct button.

Before starting the experimental phase, a practice block of
12 randomly presented bars was administered to familiarize
participants with the response box. To assess motor sequence
learning as well as consolidation, the task comprised two
runs which were separated by a break of 1 h in which the
subjects remained in the testing room without any specific
task. The first two sequences of eight bar positions (ring-index-
thumb-middle-ring-middle-thumb-index) were introduced and
served as sequence baseline condition. The sequence used was
a second-order conditional sequence that requires knowledge
of the previous two positions to predict the next position, as
the immediately preceding position alone provides insufficient
information. Subjects were not informed of the existence of the
sequence. Sixteen randomly presented bars serving as random
baseline condition followed. To enable motor sequence learning,
the same sequence as during sequence baseline was then repeated
15 times with the last two sequences referred to as end
of acquisition (EoAS). Subsequently, 16 interfering randomly
presented bars (EoAR) followed. To further examine whether
the presentation of randomly presented bars interfered with the

FIGURE 1 | Overview of the experimental procedure. (A) Prior to serial
reaction time task (SRTT) and n-back tasks, screening measures were
assessed. Task order (SRTT vs. n-back) and task subtype (visuospatial vs.
verbal n-back) were counterbalanced across subjects. (B) SRTT procedure.
First, the sequence was introduced and presented twice (sequence baseline).
After 16 randomly presented bars (random baseline), the sequence was
presented 15 times with the last two sequences referred to as end of
acquisition (EoAS). For the assessment of early interference, 16 randomly
presented bars referred to as end of acquisition random (EoAR) were followed
by two presentations of the sequence (SInterference). Run 2 (consolidation)
consisted of 16 randomly presented bars which were followed by the
presentation of the sequence (2 times). Note that “S” indicates sequence trials
whereas “R” indicates random trials. (C) Sequence of events in three
exemplary verbal 2-back (upper part) and visuospatial 1-back trials (lower
part), respectively. Participants were asked to respond via button press
whenever a stimulus occurred which was identical to the one presented “n”
trials back.

learned sequence immediately after learning (early interference),
the sequence was again presented twice (SInterference). After
a 1 h break, 16 randomly located bars followed by two
repetitions of the previously learned sequence were presented
in order to determine whether consolidation had occurred.
Although implicit motor sequence learning is often investigated
by sequences that consist of 10 or even 12 items we decided
to use a sequence with only 8 bar positions. This decision
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was based on previous studies providing evidence that implicit
motor sequence learning can be investigated by using an 8-item
sequence, especially when the number of sequence presentations
is rather low (Pollok et al., 2014, 2015; Krause et al., 2016).
Figure 1B depicts the procedure of the SRTT.

Immediately after finishing the SRTT, participants were asked
whether they had noticed anything significant or unusual about
the task. If they were aware of the repeating pattern of the task,
they were asked to recall the sequence.

WM: Verbal and Visuospatial n-back Tasks
The WM tasks were derived from the classical n-back task
(Cohen et al., 1994) and required subjects to temporarily store
and update information. Two subtypes (verbal vs. visuospatial),
each with three WM loads (0- vs. 1- vs. 2-back) were
used. Subjects were presented with a sequence of stimuli and
were required to press a key whenever a presented stimulus
was identical to the one presented n trials back. The 0-back
tasks did not involve WM and were used as attentional control
tasks (Cohen et al., 1994). In each task, participants were asked
to respond as accurately and quickly as possible.

In the verbal 1-, and 2-back tasks, stimuli consisted of six
white capital letters (N, I, R, S, T, A; see Figure 1C) which
appeared serially and pseudorandomly on a black background
in the center of the computer screen. The letters were selected
from the lexical database dlexDB © (dlex project, DWDS Project,
University of Potsdam, Germany) and matched with respect
to frequency of occurrence. Each letter was presented for 1 s
and was followed by a white central fixation cross presented
for 2 s. Participants were asked to press the right arrow button
on a conventional computer keyboard every time the currently
presented letter matched the letter presented one (1-back) or two
trials (2-back) back. Responses occurring after 3 s were coded as
‘‘miss’’. In case of a non-match, subjects did not need to press
any button. In the 0-back task, the letter ‘‘X’’ was presented in
addition to the six other letters and participants were required to
press the right arrow button every time an ‘‘X’’ appeared on the
screen.

In the visuospatial 1-, and 2-back tasks, stimuli consisted
of identical white circles with a diameter of 1.75 cm which
appeared serially and pseudorandomly for 1 s in one of six
possible locations on the black screen. They were followed by
the presentation of a white central fixation cross for 2 s (see
Figure 1C). The six locations corresponded to the center of the
cells of a 2× 3 grid with the size of 12.75 cm by 13.50 cm. During
the experiment, grid lines were not presented. Participants were
asked to press the right arrow button on the computer keyboard
every time the circle appeared in the same location as the circle
one (1-back) or two trials (2-back) back. In case of a non-match,
subjects did not need to press any button. In the 0-back task,
participants were required to press the right arrow button every
time the circle appeared in the center of the screen, a location
engaged in this condition only.

A brief practice sequence of 10 trials was given prior to
each task which consisted of five matching letters or locations
with 17, 18 and 19 stimuli presented in the 0-, 1-, and 2-back
tasks, respectively. While subtype order (verbal vs. visuospatial)

was counterbalanced across participants, order of WM load was
fixed and increased from low to high (0-, 1-, 2-back).

Data Analyses
SRTT
Mean RTs for baseline, EoA, and consolidation trials for
sequence and random trials separately as well as a mean RT
for early interference sequence trials were calculated. RTs two
standard deviations below or above the respective individual
mean as well as the group mean were excluded from further
analyses. Furthermore, the percentage of errors was calculated for
each participant.

WM Tasks
Performance in each n-back task was quantified as percentage of
hits (correct responses and correct non-responses) in individual
data for each task subtype and load. One older adult was excluded
from further analyses as she did not understand task instructions,
leaving a final sample of n = 19 for the older group.

Statistical Analyses
Statistical analyses were performed using IBM SPSS 22 (IBM
Corporation, Armonk, NY, USA). All tests for statistical
significance were two-sided. For the SRTT, Kolmogorov-
Smirnov tests did not show evidence that the data significantly
deviate from Gaussian distribution. Therefore, mixed-design
analysis of variance (ANOVA) on mean RT with time (baseline
vs. EoA) and condition (sequence vs. random) as within-
subjects factors and group (young vs. middle-aged vs. older
adults) as between-subjects factor was conducted to assess motor
sequence learning. In order to compare learning effects more
directly and to control for possible baseline RT differences
between groups, we investigated percentage RT improvements.
Each participant’s gain in RT during sequence trials (sequence
baseline—EoAS) was divided by the respective sequence baseline
RT andmultiplied by 100. The same score was calculated for gain
in RT during random trials ((random baseline—EoAR)/random
baseline × 100). Participants with percentage RT improvements
two standard deviations below or above the respective group
mean were excluded from further analyses. The scores were
subjected to a mixed-design ANOVA with condition (sequence
vs. random) and group as factors. To assess early susceptibility to
interference immediately after learning, mixed-design ANOVA
on mean RT with the factors time (EoAS vs. SInterference)
and group was conducted. The investigation of consolidation
was realized with two mixed-design ANOVAs on mean RT.
For susceptibility to interference, we performed an ANOVA
with the factors group and time (SInterference vs. sequence
consolidation). To estimate off-line improvement, an ANOVA
with time (EoA vs. consolidation), condition (random vs.
sequence) and group was conducted. Potential differences in
mean percentage of errors between the three age groups were
investigated by a one-way ANOVA. To resolve interactions, post
hoc tests were calculated by means of two-tailed t-tests and
ANOVAs.
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For WM data, Kolmogorov-Smirnov tests revealed deviations
from normal distribution requiring nonparametric tests. We
examined whether verbal and visuospatial 0-, 1-, and 2-backWM
performance differed in any of the age groups using Wilcoxon
signed-rank tests. As none of the tests revealed significant
differences between the two subtypes in any of the groups (all
p > 0.25), percentage of hits for verbal and visuospatial subtypes
were pooled for 0-, 1-, and 2-back tasks, respectively. Kruskal-
Wallis tests were applied to determine WM differences between
age groups in the 0-, 1-, and 2-back tasks, respectively.

Spearman correlations were calculated to examine whether
and to what extent motor sequence learning and consolidation
is related to WM performance. To this end, we calculated
a sequence learning (sequence baseline—EoAS) as well as a
random control score (random baseline—EoAR), an early
interference (EoAS—SInterference) and consolidation scores
(SInterference—sequence consolidation; EoAS—sequence
consolidation) for each individual. Each of these scores was
correlated with the pooled percentage of hits for verbal and
visuospatial subtypes in 1- and 2-back tasks, respectively. To
further investigate whether WM is related to RTs in general,
percentage of hits in 1- and 2-back tasks respectively was also
correlated with baseline RTs. All correlations were calculated for
different age groups separately as well as for the entire group.
Bonferroni corrections for multiple testing were applied.

RESULTS

Due to RTs two standard deviations below or above the respective
individual mean, max 6.02% of trials in young and 6.48%
of trials in middle-aged and older adults respectively were

excluded from further SRTT analyses. At the group level, two
participants of each age group showed RTs that were more
than two standard deviations below or above the respective
group mean in baseline, EoA and interference trials and were
thus excluded from motor sequence learning and susceptibility
to interference analyses. For similar reasons, two young and
two older as well as three middle-aged adults were excluded
from off-line improvement analysis. Concerning percentage RT
improvement, one young, three middle-aged and two older
adults were excluded from analysis due to gains in RT that were
more than two standard deviations below or above the respective
group mean.

Motor Sequence Learning
Since we were interested in the effect of age on motor sequence
learning, only main effects or interactions involving the factor
group are reported here. Mixed-design ANOVA with time
(baseline vs. EoA), condition (sequence vs. random) and group
(young vs. middle-aged vs. older adults) as factors revealed a
significant main effect of group [F(2,5) = 7.78; p = 0.001; η2p = 0.23]
with post hoc t-tests indicating slower RTs in older than in young
[t(34) = 3.46; p = 0.001] and middle-aged adults [t(34) = 2.47;
p = 0.02] regardless of condition and time. Importantly, a
significant group by time [F(2,51) = 4.33; p = 0.02; η2p = 0.15] and
group by condition by time interaction emerged [F(2,51) = 10.19;
p< 0.001; η2p = 0.29; see Figures 2A,B].

To resolve the three-way interaction, post hoc ANOVAs were
conducted. Separate ANOVAs for the factor group revealed a
significant interaction between condition and time for young
and older [young: F(1,17) = 36.59; p < 0.001; η2p = 0.68; older:
F(1,17) = 33.04; p < 0.001; η2p = 0.66] but not for middle-aged

FIGURE 2 | Motor sequence learning. Mean reaction times (RTs) for randomly (A) and sequentially (B) presented bars at baseline and end of acquisition in
the three age groups. Error bars indicate standard error of the mean (SEM); ∗∗p < 0.01; ∗∗∗p < 0.001; end of acquisition random (EoAR); end of acquisition
sequence (EoAS).
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adults [F(1,17) = 0.05; p = 0.83; η2p = 0.003]. In the random
condition, RTs between baseline and EoAR trials did not
differ significantly, neither in older nor in young adults (all
p > 0.36). When the sequence was presented, however, both
young and older adults were significantly faster at EoAS as
compared to baseline [young: t(17) = 3.58; p = 0.002; older:
t(17) = 5.43; p < 0.001]. The data suggest that motor sequence
learning occurred in young and older but not in middle-aged
participants. Post hoc t-tests for independent samples revealed
that at sequence baseline, older adults were significantly slower
than young [t(34) = 2.93; p = 0.006] and middle-aged adults
[t(34) = 2.98; p = 0.005]. However, at EoAS, both middle-aged
[t(34) = 2.55; p = 0.02] and older adults [t(34) = 2.22; p = 0.03]
were significantly slower than young ones. To further exclude
the possibility that middle-aged adults showed motor sequence
learning in earlier phases of the task, we calculated the mean
RT for each sequence during learning and selected the sequence
with the fastest RT (sequence 12, see learning curves presented
in Figure 3). However, the comparison with sequence baseline
RT did not result in significant differences (p = 0.50), ruling out
the possibility that middle-aged adults showed motor sequence
learning earlier in the course of the SRTT.

Mixed-design ANOVA with condition (sequence vs. random)
and group (young vs. middle-aged vs. older adults) as factors
which was conducted to investigate percentage gains in
SRTT performance revealed a significant main effect of group
[F(2,51) = 5.94; p = 0.005; η2p = 0.19] with post hoc t-tests indicating
higher RT gains in older than in young [t(35) = 2.56; p = 0.04]
and middle-aged adults [t(33) = 3.48; p = 0.006]. A significant
group by condition interaction [F(2,51) = 12.65; p < 0.001;
η2p = 0.33] revealed significantly greater gains in RT in sequence
than in random trials in young and older [young: sequence
mean = 10.63 ± 12.45 [SD]; random mean = −3.46 ± 12.55;
t(18) = 5.50; p < 0.001; older: sequence mean = 21.87 ± 11.14;
random mean = 2.41 ± 12.03; t(17) = 5.57; p < 0.001] but not
in middle-aged adults (sequence mean =−2.06± 14.83; random
mean = 3.63 ± 13.91; t(16) = −1.18; p = 0.26). Interestingly, for
sequence trials, post hoc t-tests for independent samples revealed
not only lower percentage RT improvements in middle-aged

adults when compared to young [t(34) = −2.79; p = 0.009] and
older ones [t(33) = 5.42; p < 0.001] but also lower percentage
RT improvements in young than in older adults [t(35) = 2.89;
p = 0.007]. There was no significant difference between groups
when random scores were compared (all p> 0.12).

