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1 List of Abbreviations 

BOLD Blood oxygenation level dependent 

CB  Cerebellum 

dPMC Dorsal premotor cortex 

EEG  Electroencephalography 

ERD Event-related synchronization 

ERS Event-related desynchronization 

fMRI     Functional magnetic resonance imaging  

M1  Primary motor cortex 

MSL     Motor sequence learning   

PET    Positron emission tomography 

PMC  Premotor cortex 

RND  Random 

S1 Primary somatosensory cortex  

SEQ  Sequence 

SM1  Sensorimotor cortex 

SMA  Supplementary motor area 

SMC  Supplementary motor cortex 

SMP  Simple 

SPL Superior parietal lobule  

SRTT Serial reaction time task 

tACS  Transcranial alternating current stimulation 

- rCB Right cerebellar tACS 

- lM1 Left M1 tACS 

tDCS Transcranial direct current stimulation 

TMS Transcranial magnetic stimulation 

TP    Time point 
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2 Introduction  

The ability to acquire motor skills is fundamental throughout human lifetime. This includes 

children who are learning basic movements such as standing or walking but also adults who 

are continuously confronted to acquire new motor skills in divers fields of their daily life. 

Professional typing, playing the piano, tennis, or video games - as different as these 

movements appear, they are all based on similar strategies which enable the acquisition of a 

new motor skill. For patients with movement disorders such as Parkinson’s disease or 
cerebellar ataxia as well as patients suffering from stroke it becomes specifically challenging 

to relearn motor skills as studies show that motor learning is impaired (Ustinova et al., 2000, 

Ding et al., 2002, Raghavan et al., 2007). Especially for those patients, rehabilitation programs 

are essential to regain motor functions. However, the mechanisms behind motor skill learning 

still need to be further investigated to develop both a profound understanding of the 

neurophysiological mechanisms of motor learning and subsequently therapeutic methods to 

facilitate rehabilitation processes.  

 

Investigation of the neural underpinnings of motor learning has been a main interest in the 

neuroscience literature. A large number of studies focused on the detection of a motor network 

(Doyon et al., 2003, Doyon et al., 2009, Hardwick et al., 2013), its task-dependent activity 

patterns (Doyon et al., 2003, Penhune and Steele, 2012) and the structural-functional interplay 

of motor brain areas during learning (Tamas Kincses et al., 2008, Coynel et al., 2010). 

However, the mechanism of how communication within this motor network is implemented 

remains uncertain. Neuronal oscillations could serve as a possible mechanism through  which 

interactions between brain regions take place.   

 

In this dissertation, I aim to expand on the evidence linking neurophysiological parameters 

and motor learning, by investigating the role of alpha oscillations in a motor network 

underlying motor sequence learning (MSL). To this aim, I used a well-established paradigm, 

the serial reaction time task (SRTT; Nissen and Bullemer, 1987), to study motor sequence 

learning in young healthy subjects. Further, I combined transcranial alternating current 

stimulation (tACS), a non-invasive stimulation method that modulates ongoing brain rhythms 

(Herrmann et al., 2013), with electroencephalography (EEG) to analyse learning dependent 

changes on oscillations as well as connectivity within the motor network.   

 

In the following, I will introduce the mechanisms underlying motor skill acquisition including 

the involved motor network and its functional connectivity patterns. I will then focus on the 

role of neuronal oscillations in network communication and in motor learning, and finally 

elaborate on modulation of brain activity by tACS.  
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2.1 Motor Learning Stages 

Motor learning depends on the optimization of information processing through complex 

dynamic feedback systems. Learning proceeds in different successive stages. Early (within a 

single training session), late learning (multiple training sessions) and consolidation stages are 

followed by an automatization and retention stage (Doyon and Benali, 2005). In this process, 

learning is characterized by a gradually decreasing need for attention on task performance, 

decreasing susceptibility towards external interference or performance improvements without 

supplemental practice on the task (consolidation stage) and finally minimal cognitive efforts 

during task execution (automatization stage). As soon as a motor skill is sustainably 

internalized execution of the newly acquired motor skill is possible after long delays without 

further training (retention stage, Doyon and Benali, 2005). Behavioral studies focusing on 

motor learning showed that learning is accompanied by an increase in performance speed 

(Pascual-Leone et al., 1994), efficiency, as well as accuracy (Hikosaka et al., 1995, Penhune 

and Steele, 2012) and a change in the speed-accuracy tradeoff characteristic (Reis et al., 2008).  