Susceptibility to Interference and Off-Line
Improvement
To examine potential differences between age groups in
susceptibility to interference immediately after learning,
we conducted mixed-design ANOVA with time (EoAS vs.
SInterference) and group (young vs. middle-aged vs. older
adults) as factors. The main effect of group tended to be
significant [F(2,51) = 3.16; p = 0.05; η2p = 0.11] with faster RTs in
young than in older adults [t(34) = 2.46; p = 0.04]. Young and
middle-aged [t(34) = 1.46; p = 0.15) as well as middle-aged and
older adults [t(34) = 1.15; p = 0.26] did not differ significantly.
In addition, a significant time by group interaction emerged
[F(2,51) = 3.42; p = 0.04; η2p = 0.12; see Figure 4A]. Post hoc t-tests
revealed that in young and older adults, RTs were significantly
faster at EoAS than at SInterference (young: t(17) = 2.88;
p = 0.01; older: t(17) = 3.33; p = 0.004) indicating susceptibility
to interference in both groups. In middle-aged participants, no
significant difference emerged [t(17) = 0.16; p> 0.87].

The analysis of potential differences between age groups in
susceptibility to interference 1 h after initial learning revealed
a significant main effect of group [F(2,51) = 6.93; p = 0.002;
η2p = 0.21] with faster RTs in young and middle-aged than in
older adults [young vs. older adults: t(34) = 3.26; p = 0.003;
middle-aged vs. older adults: t(34) = 2.53; p = 0.02] while no
significant difference between young and middle-aged adults
emerged [t(34) = 0.87; p = 0.39]. The significant main effect
of time [F(1,51) = 42.37; p < 0.001; η2p = 0.45; see Figure 4B]
suggests faster RTs in consolidation than in early interference
trials. The time by group interaction failed to reach significance
[F(2,51) = 0.55; p = 0.58; η2p = 0.02].

The ANOVA conducted to investigate off-line improvement
revealed a significant main effect of group [F(2,50) = 12.66;
p < 0.001; η2p = 0.33] with faster RTs in young and middle-aged

FIGURE 3 | Learning curves for all age groups. Mean RTs during training on the SRTT in young, middle-aged and older adults; end of acquisition
sequence (EoAS); S = sequence (e.g., S1 = sequence 1).
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FIGURE 4 | Early interference and off-line changes. (A) Mean RTs in the three age groups on sequence trials (SInterference) after 16 interfering randomly
presented bars as compared to sequence trials at end of acquisition (EoAS). (B) Mean RTs in the three age groups on sequence trials after 1 h break
(SequConsolidation) as compared to sequence interference trials (SInterference). (C) Significant time by group interaction showing mean RTs in the three age groups
on consolidation trials after 1 h break as compared to trials at EoA. Note that consolidation and EoA trials refer to pooled sequence and random trials. Error bars
represent SEM; ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001.

than in older adults [young vs. older adults: t(34) = 4.16;
p < 0.001; middle-aged vs. older adults: t(33) = 3.39; p = 0.001]
but no significant difference between young and middle-
aged adults [t(33) = 1.01; p = 0.32]. Furthermore, we found
a significant condition by group interaction [F(2,50) = 10.34;
p < 0.001; η2p = 0.29]. Post hoc t-tests revealed significantly
faster RTs in sequence than in random trials in young and
older [young: t(17) = 6.25; p < 0.001; older: t(17) = 6.53;
p < 0.001] but not in middle-aged adults [t(16) = 2.04;
p = 0.06]. Moreover, the time by group interaction reached
significance [F(2,50) = 4.89; p = 0.01; η2p = 0.16; see Figure 4C].
Post hoc t-tests revealed significantly faster RTs in consolidation
trials than at EoA for both young [t(17) = 3.50; p = 0.003]
and middle-aged adults [t(16) = 3.64; p = 0.002]. In older
participants, RTs at EoA and consolidation did not differ
significantly [t(17) = −0.66; p = 0.52] suggesting no off-line
improvement in this group. As the time by condition by
group interaction did not reach significance (p = 0.53) the

findings indicate unspecific RT facilitation over the off-line
period.

SRTT Error Rates
As expected for a SRTT, mean percentages of errors were low
(overall mean: 2.71± 2.61 [SD]; young: 2.50± 2.20; middle-aged:
2.89 ± 2.95; older: 2.73 ± 2.72) and did not differ between age
groups (p = 0.89).

Awareness of Sequence Pattern
One young and one middle-aged adult recognized a repeating
pattern and both were able to repeat half of the sequence
correctly. In the older adults group, one participant was able
to correctly repeat the whole sequence and four participants
were able to correctly repeat half of the sequence. Four older
participants reported the impression of a pattern but could
not repeat the sequence. Although we realize that verbal
reports can fail to reveal explicit knowledge, especially when
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knowledge is held with low confidence, we decided to further
investigate whether potential sequence awareness of these nine
older participants may have affected performance on the
SRTT, at least on an exploratory basis. Therefore, the group
of older adults was divided into two subgroups (awareness
vs. no awareness). For motor sequence learning, a mixed-
design ANOVA with sequence awareness (awareness vs. no
awareness), time (baseline vs. EoA) and condition (sequence
vs. random) was conducted and the condition by sequence
awareness interaction tended to be significant [F(1,16) = 3.34;
p = 0.08; η2p = 0.17]. While RTs in sequence and random
trials in older adults with no sequence awareness did not differ
significantly from each other (sequence mean = 658.01 ± 55.33
[SD]; random mean = 670.44 ± 48.56; p = 0.52), older adults
with sequence awareness were significantly faster in sequence
than in random trials (sequence mean = 609.92 ± 53.26;
random mean = 679.95 ± 39.55; t(6) = 2.63; p = 0.04).
No other effects involving the factor sequence awareness
were significant (all p > 0.43). Due to small subgroup
sample sizes, we performed additional nonparametric Wilcoxon
signed-rank tests comparing sequence and random trials
in subgroups with sequence awareness and no sequence
awareness. These analyses revealed similar results as parametric
analyses.

Regarding early susceptibility to interference and
consolidation, mixed-design ANOVAs with time (early
interference: EoAS vs. SInterference; consolidation:
SInterference vs. sequence consolidation; EoAS vs. sequence
consolidation) and sequence awareness as factors did not yield
significant effects involving the factor sequence awareness (all
p> 0.11).

WM Performance
Kruskal-Wallis tests revealed no significant performance
differences between groups for 0- and 1-back tasks (all p> 0.65).
However, we found significant differences between groups for
the 2-back task (χ2 = 7.55; df = 2; p = 0.02; Figure 5). Post hoc
comparisons based upon critical mean rank differences (Schaich
and Hamerle, 1984) revealed that older adults performed
significantly worse than young adults (p < 0.05), while no
significant difference between young and middle-aged or
middle-aged and older adults emerged (all p> 0.05).

Relationship Between SRTT and WM
Performance
To assess a possible relationship between motor sequence
learning and WM performance, learning-related difference
scores were correlated with percentages of hits in 1- and
2-back tasks (pooled for verbal and visuospatial subtypes)
in each age group as well as in the entire group. No
significant correlation emerged (all p > 0.08). However,
baseline RTs on the SRTT and percentage of hits in 2-back
tasks were negatively correlated when all participants
were included in the analysis (ρ = −0.47; p < 0.001)
indicating that faster baseline RTs were associated with better
WM performance.

FIGURE 5 | Performance on 2-back tasks. Percentage of hits on the
2-back tasks in young, middle-aged, and older adults. Boxplots indicate
medians (horizontal line between dark gray and light gray box) and the 75th
(top of box) and 25th (bottom of box) percentile ranges; the whiskers indicate
full ranges. Note that visuospatial and verbal data were pooled. ∗p < 0.05.

DISCUSSION

The present study aimed at investigating whether implicit motor
sequence learning changes across the adult life span and whether
age-related differences might vary with WM performance. Sixty
volunteers aged between 18 and 71 years completed the SRTT
as well as verbal and visuospatial n-back tasks. As a main
result, we found motor sequence learning in young and older
but not in middle-aged adults. The largest gain in RT was
found in the elderly, but their baseline RT was significantly
slower as compared to the younger groups. Interestingly, in
older adults, training on the SRTT yielded RTs comparable to
that of middle-aged adults. Young and older adults showed
interference of the newly learned motor sequence. After 1 h,
this susceptibility to interference was reduced indicating motor
sequence consolidation even in older participants. Off-line
improvement was observed only in young and middle-aged
adults. Importantly, this improvement was not specific to
sequence trials indicating unspecific RT facilitation. Although
motor sequence learning was not significantly related to WM
performance regardless of age, the data indicate reduced WM
abilities in older as compared to younger adults when WM load
was high. Moreover, baseline RTs were found to significantly
vary with WM across age groups.

Implicit Motor Sequence Learning Across
the Adult Life Span
The present data suggest that implicit motor sequence learning
changes across the adult life span. Although young adults
showed faster RTs than older ones during baseline already, both
age groups significantly improved RTs after training on the
SRTT. As RTs decreased for sequentially but not for randomly
presented bars, this gain reflects the acquisition of sequence-
specific knowledge rather than general, unspecific RT facilitation.
Furthermore, older adults showed greater RT improvement than
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young ones. Immediately after learning, both young and older
adults were susceptible to interference. Even though findings of
age-related changes in motor sequence learning are by far not
consistent, the present data are in line with numerous studies
reporting no decline (Howard and Howard, 1992; Janacsek and
Nemeth, 2012) or even better motor sequence learning in the
elderly when compared to younger adults (Brown et al., 2009).
Furthermore, age-related deficits in motor sequence learning are
often only observed when task demands are high like learning
of complex sequences or dual-tasking (Frensch and Miner, 1994;
Howard et al., 2004). Also, when compared to subjects of studies
reporting age-related motor sequence learning deficits (mean age
of around 70; Frensch andMiner, 1994; Howard et al., 2004), our
group of older adults (mean age of 60.20 ± 1.50) was relatively
young.

Surprisingly, middle-aged adults between the age of 30 and
50 failed to show motor sequence learning. The literature of
age-related changes in motor sequence learning has focused on
the comparison between young and older adults. Two studies
investigated implicit motor sequence learning across the adult life
span (Gaillard et al., 2009; Janacsek et al., 2012). Gaillard et al.
(2009) examined groups with an age range similar to the one in
the present study on the SRTT, but they failed to find significant
differences when comparing middle-aged to young and older
adults, respectively. In contrast, Janacsek et al. (2012) reported
a decline in sequence learning in participants above the age of 44.
Although this is in accordance with the present data, the authors
also found learning deficits in older adults (Janacsek et al., 2012).
Interestingly, when asking participants about potential sequence
awareness in the present study, only one middle-aged and one
young adult were aware of the repeating pattern of the task,
whereas nine older participants perceived a sequential pattern or
were even able to repeat at least parts of the sequence. Although
the assessment of sequence awareness in the present study was
not optimal, results nevertheless might led to the speculation
that the elderly may adopt explicit rather than implicit learning
strategies. This interpretation is supported by the observation
that older adults with potential sequence awareness tended to be
faster in sequence than in random trials. It is thus conceivable
that the lack of motor sequence learning in middle-aged but
not in older adults in the present study might be at least partly
attributable to a stronger involvement of a compensatory explicit
strategy in the elderly. In line with this, a neuroimaging study
reported greater activity in MTL areas (Dennis and Cabeza,
2011)—which have been related to explicit learning (Cohen et al.,
1985, 1999)—during the SRTT in adults above the age of 60 as
compared to younger ones. Moreover, results of the middle-aged
participants led to the speculation that at this age a transitionmay
occur in which implicit learning may become less effective while
compensatory strategies have not been successfully adopted, yet.

Consolidation and Unspecific RT
Facilitation Across the Adult Life Span
To our knowledge, this is the first study investigating both
susceptibility to interference and off-line improvement as two
components of consolidation across the adult life span. As

outlined above, young and older adults showed susceptibility to
interference immediately after learning which was reduced over
the off-line period indicating motor sequence consolidation in
these age groups. These findings support the hypothesis of the
occurrence of consolidation manifesting as stabilization of skill
between sessions in older adults (Brown et al., 2009). In terms of
sequence-specific off-line improvement, the second component
of motor sequence consolidation, a different pattern of results
emerged. Both young and middle-aged adults exhibited gains in
RT over the off-line period possibly subserved by neuroplastic
changes induced by the motor training (for review, see Dayan
and Cohen, 2011). However, as indicated by the non-significant
three-way interaction between time, condition and group, the
observed RT facilitation was not specific to sequence trials.
Although this finding is in line with a general RT facilitation but
lacking sequence-specific improvement over off-line periods on
the related alternating serial reaction task (ASRT) reported by
Nemeth and Janacsek (2011), it contradicts previous results of
sequence-specific off-line improvement on the SRTT (Robertson
et al., 2004b; Brown et al., 2009). However, it is important to
keep in mind that these authors implemented off-line periods of
12–24 h. Thus, the break of 1 h in the present study might have
been too short to allow sequence-specific RT improvements.

In contrast to young and middle-aged adults, older adults
failed to exhibit further gains in RT over the off-line period
which replicates previous results (Brown et al., 2009; Nemeth
and Janacsek, 2011) and suggests that off-line RT facilitation is
affected by aging. Previous studies revealed a decrease in motor
cortical plasticity in older adults when compared to younger ones
(Sawaki et al., 2003; Rogasch et al., 2009; Fathi et al., 2010).
Thus, one might speculate that such changes might at least partly
account for lacking off-line gains in older adults in the present
study. Interestingly, reduced susceptibility to interference even
in the elderly reveals evidence for the assumption that different
processes may underlie off-line improvement and reduced
interference, although both are assumed to reflect consolidation.
But, we realize that the present data do not allow any conclusions
regarding brain processes underlying the observed behavioral
effects.

WM Performance and Its Relation to Motor
Sequence Learning
We found age-related differences in WM independent of task
subtype as assessed by the n-back tasks. Older participants were
impaired when WM load was high replicating the results of
former studies (Mattay et al., 2006; Geerligs et al., 2014). Mattay
et al. (2006) showed that this age-related decline was associated
with reduced DLPFC activation in older as compared to young
adults.

The present data did not provide evidence for a significant
association between implicit motor sequence learning and WM
performance in any of the examined groups. Results of a previous
study suggest that WMmight be stronger related to explicit than
implicit learning (Unsworth and Engle, 2005). Yet, recent studies
provided first evidence for an association between implicit motor
sequence learning and WM capacity in young as well as in older
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adults (Bo et al., 2011, 2012). It should be stressed, however, that
they used a change detection task in which participants were
required to detect changes between sample and test displays. This
type of WM task rather taps into storage capacity of WM ability
(Luck and Vogel, 1997; Fukuda et al., 2010) whereas n-back
tasks involve a strong updating component (Braver et al., 1997;
Rottschy et al., 2012). Thus, conflicting results might be at least
partly due to differences in mental processes required to perform
the respective tasks.

Although there was no significant relationship between
learning scores and WM performance, baseline RT on the
SRTT was inversely correlated with WM performance when
task difficulty was high (i.e., high WM load). It is thus
conceivable that although WM is not significantly associated
with motor sequence learning, poorer WM performance might
account for considerably slower baseline RTs, e.g., as observed in
older participants.

Limitations
A major limitation of the present study refers to the assessment
of sequence awareness. We realize that computerized tasks
such as the process dissociation procedure (Destrebecqz and
Cleeremans, 2001) or recognition tasks (Shanks and Johnstone,
1999) constitute more sensitive tests of explicit knowledge.
Thus, the present investigation of sequence awareness has to be
considered as rather exploratory. Nevertheless, we think that the
observation that almost half of the older participants perceived
(or were even able to repeat) a sequential pattern might be a hint
that with advancing age, different strategies might come into play
to accomplish motor sequence learning. In future studies, these
processes should be assessed and differentiated more specifically.
Moreover, the sample size—especially with regard to sequence
awareness subgroup analysis—was small. Thus, the results have
to be interpreted with caution, even though it is conceivable that
some of the older adults in the present study learned the sequence
by compensatory explicit strategies. Furthermore, although we
did not assess motivation before, during or after the experiment,
higher motivation in older subjects may account for the observed
behavioral effects as well.

Finally, to keep verbal and visuospatial n-back tasks as
comparable as possible, we used only capital letters during verbal
n-back tasks. Although this is common practice, we are not able
to completely rule out the possibility that participants used the
shape of the stimuli rather than verbal encoding.

CONCLUSION

The present data indicate changes in implicit motor sequence
learning across the adult life span. Middle-aged adults failed to
show motor sequence learning while older adults exhibited gains
that were even greater than that of young adults, possibly by
adopting explicit rather than implicit learning. The observation
of reduced susceptibility to interference 1 h after initial training
in young and older adults suggests that consolidation also occurs
in the elderly. However, older adults—in contrast to young and
middle-aged adults—did not show further (unspecific) off-line
gains. As previously shown, older participants showed poorer
WM performance than young adults when WM load was high;
but, WM processes assessed by n-back tasks seem to be unrelated
to motor sequence learning independent of age.
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Abstract 23 

Motor sequence learning plays a pivotal role in various everyday activities. Motor cortical 24 

oscillations, especially in the beta band, are suggested to be involved in this type of learning. In 25 

Parkinson’s disease there is evidence that oscillatory activity within cortico-basal ganglia circuits 26 

is altered. Pathologically increased beta oscillations have received particular attention as they 27 

have been suggested to be associated with motor symptoms like akinesia. In the present 28 

magnetoencephalography study, we investigated Parkinson’s disease patients and healthy 29 

controls during implicit motor sequence learning with the aim to shed light on the relation 30 

between changes of cortical brain oscillations and motor learning in Parkinson’s disease with a 31 

particular focus on beta power. To this end, 20 Parkinson’s disease patients and 20 age- and sex-32 

matched healthy controls were trained on a serial reaction time task while neuromagnetic activity 33 

was recorded. Patients exhibited diminished acquisition of the motor sequence and were more 34 

susceptible to interference by random trials after training than healthy controls. These results 35 

were paralleled by changes at the neurophysiological level. Although patients exhibited a 36 

stronger modulation of alpha and beta power in random trials prior to learning, they showed less 37 

training-related beta power suppression in motor cortical areas than healthy controls supporting 38 

the hypothesis that beta power suppression is relevant for motor sequence learning. Interestingly, 39 

in healthy controls, better sequence acquisition was linked to reduced susceptibility to 40 

interference while no significant correlation was observed in patients suggesting that these 41 

processes might be distinct in Parkinson’s disease. Further indirect support for this assumption 42 

was provided by the finding that stronger beta power suppression over the course of the task was 43 

linked to reduced sequence acquisition but to less susceptibility to interference in patients. 44 

Additionally, healthy controls showed a stronger training-related theta power increase in motor 45 

cortical areas than patients. This increase was found to be associated with less susceptibility to 46 

interference in healthy controls indicating the significance of theta oscillations for reduced 47 

susceptibility to interference in healthy older adults. 48 

 49 

Keywords: implicit motor learning, oscillatory beta activity, SRTT, interference, 50 

magnetoencephalography (MEG) 51 
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Abbreviations 52 

BDI = Beck Depression Inventory; DICS = dynamic imaging of coherent sources; HC = healthy 53 

controls; HPI = head position indicator; LED = mean daily levodopa equivalent dose; MDRS = 54 

Mattis Dementia Rating Scale; MDS-UPDRS III = motor part of the Movement Disorder 55 

Society-Sponsored Revision of the Unified Parkinson’s Disease Rating Scale; MEG = 56 

magnetoencephalography; RT = reaction time; SRTT = serial reaction time task; tACS = 57 

transcranial alternating current stimulation 58 

Introduction 59 

Motor sequence learning plays a crucial role in various everyday activities. The acquisition of 60 

skills during practice is characterized by performance improvement followed by motor 61 

consolidation (Karni et al., 1998; Robertson et al., 2005). Consolidation refers to stabilization of 62 

skills, i.e. reduced susceptibility to interfering stimuli, and ‘off-line’ improvement without further 63 

practice (Robertson et al., 2004). An established measure of motor sequence learning is the serial 64 

reaction time task (SRTT) which involves a repeated sequence of button presses (Nissen and 65 

Bullemer, 1987). Learning is reflected in a reaction time (RT) decrease over the course of the 66 

task. Since participants are usually not aware of the sequence, this task allows the induction of 67 

implicit learning.  68 

Neuroimaging studies suggest that brain networks including primary motor, premotor, 69 

dorsolateral prefrontal cortices, the basal ganglia and the cerebellum are involved in motor 70 

sequence learning (Grafton et al., 1995; Destrebecqz et al., 2005; Doyon et al., 2009; Hardwick 71 

et al., 2013). As Parkinson’s disease is characterized by loss of dopaminergic neurons in the 72 

substantia nigra leading to dopamine depletion in the basal ganglia (Kish et al., 1988; Buddhala 73 

et al., 2015) it is not surprising that a considerable set of studies reports impaired motor sequence 74 

learning in Parkinson’s disease patients compared to healthy controls (HC; Muslimovic et al., 75 

2007; Wilkinson et al., 2009; Stephan et al., 2011) which is corroborated by a recent meta-76 

analysis (Clark et al., 2014). But, largely preserved learning in Parkinson’s disease is no 77 

exception either (Smith et al., 2001; Kelly et al., 2004).  78 

Motor and cognitive functions are accompanied by synchronized oscillatory activity in 79 

different frequency bands proposing a mechanism of functional integration within brain networks 80 

(Varela et al., 2001; Buzsáki and Draguhn, 2004; Schnitzler and Gross, 2005). In motor sequence 81 
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learning, oscillations in the beta (13-30 Hz) and alpha band (8-12 Hz) are suggested to be of 82 

importance in young adults (Zhuang et al., 1997; Pollok et al., 2014). This fits nicely to the 83 

assumption that beta oscillations are functionally relevant for motor control in general and 84 

movement planning, selection and preparation in particular (Pfurtscheller and Lopes Da Silva, 85 

1999; Engel and Fries, 2010; Tzagarakis et al., 2010; Heinrichs-Graham and Wilson, 2015). 86 

Movement execution is associated with a typical pattern of beta power modulation with power 87 

suppression (i.e., decrease in power) prior to and during movement execution followed by a 88 

rebound (i.e., increase in power) after movement termination exceeding baseline levels 89 

(Pfurtscheller and Lopes Da Silva, 1999). Interestingly, Pollok and colleagues (2014) found 90 

stronger beta power suppression in motor cortical areas to be associated with superior implicit 91 

motor learning in young adults. Similarly, transcranial alternating current stimulation (tACS), 92 

assumed to interact with oscillations in a frequency dependent manner (Thut et al., 2012; 93 

Helfrich et al., 2014), was found to stabilize newly acquired motor sequences when applied over 94 

the primary motor cortex at 20 Hz but not at 10 (Krause et al., 2016) or 35 Hz (Pollok et al., 95 

2015). These findings additionally strengthen the role of beta oscillations in motor sequence 96 

learning.  97 

In Parkinson’s disease, abnormalities in oscillatory activity in the cortico-basal ganglia loop 98 

may add to the understanding of the pathophysiology (Schnitzler and Gross, 2005; Hammond et 99 

al., 2007; Oswal et al., 2013). Especially altered beta activity could be linked to symptoms such 100 

as akinesia and rigidity (Kühn et al., 2006, 2009; Jenkinson and Brown, 2011; Pollok et al., 2012; 101 

Oswal et al., 2013). A magnetoencephalography (MEG) study further demonstrated 102 

pathologically reduced beta modulation in brain areas associated with motor processing during 103 

transient movements in such patients (Heinrichs-Graham et al., 2014).  104 

Taken together, beta oscillations are altered in Parkinson’s disease and a link between 105 

suppression of motor cortical beta oscillations and successful motor sequence learning has been 106 

suggested. Therefore, in the present MEG study, we investigated Parkinson’s disease patients and 107 

HC while performing a SRTT with the aim to shed light on the possible relation between changes 108 

of beta power and motor learning abilities in Parkinson’s disease patients. We hypothesized that 109 

patients exhibit less beta power suppression during the SRTT than HC and, concomitant with 110 

that, diminished motor sequence learning. Although we were particularly interested in beta 111 

oscillations, we also investigated theta (4-7 Hz), alpha and gamma oscillations (30-90 Hz) since 112 
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alterations across these frequency bands have been suggested to relate to alterations of cognitive 113 

and motor functions in Parkinson’s disease as well (Oswal et al., 2013).  114 

Material and methods 115 

Participants 116 

Twenty patients with idiopathic Parkinson’s disease (9 male; age: 52.85 ± 6.88 years; mean ± 117 

SD), and 20 HC (9 male; age: 54.05 ± 7.71 years) participated in the study. Patients were 118 

recruited and tested at the Movement Disorder Center of the University Hospital Duesseldorf and 119 

their diagnosis was based upon the UK Parkinson’s Disease Society Brain Bank Criteria (Hughes 120 

et al., 1992). Exclusionary criteria involved tremor-dominant Parkinson’s disease, dementia 121 

(Mattis Dementia Rating Scale (MDRS) score ≤ 130; Mattis, 1988), clinically relevant depressive 122 

symptoms (Beck Depression Inventory (BDI-II; Hautzinger et al., 2006) score ≥ 18) or other 123 

psychiatric and neurological disorders besides Parkinson’s disease. One patient was additionally 124 

diagnosed with ataxia several months after testing. Since SRTT performance scores and 125 

oscillatory power values were within two standard deviations of the group mean, we did not 126 

exclude these data to keep statistical power as high as possible. All patients were treated with 127 

antiparkinsonian medication with a mean daily levodopa equivalent dose (LED; Tomlinson et al., 128 

2010) of 550.81 ± 265.03 mg. Patients remained on their medication during study participation to 129 

minimize general motor impairment. Motor impairment was characterized by the motor part of 130 

the Movement Disorder Society-Sponsored Revision of the Unified Parkinson’s Disease Rating 131 

Scale (MDS-UPDRS III; Goetz et al., 2008). Digit span (von Aster et al., 2006) and Block-132 

Tapping-Test (Schellis, 1997) were used to assess verbal and visuospatial short-term memory. 133 

For each patient, a sex- and age-matched HC was tested. All participants were right 134 

handed (Edinburgh Handedness Inventory; Oldfield, 1971) and had normal or corrected-to-135 

normal vision. There were no significant group differences in mean years of education (p = .16), 136 

MDRS score (p = .14), or verbal short-term memory (p = .93). Patients tended to exhibit better 137 

visuospatial short-term memory (p = .07) and scored significantly higher on the BDI-II (median = 138 

6.50) than HC (median = 2.00; U = 73; z = -3.46; p = .001). But, none of the participants 139 

exhibited clinically relevant depressive symptoms (score ≥ 18). The study was approved by the 140 

local ethics committee (study no. 4792) and was conducted according to the Declaration of 141 

Helsinki. All participants provided written informed consent prior to the study and received 142 

monetary compensation. Characteristics of patients and HC are shown in Table 1. 143 
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 144 

Insert Table 1 about here 145 

Experimental paradigm: SRTT 146 

The SRTT was introduced as a measure of RT and participants were not informed of the 8-item 147 

sequence embedded in the task. A nonmagnetic custom-made response box with four response 148 

keys anatomically aligned to the right hand was used. Each key corresponded to one of four 149 

horizontally aligned bars presented on a back projection screen. Participants were instructed to 150 

rest the fingers of their right hand on the response buttons and to press as quickly as possible the 151 

corresponding button as soon as one of the four bars changed from dark to light blue. RT was 152 

defined as the interval between onset of color change and button press. The next bar was 153 

presented with a 2 s delay after the correct response. In case of incorrect responses, the bar 154 

remained light blue until participants responded correctly.  155 

Prior to SRTT, a practice block of 12 randomly varying bars was administered. The 156 

experimental phase comprised five blocks. The first block served as baseline (Random) and 157 

consisted of ten sequences of eight randomly varying bars. To enable learning, the 8-item 158 

sequence (ring-index-thumb-middle-ring-middle-thumb-index) was repeated 15 times. Then, ten 159 

repetitions of the sequence served as an estimation of RT at end of acquisition (EoA). To examine 160 

whether the presentation of randomly presented bars interfered with the sequence after EoA, ten 161 

repetitions of a random pattern (Interference) were followed by ten repetitions of the sequence 162 

(SIn). Stimuli timing and response recording was controlled by E-Prime® software version 2 163 