 

2.2 Motor Learning Tasks 

The research field of motor learning is extremely diverse. To gain a deeper insight on different 

aspects of motor acquisition, various motor tasks have been developed. They serve to 

specifically investigate special types of motor learning, such as motor sequence learning and 

motor adaption. Motor sequence learning leads to the ability to perform several movements 

smoothly one after another (Doyon and Benali, 2005). One common paradigm for studying 

motor sequence learning is the serial reaction time task (SRTT, Nissen and Bullemer, 1987). 

Subjects are asked to react as quickly as possible to visually presented stimuli by pressing the 

corresponding buttons. MSL is then frequently defined as the shortening of reaction time 

and/or error reduction. Here, learning might take place on two different levels. On the one 

hand, associations between successive stimuli (perceptual learning), on the other hand 

associations between successive responses (motor domain) are possible (Robertson, 2007, 

Abrahamse et al., 2010). Moreover, visuomotor adaption tasks are sensorimotor tasks which 

are used to investigate motor adaptation capacities. These tasks require error-based learning 

of movement kinematics (e.g., movement speed and limb geometry) and the capacity to adapt 

to environmental perturbations (Doyon and Benali, 2005).  

 

Size and activity of neuronal systems in motor learning highly depend on learning tasks and/ 

or stages. To meet all specific requirements for successful motor learning, not only one brain 

region but a communicating network is needed.  
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2.3 Motor Learning Network 

Neuroimaging studies have shown that motor learning activates a network of cortical and sub-

cortical structures (Doyon et al., 2003, Doyon et al., 2009, Hardwick et al., 2013). Using a 

meta-analysis of imaging studies, Hardwick and colleagues (2013) showed that a core motor 

network including dorsal premotor cortex (dPMC), supplementary motor cortex (SMC, 

comprising both the SMA-proper and pre-SMA), primary motor cortex (M1), primary 

somatosensory cortex (S1), superior parietal lobule (SPL), thalamus, putamen and the 

cerebellum (CB) is involved in motor learning. This core network showed constant activity 

during motor learning independent from the specific motor task. Basal ganglia and cerebellum 

seemed to be mainly active in sensorimotor adaptation tasks whereas cortical areas and 

thalamus seemed to have higher impact in MSL. Left dPMC showed pervasive activity in all 

motor paradigms (Hardwick et al., 2013).  

Indeed, premotor cortex (PMC) seems to be a key structure in motor learning due to its 

function in motor planning and execution (Hoshi and Tanji, 2007) as well as visuomotor 

control (Hardwick et al., 2013), when motor responses are selected by adjusting them to 

sensory input like visual impulses (Grafton et al., 1998, Halsband and Lange, 2006, Hardwick 

et al., 2013). PMC is also said to be important for movement preparation and selection 

(Grafton et al., 1998) by organizing temporal information of sequential motor movements 

(Halsband et al., 1990, 1993, Hoshi and Tanji, 2007, Orban et al., 2010). Mice with lesioned 

PMC showed deficits in predicting action outcome revealing that PMC serves to process goal-

directed movements (Gremel et al., 2013). Finally, Boyd and colleagues (2009) also found 

evidence that PMC plays an important role in motor consolidation (Boyd et al., 2009).  

The motor cortex (M1) is predominantly responsible for movement execution (Penhune and 

Steele, 2012, Bhattacharjee, 2021), but also motor consolidation (Muellbacher, 2002, 

Robertson, 2005) and especially storage of new motor memories (Penhune and Steele, 2012), 

including learned sequential movements (Matsuzaka et al., 2007). Information output from 

M1 mainly controls contralateral limb movements. Thus, left-hand movements are associated 

with neural activity in the right motor cortex and right-hand movements with neural activity 

in the left motor cortex. Note that activity in ipsilateral M1 has also been reported, especially 

during complex, precise movements (Verstynen et al., 2005, Buetefisch et al., 2014). This 

effect is supposed to be mainly driven by interhemispheric influences between motor cortical 

areas (Allison et al., 2000, Kobayashi et al., 2003).  

The basal ganglia comprise several nuclei: striatum (caudate nucleus and putamen), globus 

pallidus, substantia nigra and subthalamic nucleus. As these structures are highly connected 

to multiple motor network components, their role in motor learning is manifold. Striatum 

seems to be important for reward-based (Hikosaka et al., 2002) as well as associative learning 

(Penhune and Steele, 2012).  