(Psychology Software Tools, Sharpsburg, PA, USA). For an overview of the task design, see Fig. 164 

1. 165 

 166 

Insert Fig. 1 about here 167 

To assess whether explicit learning had occurred, participants were asked at the task’s end 168 

whether they had noticed anything significant. If they reported to be aware of a sequential 169 

pattern, they were asked to recall it. Four HC as well as four patients recognized a repeating 170 

pattern. However, only three participants in each group recalled at least half of the sequence 171 

correctly. 172 
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Statistical analyses of behavioral data  173 

Statistical analyses of behavioral data were performed using IBM SPSS 24 (IBM Corporation, 174 

Armonk, NY, USA). For each block of interest (Random, EoA, Interference, SIn), we calculated 175 

individual mean RTs. RTs exceeding two standard deviations from the respective mean were 176 

excluded (patients: 4.9 ± 2.1% of all trials; HC: 4.0 ± 0.9% of all trials). Kolmogorov-Smirnov 177 

tests revealed no significant deviation from Gaussian distribution (all p > .05). Analyses of 178 

variance (ANOVA) on mean RT with block (Random vs. EoA vs. Interference vs. SIn) as within- 179 

and group (HC vs. patients) as between-subjects factor were conducted. Post-hoc tests were 180 

calculated by means of two-tailed t-tests. In case of violation of sphericity assumptions, 181 

Greenhouse-Geisser correction was applied. 182 

To control for group differences during Random, we computed percentage RT gains. The 183 

scores for motor sequence acquisition ((Random – EoA)/Random x 100) and susceptibility to 184 

interference ((Interference – SIn)/Interference x 100) were compared between groups using 185 

independent-samples t-tests. 186 

To investigate whether SRTT performance was related to clinical characteristics, 187 

parametric (Pearson’s r; for correlations involving LED) as well as non-parametric (Spearman’s 188 

ρ; for correlations involving MDS-UPDRS III scores because of deviation from Gaussian 189 

distribution) correlations were calculated for all patients. To further examine the relationship 190 

between acquisition and susceptibility to interference, Pearson’s correlation coefficients were 191 

calculated in each group. Bonferroni corrections for multiple testing were applied. 192 

MEG data acquisition 193 

Neuromagnetic brain activity was recorded during task execution by means of a 306-channel 194 

whole-head MEG system with 204 gradiometers and 102 magnetometers (Elekta Neuromag, 195 

Helsinki, Finland). The data was sampled at 1 kHz with a bandwidth of 0.1-330 Hz.  196 

Four head position indicator (HPI) coils were fixed to the scalp of each participant and 197 

vertical electrooculogram was recorded during the SRTT. Prior to data acquisition, anatomical 198 

landmarks (nasion, left and right preauricular points) and HPI positions were digitized (Polhemus 199 

Isotrak, Colchester, Vermont, USA). Structural MRIs were acquired using a 3 T Siemens-200 

Magnetom (Siemens, Erlangen, Germany) after the MEG session. MRIs were aligned with the 201 

MEG coordinate system using HPI coils and the position of the anatomical landmarks. 202 
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MEG data preprocessing 203 

The data from the 204 planar gradiometers were analyzed with the Matlab-based FieldTrip 204 

toolbox (Oostenveld et al., 2011) using Matlab R2015a (Mathworks, Natick, MA, USA). The 205 

data were segmented into epochs of 1.5 s pre to 2 s post button press (t = -1.5 to 2 s). For 206 

preprocessing, a 200 Hz low-pass and a 1 Hz high-pass filter was applied. Line noise was 207 

removed using band-stop filter for 50 Hz and its harmonic at 100 Hz and data was demeaned. By 208 

visual inspection, trials containing sensor jumps or muscle artifacts were rejected from further 209 

analyses. A nearest-neighbors approach was used to interpolate the data of broken channels by 210 

the mean signal of their neighboring channels. A principal component analysis was applied to 211 

correct for further artifacts. Components whose topographies and time-courses represented eye 212 

blinks or cardiac signals were removed. Groups did not differ in the number of trials subjected to 213 

analyses (mixed-design ANOVA: all p ≥ .18). 214 

Statistical analyses of MEG data 215 

We computed time–frequency representations of power using a fast Fourier transformation. For 216 

frequencies of interest between 2 and 30 Hz we used an adaptive sliding time window with a 217 

width of five full cycles of the respective frequency f (∆t = 5/f) multiplied by a Hanning taper. 218 

The time window moved in steps of 50 ms and the frequency resolution was 1/∆t. For frequencies 219 

between 30 and 90 Hz, we used a multi-taper approach (sliding time window of 500 ms length) 220 

with four orthogonal Slepian tapers resulting in a frequency smoothening of ± 5 Hz. Spectral 221 

power was calculated for the vertical and horizontal planar gradiometers separately and was then 222 

combined. Due to strong muscle artefacts, we had to exclude one participant of each group for 223 

the analysis of higher frequencies. Power changes were defined as relative change with respect to 224 

the mean of the complete time window according to previous studies (Pollok et al., 2014; te 225 

Woerd et al., 2014, 2015).  226 

First, we investigated whether oscillatory activity in the different frequency bands differed 227 

between groups during Random. We averaged the power across the respective frequencies (theta, 228 

alpha, beta, and gamma) and computed cluster-based, independent-samples t-tests with Monte 229 

Carlo randomization controlling for multiple comparisons (Maris and Oostenveld, 2007) to 230 

compare power between groups in all channels in a time interval between t = -0.75 to 1.5 s. 231 

Source reconstruction was conducted at alpha and beta frequencies. Cortical sources were 232 

identified using the frequency based beamformer algorithm Dynamic Imaging of Coherent 233 



 

9 

Sources (DICS; Gross et al., 2001). For beta activity, we contrasted two time windows of 500 ms 234 

centered on the time points of maximal beta power suppression and rebound, respectively. 20 Hz 235 

was chosen as center frequency (spectral smoothening of ± 5 Hz) which resulted in 10 full cycles 236 

per time window. We created a realistic, single-shell brain model (Nolte, 2003) based on the 237 

individual anatomical MRI or on a MNI template brain (n = 10). Forward solution for each 238 

participant was estimated using a regular 3D grid with 1 cm resolution in MNI space which was 239 

warped onto individual anatomy. A lead-field matrix was computed for each grid point according 240 

to the head position in the MEG and the forward model. Using the cross-spectral density and 241 

lead-field matrices, a common spatial filter was constructed on both time windows (suppression 242 

and rebound) for each individual grid point. The spatial filter was then applied to beta power 243 

suppression and rebound epochs and contrasted. For each group, source reconstructed oscillatory 244 

power was grand-averaged across participants and visualized on the cortical surface of the MNI 245 

template brain. The same steps were applied for alpha activity, using a center frequency of 10 Hz 246 

(spectral smoothening of ± 2 Hz) resulting in five full cycles per time window. 247 

To examine differences in oscillatory activity during acquisition as well as after 248 

interference between groups, we used cluster-based permutation tests as described above. We 249 

calculated the difference in oscillatory power between EoA and Random as well as between SIn 250 

and Random, and compared these contrasts of interest between groups by means of cluster-based 251 

independent-samples t-tests with Monte Carlo randomization. Since motor cortical areas are 252 

suggested to play a pivotal role in motor sequence learning, statistical analyses were performed in 253 

a selection of channels covering left and right primary sensorimotor cortices (S1/M1; Pollok et 254 

al., 2014; see Fig. 3). Additionally, we performed explorative analyses including all sensors. The 255 

resulting clusters with p-values below an alpha level of 0.05 were considered significant. 256 

Correlations between MEG and behavioral/clinical data 257 

Brain-behavior relationships were examined using cluster-based permutation tests implemented 258 

in Fieldtrip. First, we correlated time-frequency data during Random with Random RTs in both 259 

groups and with clinical variables (MDS-UPDRS III, LED) in patients. We further correlated the 260 

time-frequency data of contrasts of interest (EoA vs. Random, SIn vs. Random) with the 261 

respective RT gains (Random to EoA; Interference to SIn). Correlational analyses were 262 

performed for frequency bands showing significant differences between groups (Random: alpha, 263 
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beta; contrasts of interest: theta, beta) and separately for patients and HC for the S1/M1 channel 264 

selection.  265 

Results 266 

Behavioral data 267 

The ANOVA revealed significant main effects of block (F(2.5, 94.8)  = 8.69; p < .001) and group 268 

(F(1, 38)  = 10.43; p = .003) with generally slower RTs in patients than in HC. Importantly, a 269 

significant group by block interaction emerged (F(2.5, 94.8) = 4.21; p = .01). Post-hoc t-tests 270 

revealed that HC were significantly faster during EoA than Random (t(19) = -6.68; p < .001) and 271 

Interference (t(19) = -3.25; p = .004) indicating sequence acquisition. Additionally, HC were 272 

significantly faster during Interference than Random (t(19) = -3.39; p = .003) suggesting 273 

unspecific RT improvement. In patients, we found a trend towards faster RTs during EoA than 274 

Random (t(19) = -2.00; p = .06) and Interference (t(19) = -2.00; p =.06) suggesting reduced but 275 

preserved sequence acquisition in patients. Random and Interference RTs did not differ 276 

significantly in patients (p = .71). Furthermore, HC were significantly faster during SIn than 277 

Interference (t(19) = -5.22; p < .001) indicating that they were not susceptible to an interfering 278 

condition. In patients, no significant differences emerged (p = .93) suggesting an interfering 279 

effect (Fig. 2A). 280 

To account for faster RTs in HC during Random, percentage RT gains were compared 281 

between groups by independent-samples t-tests. Significantly less RT gain from Random to EoA 282 

in patients (t(38) = -2.39; p = .02; Fig. 2B) indicated diminished motor sequence acquisition. 283 

When comparing RT changes from Interference to SIn, significantly smaller gains in patients 284 

(t(38) = 2.30; p = .03; Fig. 2C) indicated higher susceptibility to interference. 285 

Correlational analyses relating sequence acquisition to (reduced) susceptibility to 286 

interference revealed a significant association in HC (r = .57; p = .01; Fig. 2E) but not in patients 287 

(r = .28; p = .23; Fig. 2D), suggesting that these processes might be related only in HC. 288 

Correlational analyses linking clinical characteristics of patients to SRTT performance revealed 289 

no significant associations (all p ≥ .16).   290 

 291 

Insert Fig. 2 about here 292 

 293 
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MEG data 294 

Group differences during Random 295 

Oscillatory power in frequencies up to 30 Hz is shown in Fig. 3A and 3B. Expected (alpha and) 296 

beta power suppression before and during button press followed by a rebound was present in both 297 

groups. In addition, we observed a theta power increase relative to baseline, especially in HC. It 298 

started approximately 500 ms prior to button press and lasted for several hundred milliseconds. 299 

Cortical sources of beta and alpha power modulation are illustrated in Fig. 3C and 3D. In general, 300 

beta power modulations were most pronounced in bilateral pericentral regions, while alpha power 301 

modulations were less focal.  302 

Insert Fig. 3 about here 303 

Significant group differences at beta frequencies were most pronounced in a time window 304 

between 0.1 and 0.5 s, indicating stronger beta power suppression in patients than in HC (p = .02; 305 

Fig. 4A). For alpha frequencies, differences were most pronounced in time windows between -306 

0.35 and 0.55 s (p = .003) and between 1.1 and 1.5 s (p = .04), indicating stronger alpha 307 

modulation in patients (Fig. 4B). For other frequencies, no significant group differences were 308 

found.   309 

Insert Fig. 4 about here 310 

Group differences over the course of the SRTT 311 

Fig. 5A and 5C show differences in oscillatory power between blocks for frequencies up to 30 312 

Hz. For EoA as compared to Random, the statistical analyses between groups including all 313 

sensors revealed a difference for beta frequencies most pronounced between t = -0.45 and -0.25 s 314 

which tended to be significant (p = .06). Cluster statistics for the S1/M1 channel selection 315 

resulted in a significant difference in the beta band (p = .048; Fig. 5B) most pronounced between 316 

t = -0.45 and -0.35 s. Noteworthy, this difference was most pronounced in motor areas ipsilateral 317 

to the moving hand. These results suggest less beta power suppression during EoA relative to 318 

Random in patients. In other frequency bands, no significant differences emerged. 319 

 320 

Insert Fig. 5 about here 321 
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For SIn as compared to Random, the statistical analyses between groups for S1/M1 322 

channels revealed a significant difference in the theta band (p = .02; Fig. 5D) most pronounced 323 

between t = -0.05 and 0.15 s contralateral to the moving hand. This indicates less theta power 324 

increase from Random to SIn in patients. In all other frequency bands, no significant differences 325 

were found. Cluster statistics including all sensors revealed no significant results either.  326 

Oscillatory activity and its relation to behavioral data and clinical characteristics 327 

Correlational analyses between time-frequency data during Random and clinical characteristics in 328 

patients revealed a significant negative correlation between theta power (t = -0.2 to 0.3 s) and 329 

MDS-UPDRS III scores (p = .004; Fig. 6A) suggesting that lower theta power was related to 330 

higher symptom severity. For beta power, we found no significant correlation with MDS-UPDRS 331 

III scores (p = .09). There were also no significant correlations involving LED.  332 

When correlating time-frequency data during Random with Random RTs, a significant 333 

negative correlation in a time window between t = -0.6 to 0.55 s (p = .003) as well as a significant 334 

positive correlation in a time window between t = 1 to 1.5 s (p = .01) between beta power and 335 

RTs in patients emerged, indicating that stronger beta power modulation was associated with 336 

slower RTs (Fig. 6B). A similar negative correlation was found for alpha frequencies (t = -0.6 to 337 

0.6 s; p = .02). In HC, we found no significant correlations (p > .10).  338 

 339 

Insert Fig. 6 about here 340 

In patients, less beta power suppression during EoA compared to Random (t = -0.5 to -341 

0.35 s) was associated with greater RT improvement from Random to EoA (p = .02; Fig. 7A). 342 

Further, stronger beta power suppression from Random to SIn (t = -0.5 and -0.25 s) was 343 

associated with greater RT gain from Interference to SIn thus with less susceptibility to 344 

interference (p = .04; Fig. 7B). Again, these effects were most pronounced ipsilateral to the 345 

moving hand. For the theta band, no significant correlation was obtained in patients. In HC, less 346 

susceptibility to interference was significantly correlated with a stronger increase in theta power 347 

from Random to EoA most pronounced between t = 0.05 to 0.25 s (p = .04; Fig. 7C). All other 348 

correlations including correlations with beta power failed to yield significance in HC (all p > .07).  349 

 350 

Insert Fig. 7 about here 351 
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Discussion 352 

The present MEG study investigated Parkinson’s disease patients and HC during implicit motor 353 

sequence learning with the aim to elucidate the relation between beta oscillations and motor 354 

learning in Parkinson’s disease. We found reduced but preserved motor sequence acquisition and 355 

higher susceptibility to interference in patients. This was paralleled by less training-related beta 356 

power suppression in motor cortical areas in patients supporting the relevance of beta power 357 

suppression for motor sequence learning. Superior motor sequence acquisition was significantly 358 

associated with reduced susceptibility to interference in HC but not in patients suggesting distinct 359 

processes in Parkinson’s disease. Further indirect support for this assumption was provided by 360 

the finding that beta power suppression might be beneficial for reduced susceptibility to 361 

interference but not for motor sequence acquisition in patients. Beyond beta oscillations, we 362 

found a stronger training-related increase in theta power in HC as compared to patients. As this 363 

increase was associated with reduced susceptibility to interference, the data provide first evidence 364 

for the hypothesis that theta oscillations might specifically contribute to reduced susceptibility to 365 

interference, at least in healthy older adults. 366 

Oscillatory activity prior to learning and its relation to clinical and behavioral data 367 

During Random, we found the established pattern of alpha and beta power suppression before and 368 

during button press and a subsequent rebound in sensors covering sensorimotor areas. Statistical 369 

analyses revealed significantly stronger alpha and beta power modulation in patients. As shown 370 

by sensor level analyses and source reconstruction, beta modulation was more widespread in 371 

patients, possibly suggesting recruitment of a larger brain network for task execution. At first 372 

glance, this finding is rather surprising in view of a previous MEG study evaluating oscillatory 373 

activity during basic movements in Parkinson’s disease as compared to HC (Heinrichs-Graham et 374 

al., 2014). In contrast to our results, those patients exhibited diminished beta suppression prior to 375 

and during movement. It is important to note, that that study examined oscillations in patients 376 

OFF medication. Since the modulation of beta oscillations is impaired when dopamine is 377 

deficient but promoted by dopaminergic medication (Doyle et al., 2005; Litvak et al., 2012; 378 

Oswal et al., 2012, 2013), findings are likely related to different levels of levodopa. The data by 379 

Heinrichs-Graham et al. (2014) suggest that deficient beta power suppression contributes to 380 

diminished movement capacities in Parkinson’s disease. The present data, including the 381 

correlative evidence linking stronger beta modulation to slower RTs in patients, supports the 382 
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hypothesis of Brittain and colleagues (2014) that not only higher but also lower levels of beta 383 

activity (i.e., deviation from task- and context-related “optimal” activity) might be associated 384 

with alterations in motor performance.  385 

At alpha frequencies, patients showed a stronger modulation in sensors covering, but not 386 

limited to, sensorimotor areas. Alpha oscillations may subserve less specific functions  in motor 387 

processing, such as attentional demands and automatic motor control (Klostermann et al., 2007; 388 

Pollok et al., 2009; Klimesch, 2012). Thus, stronger modulation in patients may reflect the need 389 

for greater attentional resources and control mechanisms in Parkinson’s disease.  390 

Theta and gamma power did not differ significantly between groups during Random. 391 

Previous MEG studies reported a widespread increase in theta power in Parkinson’s disease 392 

patients relative to HC during rest (Bosboom et al., 2006; Stoffers et al., 2007). Although we did 393 

not find significant group differences during task execution, correlational analyses suggest lower 394 

theta power to be associated with more severe motor symptoms supporting the assumption that 395 

theta power might indeed relate to motor impairment in Parkinson’s disease.  396 

In Parkinson’s disease, alterations in gamma oscillations have also been described. More 397 

specifically, cortical resting-state power was reduced in comparison to HC (Bosboom et al., 398 

2006; Stoffers et al., 2007). In patients undergoing surgery for deep brain stimulation, several 399 

studies reported diminished movement-related gamma activity in the basal ganglia OFF 400 

medication which was promoted by levodopa (Androulidakis et al., 2007; Litvak et al., 2012; 401 

Oswal et al., 2013). Thus, it is conceivable that the lack of group differences at gamma 402 

frequencies was due to dopaminergic therapy restoring a rather physiological pattern also at 403 

(motor) cortical levels.  404 

Motor sequence acquisition and susceptibility to interference in patients and HC 405 

The present data indicate altered motor sequence learning in Parkinson’s disease. Whereas 406 

patients showed only a trend for improved RTs after training on the SRTT, HC exhibited 407 

significant improvement. Although the data suggest that patients are able to acquire motor 408 

sequences to some extent, this ability appears to be diminished. This assumption is supported by 409 

percentage analyses revealing less RT improvement from Random to EoA in patients than in HC. 410 

The present data are in line with several studies reporting diminished motor sequence acquisition 411 

(reviewed by Ruitenberg et al., 2015). HC but not patients showed additional unspecific RT 412 

improvement from Random to Interference. Since RTs during SIn and EoA were significantly 413 
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faster than during Interference, sequence-specific improvement was more pronounced than 414 

unspecific gain. Apart from motor sequence acquisition, we examined susceptibility to interfering 415 

trials. This was of particular interest, as it has rarely been studied in Parkinson’s disease but 416 

needs to be taken into account to understand the different processes involved in motor sequence 417 

learning (Doyon, 2008; Marinelli et al., 2017). Reflected in significantly less RT gain from 418 

Interference to SIn, the present data suggest higher susceptibility to interference in patients than 419 

in HC. Interestingly, correlational analyses between acquisition and susceptibility to interference 420 

revealed that whereas in HC reduced susceptibility to interference was significantly linked to 421 

better acquisition, no significant association was found in patients. This indicates that these two 422 

processes might be related to each other in HC, while they are rather distinct in Parkinson’s 423 

disease.   424 

In contrast to previous data (Muslimovic et al., 2007) we found no significant link between 425 

symptom severity and RTs or motor sequence learning in patients.  426 

Oscillatory activity and its functional significance in motor sequence learning 427 

Beta oscillations 428 

To our knowledge, this is the first study investigating oscillatory dynamics of motor sequence 429 

acquisition as well as susceptibility to interference in Parkinson’s disease. During EoA as 430 

compared to Random, we observed significantly less beta power suppression in patients which 431 

was most pronounced prior to button press in sensors covering motor cortical areas. This finding 432 

parallels diminished sequence acquisition in patients and fits nicely with the hypotheses (i) that 433 

beta activity promotes the current motor and cognitive state at the account of flexible control 434 

strategies (Engel and Fries, 2010; Brittain and Brown, 2014) and (ii) that its modulation – 435 

particularly suppression – represents a learning-related marker of reorganization of neural activity 436 

(Pollok et al., 2014). Interestingly, group differences in beta power suppression were most 437 

pronounced in sensorimotor regions ipsilateral to the responding hand. We are aware that results 438 

of cluster-based permutation tests do not provide information on the exact spatial extent of the 439 

effect. Nevertheless, differences between Parkinson’s disease patients and HC in beta oscillations 440 

ipsilateral to the effector have been reported before. Meziane et al. (2015) found symmetrical 441 

beta power suppression in motor areas during a reaching task in older adults (but not in patients) 442 

which is in line with the assumption of loss of hemispheric lateralization as one characteristic of 443 

an aging motor system (Vallesi et al., 2010). Older adults may need more extensive recruitment 444 
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of (bilateral) sensorimotor areas than young adults to achieve optimal performance levels 445 

(Meziane et al., 2015). This compensatory mechanism may be deficient in Parkinson’s disease.   446 

Interestingly, although our group analyses suggested that less beta power suppression in 447 

patients as compared to HC was paralleled by diminished SRTT performance, correlational 448 

analyses yielded seemingly inconsistent results. In patients, stronger beta power suppression at 449 

EoA than Random was associated with worse acquisition while stronger beta power suppression 450 

during SIn than Random was associated with less susceptibility to interference, thus better 451 

performance. Consistent with the reported group differences in learning-related beta power 452 

suppression, these effects were most pronounced in motor areas ipsilateral to the moving hand. 453 

Thus, in contrast to our hypothesis, in Parkinson’s disease beta power suppression appears to be 454 

beneficial for reduced susceptibility to interference but not for sequence acquisition itself. 455 

Furthermore, the data indirectly supports the assumption that motor sequence acquisition and 456 

susceptibility to interference might be distinct processes with distinct neurophysiological 457 

correlates in Parkinson’s disease. Interestingly, in the context of explicit sequence learning, 458 

recordings of subthalamic beta oscillations in Parkinson’s disease patients revealed that beta 459 

suppression only promoted sequence acquisition when it was observed at sequence boundaries, 460 

whereas suppression before within-sequence elements was related to worse performance (Ruiz et 461 

al., 2014). This finding supports the assumption that in Parkinson’s disease, the significance of 462 

beta suppression might vary depending on its occurrence in relation to task phase. Surprisingly, 463 

we found no significant correlation between beta oscillations and behavioral performance in HC. 464 

The applied statistical tests only capture linear relations between variables. As (correlative) 465 

associations between variables can also be nonlinear in nature, the limitation of the analysis 466 

might be one explanation for the present null finding in HC. Nevertheless, previous results 467 

suggest a linear relationship between beta power suppression and motor learning in young adults 468 

(Pollok et al., 2014). These differences in findings might relate to age-specific changes of brain 469 

oscillations and their association with motor sequence learning.  470 

 There is evidence for a link between increased beta oscillations and decreased cortical 471 

excitability (Noh et al., 2012; McAllister et al., 2013). It is tempting to speculate that beta power 472 

suppression reflects an increase in cortical excitability which might promote plastic changes in 473 

training-related neural networks. This interpretation is supported by impaired (motor) cortical 474 

plasticity already apparent in early stages of Parkinson’s disease (reviewed by Koch, 2013).  475 
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Surprisingly, in our study, patients exhibited stronger beta power suppression during 476 

Random prior to learning but less increase in beta power suppression over the course of learning 477 

than HC. Thus, it is reasonable to assume that practice-dependent changes in beta power 478 

suppression subserving motor learning are independent of the depth of beta power modulation 479 

prior to learning during the execution of a simple motor response. 480 

Theta oscillations 481 

Beyond group differences in beta activity, we found a significantly smaller motor cortical theta 482 

power increase from Random to SIn in patients. This result provides new evidence that theta 483 

oscillations might contribute to susceptibility to interference, at least in healthy older adults. In 484 

general, theta oscillations have been linked to executive processes and declarative memory 485 

functions (Klimesch et al., 1997, 2001; Sauseng et al., 2005; Brier et al., 2010; Burke et al., 486 

2014). Furthermore, the implication of theta oscillations in the induction of synaptic plasticity 487 

indicates their mnemonic function (Pavlides et al., 1988; Larson and Lynch, 1989; Orr et al., 488 

2001) and militates for a functional mechanism of these oscillations in sequence learning which 489 

might be impaired in Parkinson’s disease. Based on animal studies but also applied to humans, 490 

theta rhythms are further suggested to be involved in learning, especially when sensorimotor 491 

integration is necessary (Bland, 1986; Bland and Oddie, 2001; Caplan et al., 2003; Bland et al., 492 

2007; Cruikshank et al., 2012). Caplan et al. (2003) hypothesized that cortical theta 493 

synchronization might represent one mechanism coordinating sensory and motor brain activity to 494 

facilitate learning. A recent study trying to enhance early consolidation of explicitly acquired 495 

motor sequences by means of post-training modulation of oscillations by neurofeedback, found 496 

beneficial effects of theta power increases (Rozengurt et al., 2016). These findings are indicative 497 

of the involvement of theta oscillations in early consolidation, at least when participants are 498 

explicitly instructed to learn a sequence. Additionally, perimovement theta power modulation in 499 

motor cortical areas has been linked to different parameters such as timing of responses, force 500 

measures of grip, and movement acceleration (Anzak et al., 2012; Zavala et al., 2013; Ofori et 501 

al., 2015). Since we observed significant differences between groups in theta power over the 502 

course of the task but not prior to learning, our findings suggest a specific significance of theta 503 

oscillations in susceptibility to interference following implicit motor learning. This assumption is 504 

supported by the correlative evidence linking stronger increases in theta power at EoA as 505 

compared to Random to less susceptibility to interference in HC. This at the same time further 506 
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fuels the idea that in HC susceptibility to inference after training relies on neurophysiological 507 

changes occurring during acquisition already.  508 

Caveats 509 

At least three caveats should be acknowledged. First, we investigated patients ON medication. 510 

Therefore, we cannot separate medication from disease-related effects. However, as we were 511 

interested in oscillatory dynamics underlying motor sequence learning, recordings were made in 512 

patients’ best motor state. Since patients were slower than HC during Random we cannot exclude 513 

that general motor impairment has somehow influenced motor sequence learning though. But, 514 

symptom severity was not significantly associated with general RT performance on the SRTT. 515 

We therefore assume that impairment observed in the present study relates to sequence learning 516 

rather than motor performance per se. Second, we cannot exclude that patients might have 517 

reached similar performance levels as HC with more extensive training. This issue has to be 518 

addressed in future studies using more sequence repetitions. Third, studies suggest that 519 

Parkinson’s disease patients may have difficulties in exploring optimal task solutions and 520 

maintaining appropriate mental effort and motivation, especially in complex tasks (Schneider, 521 

2007; Vakil et al., 2014). We did not assess motivational aspects during participation, which 522 

makes it difficult to rule out such influences on our results. However, patients tended to perform 523 

better on a visuospatial short-term memory task than HC suggesting that motivational factors 524 

seem to play a minor role.  525 

Conclusion 526 

Both motor sequence acquisition and susceptibility to interference seem to be altered in 527 

Parkinson’s disease. In healthy adults, reduced susceptibility to interference relies on successful 528 

acquisition of a motor sequence. Furthermore, the MEG data (indirectly) supports the 529 

significance of beta oscillations for sequence acquisition and theta oscillations for susceptibility 530 

to interference in healthy aging. In contrast, in Parkinson’s disease, acquisition and susceptibility 531 

to interference seem to be distinct processes. This was further supported by the finding that beta 532 

power suppression may be beneficial for reduced susceptibility to interference rather than 533 

acquisition of a motor sequence.  534 

 535 
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 758 

Figure legends 759 

Fig. 1: Overview of the task design. (A) Sequence of events in two exemplary SRTT trials. The 760 

response keys of the response box were spatially mapped to four bars presented on the back 761 

projection screen. Subjects were instructed to press the corresponding button as soon as one of 762 

the bars changed from dark to light blue. The interval between the correct response and the next 763 

trial was set to 2 s. (B) SRTT procedure. Neuromagnetic brain activity was recorded during the 764 

entire task. During Random, ten sequences of eight randomly varying trials were presented. To 765 

enable acquisition of a motor sequence, an 8-item sequence was presented 15 times (training on 766 
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the task). The end of acquisition (EoA) comprised ten repetitions of the sequence. For the 767 

assessment of susceptibility to interference, ten sequences of eight randomly varying trials were 768 

presented (Interference) and followed by ten repetitions of the introduced sequence (SIn).  769 

Fig. 2: Behavioral results. (A) Mean RTs of the blocks of interest in patients and HC. 770 

Percentage RT gains in HC and patients from (B) Random to EoA reflecting sequence acquisition 771 

and from (C) Interference to SIn reflecting susceptibility to interference. Note that greater RT 772 

improvement from Interference to SIn reflects less susceptibility to interference. Correlation 773 

between percentage gains in RT from Random to EoA and percentage gains in RT from 774 

Interference to SIn in (D) patients and (E) HC. The data indicate that these two measures are 775 

significantly associated in HC but not in patients. Error bars indicate standard error of the mean 776 

(SEM); *** p < .001; ** p < .01 * p < .05; (*) p = .06; ns = not significant; End of Acquisition 777 

(EoA); Interference (Int); sequence trials after interference (SIn). 778 

Fig. 3: Oscillatory activity in the lower frequency bands during Random. Sensor plot of 102 779 

combined planar gradiometers showing time-frequency representations of power (4-30 Hz); 780 

expressed as relative change to baseline averaged across (A) HC and (B) patients during Random. 781 

The inserts indicate the spectral power averaged across the channel selection covering S1/M1 in 782 

HC and patients. Warm colors indicate an increase, cold colors a decrease in power. Button press 783 

was at 0 s. Color bar placed at the far left applies to all plots. Source reconstruction of the (C) 784 

beta and (D) alpha power modulation, measured from maximal rebound to maximal suppression 785 

averaged over each group (left panel: HC, right panel: patients) projected onto the MNI template 786 

brain.  787 

Fig. 4: Results of statistical group comparisons during Random. Results of the cluster-based 788 

permutation tests (HC vs. patients) comparing oscillatory activity averaged across the (A) beta 789 

and (B) alpha frequency bands during Random. Clusters that show a difference between groups 790 

(p < .05) are indicated by white circles. Warm colors indicate stronger decrease, cold colors 791 

stronger increase in power in patients than in HC. Color bars placed at the far right apply to all 792 

cluster plots. 793 

Fig. 5: Oscillatory activity over the course of the SRTT. Time-frequency representations of 794 

power for the contrasts of interest (A) EoA vs. Random and (C) SIn vs. Random averaged across 795 

the S1/M1 channel selection in HC (left) and patients (right). Cold colors indicate stronger 796 
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decrease in power during EoA/SIn than Random. Warm colors indicate stronger increase in power 797 

during EoA/SIn than Random. Button press was at 0 s. Color bar placed at the right applies to HC 798 

and patients. Results of the statistical analyses (HC vs. patients) for the contrasts of interest (B) 799 

EoA vs. Random averaged across the beta band (13-30 Hz) including all channels (top) and the 800 

S1/M1 channel selection (bottom) and for (D) SIn vs. Random averaged across the theta band (4-801 

7 Hz) for the S1/M1 channel selection. Clusters that show a difference between groups (p < .05) 802 

are indicated by white circles. White Xs indicate clusters with p = .06. Cold colors indicate less 803 

decrease (in B) and warm colors less increase in power (in D) from Random to EoA or SIn in the 804 

respective frequency bands in patients than in HC. Color bars placed at the far right apply to all 805 

cluster plots. Please note that the cluster in (B) for all channels was most pronounced between t = 806 

-0.45 to -0.25 s. For illustrative reasons, we kept the displayed time window equal for the top and 807 

bottom row.  808 

Fig. 6: Correlations between oscillatory activity during Random and behavioral/clinical 809 

data. (A) Theta power during Random is significantly correlated with symptom severity (MDS-810 

UPDRS III scores) in patients. (B) Correlation between Random RTs and beta power in patients. 811 

Please note that we found similar results for alpha as for beta frequencies in patients. However, 812 

only results for the beta band are shown here. Warm colors indicate a positive correlation, cold 813 

colors a negative correlation. Clusters that show a correlation (p < .05) are indicated by white 814 

circles. The color bar placed at the far right applies to all plots. For illustrative reasons, only a 815 

selection of time points is shown. 816 

Fig. 7: Correlations between oscillatory activity over the course of the SRTT and RT gains. 817 

Oscillatory beta activity (EoA vs. Random; SIn vs. Random) was significantly correlated with (A) 818 

RT gains from Random to EoA, thus with acquisition of the sequence and with (B) RT gains from 819 

Interference to SIn, thus with susceptibility to interference in patients. (C) Correlation between 820 

oscillatory theta activity (EoA vs. Random) and RT gains from Interference to SIn (susceptibility 821 

to interference) in HC. Warm colors indicate positive, cold colors negative correlations. Clusters 822 

that show a correlation (p < .05) are indicated by white circles. Color bar applies to all plots. For 823 

the interpretation of the results, it is important to highlight that larger RT gains from Random to 824 

EoA reflect better acquisition. Larger RT gains from Interference to SIn indicate less 825 

susceptibility to interference. Please note that for illustrative reasons, not all time points are 826 

shown.  827 



  

 

Demographics and screening measures are presented as group means (standard deviation (SD)). MDRS = Mattis Dementia Rating Scale; BDI-

II = German version of the Beck Depression Inventory; LED = levodopa equivalent dose; MDS-UPDRS III = Movement Disorder Society-

Sponsored Revision of the Unified Parkinson’s Disease Rating Scale motor score on medication. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Characteristics of Parkinson’s disease patients and healthy controls 
Demographics and cognitive and affective screening measures            

Group 
  

n 
 

Gender 
(male/female) 

Age 
 

Years of 
Education 

MDRS 
 

BDI-II 
 

Digit Span 
 

Block-Tapping- 
Test 

Patients 20 9/11 52.85 (± 6.88) 14.68 (± 2.82) 141.90 (± 1.48) 7.21 (± 4.48) 8.45 (± 1.70) 5.45 (± 0.70) 
Controls 20 9/11 54.05 (± 7.71) 16.25 (± 4.08) 142.55 (± 1.23) 2.50 (± 4.08) 8.50 (± 2.01) 5.05 (± 0.69) 

Clinical characteristics of patients 
Side of Impairment  
(right/left) 

Disease Duration 
(months)  

Daily LED (mg)  
 

MDS-UPDRS III    
 

10/10 66.85 (± 36.40) 550.81 (± 265.03) 20.85 (± 6.30) 
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Figure 1 

Meissner et al.  
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5  
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h i g h l i g h t s

• STN-DBS improves active feedback learning in PD patients.
• In the absence of trial-by-trial feedback, more impaired patients benefit from DBS.
• STN-DBS tends to improve observational feedback learning.
• STN-DBS might similarly affect active and observational feedback learning.
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a b s t r a c t

Deep brain stimulation (DBS) of the subthalamic nucleus (STN) provides an effective treatment for Parkin-
son’s disease (PD) motor symptoms. However, findings of effects on cognitive function such as feedback
learning remain controversial and rare. The aim of the present study was to gain a better understanding
of cognitive alterations associated with STN-DBS. Therefore, we investigated effects of STN-DBS on active
and observational feedback learning in PD. 18 PD patients with STN-DBS and 18 matched healthy controls
completed active and observational feedback learning tasks. Patients were investigated ON and OFF STN-
DBS. Tasks consisted of learning (with feedback) and test phases (without feedback). STN-DBS improved
active learning during feedback trials and PD patients ON (but not OFF) STN-DBS showed comparable
performance patterns as healthy controls. No STN-DBS effect was found when assessing performance
during active test trials without feedback. In this case, however, STN-DBS effects were found to depend
on symptom severity. While more impaired patients benefited from STN-DBS, stimulation had no facili-
tating effect on patients with less severe symptoms. Along similar lines, the severity of motor symptoms
tended to be significantly correlated with differences in active test performance due to STN-DBS. For
observational feedback learning, there was a tendency for a positive STN-DBS effect with patients reach-
ing the performance level of healthy controls only ON STN-DBS. The present data suggest that STN-DBS
facilitates active feedback learning in PD patients. Furthermore, they provide first evidence that STN-DBS
might not only affect learning from own but also from observed actions and outcomes.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Decisions about how to respond optimally in daily life are
often guided by learning from consequences of chosen actions.
As revealed by functional neuroimaging in humans, learning pro-
cesses underlying adaptation to the environment by linking events,

∗ Corresponding author.
E-mail address: sarah.meissner@med.uni-duesseldorf.de (S.N. Meissner).

actions and their consequences (e.g., positive/negative feedback)
appear to involve dopaminergic midbrain structures as well as
dopaminergic projection sites in the frontal cortex and dorsal and
ventral striatum [1,2]. Single cell recordings in monkeys [3,4] as
well as microelectrode recordings in PD patients undergoing deep
brain stimulation (DBS) surgery [5] indeed showed that midbrain
dopamine (DA) neurons code the discrepancy between expected
and actual reward, suggesting a link between DA activity and
feedback-based learning. Another fruitful line of feedback learn-
ing research has focused on patients diagnosed with PD, as the

http://dx.doi.org/10.1016/j.bbr.2016.06.062
0166-4328/© 2016 Elsevier B.V. All rights reserved.
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core, although not exclusive, pathology underlying this progres-
sive neurodegenerative disease is the loss of dopaminergic neurons
in the substantia nigra and DA depletion in striatal brain areas
[6,7]. Although the clinical diagnosis of PD relies on the presence
of cardinal motor symptoms such as bradykinesia, resting tremor,
and rigidity, PD patients often exhibit also cognitive impairment
across a wide range of functions [8,9]. With regard to feedback
learning specifically, some studies indeed revealed impairments
in PD patients, supporting the assumption that cortico-striatal cir-
cuits are involved in these learning processes [10,11]. Interestingly,
when addressing effects of dopaminergic medication, learning
deficits were often seen in patients ON but not OFF medication
[12,13].

When PD motor symptoms cannot be adequately controlled
with medication anymore, DBS of the subthalamic nucleus (STN)
is a highly effective treatment [14]. However, influences of STN-
DBS on cognitive function in general and feedback learning in
particular are controversial [15–20]. As cognitive function in PD
has been shown to have a substantial impact on quality of life
[21], it is important to gain a better understanding of cognitive
alterations associated with STN-DBS though. To date, only a few
studies have investigated effects of STN-DBS on feedback learning
in PD patients [18–20]. Frank and colleagues [18] found speeded
responses in PD patients ON STN-DBS when confronted with deci-
sion conflict and interpreted this result as evidence that STN-DBS
causes impulsive responding during high-conflict situations. But,
the authors did not report STN-DBS effects on overall learning
performance [18]. By contrast, van Wouwe et al. [19] compared
accuracy values during feedback learning tasks in PD patients ON
and OFF STN-DBS and reported facilitative effects of STN-DBS on
learning, possibly due to a beneficial effect of STN-DBS on the
dorsal striatum. However, the study did not entail the testing
of healthy controls and could thus not make assertions about a
potential learning impairment in PD patients relative to a healthy
population. Another recent study assessed learning in a feedback-
based classification task (weather prediction task) and did not
observe significant STN-DBS effects on overall learning perfor-
mance in PD patients [20]. But, when the complex cue structure
was taken into account, there was evidence for better learning
from feedback ON as compared to OFF STN-DBS during implicit
(but not explicit) learning. These studies applied feedback-based
paradigms that require to link own actions with action outcomes.
However, feedback learning can also occur through observation
of others by linking outcomes to actions of another person [22].
Neuroimaging studies addressing mechanisms of observational
feedback learning suggest that – compared to active learning –
dorsal parts of the striatum are less strongly involved [1,23]. Fur-
ther evidence comes from a recent study reporting a negative
learning bias for active but not observational feedback learning
in PD patients OFF medication, probably due to the stronger DA
depletion in the dorsal than ventral striatum in early PD [24].
Whether STN-DBS affects observational feedback learning has not
been investigated.

Although there are first indications of enhanced active feedback
learning in PD patients ON as compared to OFF STN-DBS due to
a suggested modulatory effect of STN-DBS on the dorsal striatum
[19], findings concerning effects of STN-DBS on feedback learning
are still inconsistent [18–20]. In the light of these inconsistencies,
the present study used a standard feedback learning task in PD
patients ON and OFF STN-DBS and compared the patients’ perfor-
mance with the performance of healthy controls (HC). Furthermore,
an observational variant of the task was applied which is suggested
to involve the dorsal striatum to a lesser extent than the active vari-
ant. We assume that STN-DBS may improve feedback learning in PD
patients, particularly for active learning.

2. Material and methods

2.1. Ethics statement

The local ethics committee approved the study (study no. 2849),
which conforms to the Declaration of Helsinki.

2.2. Participants

Nineteen patients with idiopathic PD (10 akinetic-rigid, 9
mixed-type) and chronic bilateral STN-DBS as well as 18 HC partic-
ipated in the study. Due to severe motor symptoms OFF STN-DBS,
one patient was not able to complete the study, leaving the final
NPD = 18. PD patients, whose diagnosis was based upon the UK
Parkinson’s Disease Society Brain Bank Criteria [25], were recruited
and tested at the Movement Disorder Center of the University Hos-
pital Duesseldorf between August 2014 and April 2015.

Exclusion criteria were: dementia (Mattis Dementia Rating scale
(MDRS; [26]) score ≤ 130), history of neurological disease other
than PD, clinically relevant depressive symptoms (Beck Depression
Inventory (BDI-II; [27]) score ≥ 18) or history of other psychi-
atric disorder, additional regular medication affecting the central
nervous system, and tremor-dominant PD. The implantation of
electrodes was carried out at the Department of Functional Neuro-
surgery and Stereotaxy of the University Hospital Duesseldorf. The
surgical procedure has been described in more detail previously
[28]. The DBS electrode placement of each patient was con-
firmed by stereotactic postsurgical computer tomography. Patients
remained on their regular dopaminergic medication during the
study with a mean daily levodopa equivalent dose (LED; [29]) of
715.96 ± 349.30 mg and were tested at a minimum of 3 months of
STN-DBS treatment.

For each PD patient, an age- and gender-matched HC was
recruited and tested. PD patients and HC did not differ signif-
icantly with respect to age, years of education, visual spatial
(Block-Tapping-Test; [30]) and verbal short-term memory (Digit
span; [31]), scores on the BDI-II, and the MDRS (all p > 0.10). All
participants had normal or corrected-to-normal vision and were
right-handed as determined by the Edinburgh Handedness Inven-
tory [32]. Characteristics of patients and HC are shown in Table 1.

Patients and HC participated voluntarily and provided written
informed consent prior to the study.

2.3. Learning tasks

All participants performed active and observational feedback
learning tasks modified from a previously described task [33,34].
The observational variant, developed by Bellebaum and Colosio
[35], was adjusted to closely match active learning. Both the
active and observational task comprised three learning phases.
Each of the three learning phases was immediately followed
by a test phase. In both tasks, participants had to acquire
stimulus–response–outcome associations in order to adjust their
behavior. Stimulus presentation and response recording (correct
responses, misses as well as reaction times) were controlled by
Presentation® software (Neurobehavioral Systems, Inc.; http://
www.neurobs.com).

2.3.1. Active learning from feedback
During learning phases, each trial began with the presentation

of a fixation cross followed by the randomized presentation of one
of six abstract Asian symbols (labelled A–F; ten trials per symbol
yielding 60 trials in total per phase) in the center of a 17-inch screen
of a laptop (Acer, Taipei, Taiwan). Together with the symbol, two
red boxes were displayed at the bottom left and right portions of
the screen, representing two response options. Participants then

http://www.neurobs.com
http://www.neurobs.com
http://www.neurobs.com
http://www.neurobs.com
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Table 1
Characteristics of PD patients and healthy controls (HC).

Demographics and cognitive and affective screening measures

Group n Gender (female) Age Years of Education MDRS BDI-II Digit Span Block-Tapping-Test

PD 18 8 58.83 (±6.76) 16.06 (±4.77) 141.50 (±1.58) 6.39 (±4.93) 7.61 (±1.88) 4.67 (±0.91)
HC 18 8 58.61 (±6.70) 15.89 (±3.50) 141.78 (±2.04) 3.83 (±4.30) 8.11 (±2.08) 4.72 (±1.07)

Clinical characteristics of PD patients

DBS parameters – left/right STN

PD Patient HY Disease
Duration
(years)

DBS
Duration
(months)

Daily LED
(mg) before
surgerya

Daily LED (mg)
at testing

UPDRS
DBS-ON

UPDRS
DBS-OFF

DBS-System
(Electrode
Model)

Amplitude Pulse Width
(�s)

Rate (Hz)

1 3 7 21 946.50 1213.00 23 47 MDT Activa® PC (3389) 2.8 V/1.7 V 60/60 125/125
2 3 9 3 1189.50 674.00 21 33 MDT Activa® PC (3389) 2.4 mA/2.4 mA 60/60 130/130
3 3 22 48 985.50 672.75 17 43 MDT Activa® RC (3389) 3.5 V/3.6 V 60/60 130/130
4 3 3 12 400.00 100.00 7 19 BSC VerciseTM 2.9 mA/2.9 mA 60/60 130/130
5 3–4 20 24 1188.75 482.75 22 34 MDT Activa® PC (3389) 2.2 V/2.8 V 60/60 130/130
6 3 17 60 870.50 985.75 22 58 MDT Kinetra® (3389) 3.6 V/3.8 V 60/60 130/130
7 2 12 18 958.75 928.50 24 40 BSC VerciseTM 2.4 mA/3.0 mA 30/30 130/130
8 2.5 13 60 1603.50 398.75 19 45 MDT Activa® PC (3389) 4.9 V/3.9 V 60/60 150/150
9 2 10 16 1057.00 714.25 10 23 MDT Activa® PC (3389) 2.5 V/2.6 V 60/60 130/130
10 2.5 8 7 678.75 500.00 28 45 BSC VerciseTM 2.5 mA/2.5 mA 60/60 130/130
11 3 26 35 1856.00 555.00 21 52 MDT Activa® PC (3389) 2.4 V/2.8 V 60/60 130/130
12 1 8 3 960.00 742.00 20 33 BSC VerciseTM 2.6 mA/2.2 mA 60/60 130/119
13 1 7 16 872.00 400.00 14 24 MDT Activa® RC (3389) 1.4 V/1.4 V 60/60 130/130
14 3 13 34 1189.00 1210.00 34 43 MDT Activa® PC (3389) 1.7 V/1.6 V 60/60 130/130
15 3 21 21 640.00 970.00 26 35 MDT Activa® PC (3389) 3.5 V/3.1 V 60/60 130/130
16 2 14 18 1587.50 490.50 15 33 BSC VerciseTM 1.9 mA/1.9 mA 60/60 130/130
17 2.5 11 23 1520.00 1450.00 24 34 MDT Activa® PC (3389) 3.0 V/2.4 V 60/60 130/130
18 2.5 7 13 1205.00 400.00 19 31 BSC VerciseTM 1.8 mA/1.8 mA 60/60 130/130

Mean (SD) 12.67 (±6.26) 24.00 (±17.23) 1095.86 (±370.19) 715.96 (±349.30) 20.33 (±6.35) 37.33 (±10.20)

Demographics and screening measures are presented as group means (standard deviation (SD)). MDRS = Mattis Dementia Rating Scale; BDI-II = German version of the Beck Depression Inventory; HY = Hoehn & Yahr Scale.
LED = levodopa equivalent dose; UPDRS DBS-ON = Movement Disorder Society-Sponsored Revision of the Unified Parkinson’s Disease Rating Scale motor score ON STN-DBS/ON medication; UPDRS DBS-OFF = Movement Disorder
Society-Sponsored Revision of the UPDRS motor score OFF STN-DBS/ON medication; MDT = Medtronic (Medtronic Inc., Minneapolis, MN, USA); BSC = Boston Scientific (Boston Scientific. Corporation, Marlborough, MA, USA).

a LED at the last check-up before surgery.
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Fig. 1. Overview of the experimental procedure. (A) Sequence of events in one exemplary active (upper part) and observational learning trial (lower part). The central fixation
cross which was followed by the presentation of one of six abstract Asian symbols was presented for a randomly varied duration to promote attentive performance. Note
that active and observational test trials were similar to active learning trials with the exception that no feedback was provided. (B) Overview of the experimental procedure.
Motor function as well as active and observational feedback learning was assessed ON and OFF STN-DBS. MDRS = Mattis Dementia Rating Scale; BDI-II = German version
of the Beck Depression Inventory; MDS-UPDRS part III = motor part of the Movement Disorder Society-Sponsored Revision of the Unified Parkinson’s Disease Rating Scale;
STN = subthalamic nucleus; DBS = deep brain stimulation.

had to respond to the presented symbol with a right or left button
press (CTRL-keys on the keyboard) using their right or left index
finger. Trials with response times > 2500 ms were coded as ‘miss’,
and participants were visually instructed to respond faster. If the
response occurred in time, the selected response was indicated by
a change in color of the corresponding box on the screen from red
to green. After each response, participants received either positive
(green check mark) or negative (red cross mark) feedback. Stimulus
timing in active learning trials is depicted in Fig. 1A.

For symbols A (left button correct) and B (right button correct),
feedback was deterministic with valid feedback (either positive or
negative depending on the selected response button) in 100% of
the trials. Feedback following the responses to symbols C (left but-
ton correct), D (right button correct), E (left button correct) and F
(right button correct) was probabilistic: Only 80% (symbols C and
D) or 60% (symbols E and F) of the responses in these trials were
followed by valid feedback. Responses in remaining trials were fol-
lowed by invalid feedback. The different conditions will be referred
to as 100%, 80%, and 60% contingency conditions. Since symbol-
response-outcome associations were unknown to the participants,
they had to learn by trial and error.

During test phases, the same symbols as during learning phases
were presented (60 trials in total per phase). However, no feedback
was provided.

2.3.2. Observational learning from feedback
The observational learning task involved the same stimuli and

contingency conditions as the active learning task and differed from
the active task only with regard to the learning phases: During
observational learning trials (60 trials in total per phase), partici-
pants did not select the response to presented symbols themselves
but observed responses and accompanying outcomes of another
participant. For this purpose, performance patterns of actively
learning subjects were recorded and used as templates for the
observational learning task. Unknown to observers, one half of
patients and HC observed the responses of patients, while the other
half observed the responses of HC. The first patient observed the
own responses. Each observed response was indicated by a picture
of a hand below the selected response button as well as a change
in color of the corresponding box on the screen from red to green
(Fig. 1A). To see the corresponding positive or negative feedback,
participants were instructed to confirm responses within 2000 ms
by pressing the left or right CTRL-key with the left or right index
finger, respectively. Responses outside of this time window were
coded as ‘miss’, no feedback appeared and participants were asked
to respond faster. If the wrong button was pressed, participants
were prompted to respond correctly.
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Observational learning was assessed during test phases without
feedback, which were identical to the test phases used in the active
variant of the task and thus consisted of 60 trials per phase as well.

2.4. Testing procedure

Patients and HC completed two parallel versions of each task
on the same day. Patients, remaining on their regular dopaminer-
gic medication, performed both tasks ON and OFF STN-DBS with
a 30 min delay between tasks. Although longer delays would have
been desirable regarding clinical effects, this was not acceptable for
ethical reasons.

The order of STN-DBS status (ON vs. OFF) and tasks (active
vs. observational) was counterbalanced and randomly determined
among patients. Since all participants performed each learning task
twice, four different versions of the task were used, each with a
different set of symbols. The assignment of stimulus set to task
and STN-DBS status was counterbalanced across patients. Each HC
performed the tasks in exactly the same order as his/her matched
patient. Prior to learning tasks, participants completed cognitive
and affective screening measures (see Subsection 2.2) including
verbal and visual short-term memory tasks to ensure that potential
differences between patients and HC in feedback learning are not
caused by deficits in short-term memory. To assess motor function
in patients ON and OFF STN-DBS, the motor part of the Movement
Disorder Society-Sponsored Revision of the Unified Parkinson’s
Disease Rating Scale (MDS-UPDRS III; [36]) was administered and
videotaped (for MDS-UPDRS III scores see Table 1). Before starting
the experimental phase of the learning tasks, participants per-
formed eight practice trials and were instructed to pay attention
to stimuli, responses and associated feedback to maximize the
number of correct responses. For an overview of the experimental
procedure see Fig. 1B.

2.5. Data analysis

Learning performance was quantified as percentage of correct
responses in learning (active) and test phases (active and observa-
tional). For each participant, percentages of correct responses were
measured and analyzed separately for each task, stimulation condi-
tion and learning/test phase. Since there was no effect of response
side in preliminary analyses, data were pooled across hands for
further analyses.

2.6. Statistical analyses

Statistical analyses were performed separately for active learn-
ing, active and observational test trials using IBM SPSS 22 (IBM
Corporation, Armonk, NY, USA). First, Gaussian distribution of data
was checked by means of Shapiro-Wilk tests revealing no evidence
of significant deviations from Gaussian distribution. To investigate
effects of STN-DBS on learning, mixed-design analysis of variance
(ANOVA) on the percentage of correct responses in active learn-
ing trials with stimulation (ON vs. OFF), learning phase (1 vs. 2
vs. 3) and feedback contingency (100% vs. 80% vs. 60) as within-
subjects factors and group (HC vs. PD) as between-subjects factor
was conducted. Although HC did not receive STN-DBS, their data
was analyzed accordingly to parallel the stimulation order of the
matched patient [37]. The same analysis strategy was applied for
active and observational test trials. In case of violations of spheric-
ity assumptions, the Greenhouse-Geisser correction was applied.
To resolve interactions, post hoc tests were calculated by means of
two-tailed t-tests.

To estimate possible effects of symptom severity, patients were
divided into groups with rather mild (n = 9; 5 akinetic-rigid) vs.
severe symptoms (n = 9; 4 akinetic-rigid) based on a median split

on MDS-UPDRS III scores (OFF STN-DBS; m = 34.5). Mixed-design
ANOVAs involving symptom severity (low UPDRS score vs. high
UPDRS score) as between-subjects factor and the within-subjects
factors outlined above were conducted for active learning, active
and observational test trials. Due to the small sample size of sub-
groups, these ANOVAs have to be considered as exploratory. To
further elucidate possible associations between symptom sever-
ity and feedback learning performance, we calculated additional
Pearson’s correlation coefficients. To this end, learning and test
performance difference scores (percentage of correct responses
STN-DBS ON – percentage of correct responses STN-DBS OFF;
pooled for all phases and contingencies) for active learning, active
test and observational test phases were computed for each par-
ticipant and correlated with individual MDS-UPDRS III scores OFF
STN-DBS. Bonferroni corrections for multiple comparisons were
applied.

3. Results

Only main effects or interactions involving the factors stimula-
tion and/or group are reported.

3.1. Active learning trials with feedback

Mixed-design ANOVA with stimulation (ON vs. OFF), learning
phase (1 vs. 2 vs. 3), feedback contingency (100% vs. 80% vs. 60%)
and group (PD vs. HC) as factors revealed a trend towards poorer
overall performance in patients (F[1,34] = 3.51; p = 0.07). The stimu-
lation by group interaction was significant (F[1,34] = 4.36; p < 0.05).
Post hoc t-tests revealed that while patients ON STN-DBS did not dif-
fer significantly from HC (p > 0.40), OFF STN-DBS they performed
significantly worse than HC (t(34) = 2.52; p < 0.05). Additionally,
learning performance was significantly better ON as compared to
OFF STN-DBS in patients (t(17) = 2.19; p < 0.05) whereas in HC no
significant difference between measurements was found (p > 0.30;
Fig. 2A). No other main effect or interaction involving the factors
stimulation and/or group reached significance (all p > 0.10). Active
learning performance (ON and OFF STN-DBS) for patients and HC
for each phase and contingency condition is depicted in Supple-
mentary Fig. S1A and S1B.

3.2. Active test trials without feedback

Mixed-design ANOVA did not yield significant main effects
and interactions involving the factors group and/or stimulation (all
p > 0.10), indicating no significant difference in overall accuracy
between HC and patients regardless of STN-DBS status (Fig. 2B).

Performance accuracy in active test trials (ON and OFF STN-DBS)
for patients and HC for each phase and contingency condition is
depicted in Supplementary Fig. S1C and S1D.

3.3. Observational test trials without feedback

Mixed-design ANOVA did not yield a significant main effect
for group (p > 0.10). However, the stimulation by group interac-
tion approached significance (F[1,34] = 3.30; p = 0.07). In order to see
whether the overall pattern of findings was similar to that observed
in active learning trials, we decided to further explore this effect,
although we realize that the interaction only approached signifi-
cance. We therefore conducted post hoc tests which revealed that,
similar to active learning, patients OFF STN-DBS showed poorer
performance than HC (t(34) = 2.32; p < 0.05), whereas ON STN-DBS,
they reached a performance level comparable to HC (p > 0.40; see
Fig. 2C). No other main effect or interaction involving stimulation
and/or group reached significance (all p > 0.10).
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Fig. 2. Learning and test phase performance for active and observational learning tasks. Mean percentage of correct responses in patients (ON vs. OFF STN-DBS) and HC in
active learning (A), active test (B), and observational test trials (C). Error bars indicate standard error of the mean (SEM);*p < 0.05; (*)p = 0.07.

Performance accuracy in observational test trials (ON and OFF
STN-DBS) for patients and HC for each phase and contingency con-
dition is depicted in Supplementary Fig. S1E and S1F.

3.4. Relation between symptom severity and feedback learning

Analyses for active learning and observational test performance
failed to yield significant main effects or interactions involving
the factor symptom severity. Therefore, the following results relate
to active test trials only. Although there was no significant main
effect of symptom severity (p > 0.38), a significant symptom sever-
ity by stimulation interaction emerged (F[1,16] = 4.70; p < 0.05). Post
hoc paired t-tests revealed that more severely impaired patients
performed better during active test trials ON as compared to OFF
STN-DBS (t(8) = 2.32; p < 0.05). In patients with less severe symp-
toms this comparison was not significant (p > 0.10; see Fig. 3A).
To rule out potential confounding effects of disease duration
or dopaminergic medication, we compared PD subgroups with
respect to LED and disease duration but found no significant dif-
ferences (p > 0.14).

Along similar lines, additional correlational analyses revealed
that MDS-UPDRS III scores OFF STN-DBS tended to be positively
correlated with active test performance difference scores (STN-DBS
ON – STN-DBS OFF; r = 0.53; p = 0.06; Fig. 3B). This further suggests
that the severity of motor symptoms is associated with the amount
of improvement (or worsening as indicated by negative difference
scores) on active test trials due to STN-DBS. All other correlations
failed to reach significance (all p > 0.73).

3.5. Basic motor performance and its relation to feedback
learning performance

To exclude the possibility that motor improvement due to STN-
DBS contributed to the observed differences in feedback learning
performance, we performed additional analyses on reaction times
as well as number of misses which were recorded throughout
the learning tasks. In a first step, reaction times were averaged
across phases and contingency conditions for each stimulation
condition for active learning as well as for active and observa-
tional test phases in each participant. Additionally, we calculated
the number of misses for each stimulation condition for active
learning and active and observational test phases. Mixed-design
ANOVAs on mean reaction times and number of misses were
conducted for active learning and active and observational test
phases with stimulation (ON vs. OFF) and group (PD vs. HC) as
factors. With regard to reaction times, analyses did not yield sig-
nificant main effects or interactions involving the factors group
and/or stimulation (mean reaction times in ms ± SEM, ON STN-DBS:
active learning trials in HC: 753.64 ± 28.84; PD: 774.68 ± 26.85;
active test trials in HC: 747.85 ± 22.41; PD: 747.53 ± 28.05; obser-
vational test trials in HC: 761.28 ± 29.57; PD: 783.20 ± 38.70; all
p > 0.08; OFF STN-DBS: active learning trials in HC: 747.36 ± 30.49;
PD: 782.46 ± 31.12; active test trials in HC: 726.86 ± 22.03; PD:
775.00 ± 37.00; observational test trials in HC: 778.09 ± 32.02; PD:
820.22 ± 33.37; all p > 0.08), indicating no significant difference
in reaction times between HC and patients regardless of STN-
DBS status. Analyses on number of misses revealed a significant
main effect for group for active learning (F[1,34] = 7.33; p < 0.05) as
well as for active (F[1,34] = 5.74; p < 0.05) and observational test tri-
als (F[1,34] = 7.27; p < 0.05) with HC showing less misses than PD
patients (mean ± SEM: active learning trials in HC: 0.58 ± 0.24; PD:
3.06 ± 0.88; active test trials in HC: 0.61 ± 0.33; PD: 2.39 ± 0.66;



94 S.N. Meissner et al. / Behavioural Brain Research 313 (2016) 88–96

Fig. 3. Symptom severity and its relation to active feedback learning. (A) Mean percentage of correct responses in patients with rather mild vs. severe symptoms (STN-DBS
ON and OFF) in active test trials. (B) Correlation between active test performance differences (percentage of correct responses STN-DBS ON – percentage of correct responses
STN-DBS OFF; pooled for all phases and contingencies) and symptom severity indicated by MDS-UPDRS III scores OFF STN-DBS in PD patients. Error bars indicate SEM;
*p < 0.05.

observational test trials in HC: 1.28 ± 0.33; PD: 4.33 ± 1.08). How-
ever, there was no significant effect involving the factor stimulation,
neither for active learning nor for active and observational test trials
(all p > 0.18).

To further examine whether changes in motor performance on
the MDS-UPDRS III due to the manipulation of STN-DBS are asso-
ciated with changes in learning task performance, we calculated
additional MDS-UPDRS III difference scores (STN-DBS OFF – STN-
DBS ON) and correlated these scores with active learning as well as
active and observational test performance difference scores (per-
centage of correct responses STN-DBS ON – percentage of correct
responses STN-DBS OFF) by calculating Pearson’s correlation coef-
ficients. We found no significant correlations between changes in
motor performance and changes in learning/test performance due
to STN-DBS, neither for the active nor for the observational task (all
p > 0.60).

4. Discussion

Although improvement of PD motor symptoms by means of
STN-DBS is well established, the effect on cognitive abilities includ-
ing feedback learning is controversial [15,17–20,38]. To achieve a
clearer understanding of cognitive alterations associated with STN-
DBS, the present study investigated STN-DBS effects on active and
observational feedback learning by examining PD patients ON and
OFF STN-DBS and comparing their performance with that of HC.
Supporting our hypothesis, we found a facilitating effect of STN-
DBS on active learning in PD patients. In active test trials without
feedback, a similar STN-DBS effect was found for more impaired
patients. They benefited from STN-DBS and showed improved task
performance, while STN-DBS had no facilitating effect on patients
with less severe symptoms. Along similar lines, the severity of
motor symptoms tended to be significantly correlated with differ-
ences in active test performance due to STN-DBS. For observational
feedback learning, the data may hint at a facilitating effect of STN-
DBS on task performance.

4.1. Effects of STN-DBS on active feedback learning

The present data suggest a facilitating effect of STN-DBS on
active feedback learning in PD, replicating data from van Wouwe
and colleagues [19] who further suggested that this facilitation
might be associated with a beneficial effect of STN-DBS on the dor-
sal striatum. The present findings extend these results by showing

that PD patients OFF STN-DBS exhibited poorer learning perfor-
mance than HC, whereas ON STN-DBS they achieved the same
performance level as HC. This might suggest that STN-DBS helps
to reach “normal” levels of dorsal striatum function, at least for
the purpose of feedback-based learning and for the patients with
clinical characteristics as those in the present study. Wilkinson
and colleagues [20] failed to find improved overall learning perfor-
mance in PD patients treated with STN-DBS. However, they applied
the weather prediction task. Although this task is also based on
feedback processing, it involves a stimulus structure that is more
complex than the one used in the present study. Thus, crucial dif-
ferences in task design make the comparison of results difficult.

In contrast to learning trials with feedback, we found no STN-
DBS effect on active test trials without feedback, suggesting that
STN-DBS may affect the ability to learn and to apply what has been
learned differently. Interestingly, in the context of feedback learn-
ing, partially distinct roles of the striatum and DA for the learning
process itself and for the application of the learned associations
in the sense of selection of previously rewarded responses have
been proposed [39], which might provide an explanation why the
result patterns for learning and test trials were not exactly identical.
Furthermore, additional analyses indicated that effects of STN-DBS
on test performance varied with symptom severity. Whereas more
impaired patients benefited from STN-DBS with regard to perfor-
mance level – and thereby showed a comparable pattern as in trials
with feedback – less impaired patients did not improve ON STN-
DBS. These results are further supported and even extended by
correlational analyses which revealed that the difference in active
test performance between STN-DBS states (STN-DBS ON – STN-
DBS OFF) tended to be significantly correlated with MDS-UPDRS III
scores OFF STN-DBS. This suggests that with increasing symptom
severity, PD patients showed increasingly better task performance
ON relative to OFF STN-DBS (and vice versa as indicated by negative
difference scores in some of the less impaired PD patients). We real-
ize that these analyses – especially with regard to median split data
– have to be interpreted with caution due to the small sample size.
Nevertheless, we deem these results as worth reporting, especially
as associations between motor symptoms and feedback learning
in PD patients with STN-DBS have been reported previously [20].
A systematic investigation of these modulatory influences and
underlying mechanisms in larger samples is needed to disentan-
gle STN-DBS treatment effects on cognitive function in general and
feedback learning in particular.
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4.2. Effects of STN-DBS on observational feedback learning

To our knowledge, this is the first study investigating STN-DBS
effects on observational feedback learning. We realize that the
interaction between stimulation and group in the present study
only approached significance. Nevertheless, we decided to conduct
exploratory post hoc tests to further disentangle whether this inter-
action was driven by similar tendencies as observed during active
learning. Post hoc t-tests indeed revealed that PD patients ON (but
not OFF STN-DBS) reached the performance level of HC, providing
first evidence of a facilitating effect of STN-DBS on observational
feedback learning. Since ventral striatal structures are suggested to
be involved in observational feedback learning [1,23], the present
findings are in line with recent results suggesting that STN-DBS
improves cognitive function sensitive to ventral striatal function
and connected areas [17]. A recent study reported similar obser-
vational performance patterns in early-stage PD patients and HC
[24]. As our study investigated more severely affected patients
in advanced stages of the disease, the present data support the
hypothesis that the ventral striatum remains well supplied of DA in
earlier stages of the disease but becomes impaired in advanced PD
[6]. Similarly, it has been shown that cognitive function depend-
ing on the ventral striatum are impaired in late but not early PD
[37], supporting this interpretation. As our results regarding obser-
vational task performance only tended to be significant, they have
to be considered as rather hypothesis-generating and need further
investigation and replication in future studies.

4.3. Limitations

Firstly, we realize that with the current design, we can only
make clear statements about short-term effects of STN-DBS
manipulation. Furthermore, patients remained on their regular
dopaminergic medication throughout the study. As there are stud-
ies reporting active feedback learning deficits in medicated but
not unmedicated PD patients [12] as well as detrimental effects
of dopaminergic medication on tasks involving the striatum [40],
dopaminergic medication may have – at least partly – contributed
to the learning impairment observed in PD patients OFF STN-DBS.
With the present design, it is not possible to rule out interfer-
ing effects of medication and STN-DBS treatment. However, as the
study lasted several hours per patient we didn’t regard it as reason-
able to measure patients also OFF medication.

Secondly, observed effects – especially with regard to subgroup
analysis – have to be interpreted with caution due to small sam-
ple size. Nevertheless, even if this analysis is considered as rather
exploratory, additional correlational analyses support these find-
ings. Thus, modulatory influences of symptom severity on STN-DBS
effects on feedback learning can be seen as first evidence.

Furthermore, we cannot completely rule out that the improve-
ment of motor symptoms due to STN-DBS contributed to the
observed improvement on active and observational feedback learn-
ing tasks. However, in additional analyses we found no significant
differences in reaction times and number of misses between ON and
OFF STN-DBS states, neither for active, nor for observational learn-
ing tasks. Additionally, motor improvement on the MDS-UPDRS III
due to STN-DBS was not significantly associated with performance
differences between STN-DBS states in active and observational
learning tasks. Thus, we assume that observed facilitating effects
of STN-DBS on feedback learning are at least to some extent inde-
pendent of motor improvement due to STN-DBS.

4.4. Conclusion

The data indicate that STN-DBS used for treating PD motor
symptoms also has facilitating effects on important aspects of cog-

nitive function investigated in this study. PD patients benefited
from STN-DBS during active feedback learning where links between
own actions and outcomes were established. When it came to appli-
cation of actively learned behavior, only more severely impaired
patients improved with STN-DBS. Moreover, the study provides
first evidence that STN-DBS might facilitate not only active but also
observational feedback learning.
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