In motor learning, the cerebellum is important to enable learning and further optimize motor 

performance. Due to its multiple connections with subcortical and cortical areas, such as 

parietal, premotor, motor, and frontal cortex (Schmahmann et al., 1997, Middleton and Strick, 
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1998, Kelly and Strick, 2003), it guides learning through immediate feedback between actual 

input and output of motor and sensory information (Penhune and Steele, 2012). Therefore, 

internal models of movements are created in the way that a suitable movement and its sensory 

consequences are predicted, adjusted to the actual sensory input, and finally optimized and 

refined after an error assessment (Wolpert et al., 1998, Ohyama et al., 2003, Shadmehr and 

Krakauer, 2008, Penhune and Steele, 2012, Hardwick et al., 2013). Further evidence 

supporting the cerebellums’ role in motor learning comes from studies with patients suffering 

from cerebellar damage. Although these patients reacted to a perturbation by adapting their 

movements, they were not able to sufficiently predict and learn movements (Bastian, 2006).  

 

2.4 Theoretical Models of Motor Learning  

Theoretical models of motor learning have been developed to integrate findings from imaging 

studies as well as behavioral studies to a broader concept of how motor learning  takes place 

on a neurophysiological level. These learning models are usually based on constant feedback 

systems that are mediated or sustained by cortico-cerebellar and cortico-striatal loops 

(Hikosaka et al., 2002, Doyon et al., 2009, 2003, Penhune and Steele, 2012). They differ in 

that they focus either on learning components, learning stages or tasks. 

Hikosaka and colleagues (2002) proposed a network model of parallel working, component-

dependent loop circuits. In this model, motor learning is achieved through parallel learning of 

a spatial and a motor component. Acquisition of a spatial sequence is mediated by a loop 

between prefrontal cortex and associative areas of the basal ganglia and the CB, and is 

predominantly important during early learning. According to this model, once learning is 

established and motor execution becomes more important, information is mostly processed in 

a loop between M1 and motor regions of basal ganglia and CB (Hikosaka et al., 2002).   

According to the learning-stage model by Doyon and colleagues (2009) both cortico-

cerebellar and cortico-striatal loops are important in early learning stages. A network including 

striatum, parietal and motor cortices guides late learning, consolidation and retention (Doyon 

et al., 2009). This is in line with studies showing that cerebellar activity was predominantly 

found to decrease with learning (Doyon et al., 2002, Penhune and Doyon, 2005, Penhune and 

Doyon, 2010, Penhune and Steel, 2012). In a review of neuroimaging data from Lohse and 

colleagues (2014), a meta-analysis of 58 motor skill learning studies supported the role of a 

network including CB, prefrontal as well as premotor cortical regions in early learning, 

suitable with the need to form visual-spatial representations at this stage (Doyon et al., 2018). 

However, in M1 either increased activity (Karni et al., 1995, Penhune and Doyon, 2005, 

Floyer-Lea and Matthews, 2005, Lohse et al., 2014) or unvarying activity (Toni et al., 1998, 

Berlot et al., 2020) was found with practice, showing that present evidence from neuroimaging 

studies focusing on learning stage dependent motor network activity is still ambiguous.  

According to the model by Doyon and colleagues (2003), a network of cortico-cerebellar 

structures primarily underlies learning in sensorimotor adaptation tasks while sequence 

learning tasks are processed through a cortico-striatal system (Doyon et al., 2003). This line 
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of evidence was expanded by Penhune and Steele in that they propose simultaneous activation 

of cortico-striatal and cortico-cerebellar loops that underlie motor learning. The degree of 

involvement of each loop is said to depend on both a particular learning phase and particular 

task demands (Penhune and Steele, 2012).  

 

Theoretical models have been supported by not only analysis of spatial distribution of activity 

patterns in the brain, but also by the analysis of (functional) connectivity within the motor 

network. 

 

2.5 Functional Connectivity of Motor Brain Regions 

Non-human studies provided a first basis for the detection of anatomical projections in the 

motor network. Connections from the cerebellum via thalamus to cerebral cortex (including 

M1, premotor, prefrontal, posterior parietal areas and non-motor areas) have been detected as 

well as connections from cerebral cortex via pons to CB (Schmahmann and Pandya, 1997, 

Kelly and Strick, 2003, Bostan et al., 2013). For example, Strick and colleagues (2001, 2003) 

used genetically modulated viruses to reveal topographically distinct projections from 

prefrontal cortex (Middleton and Strick, 2001, Kelly and Strick, 2003) as well as from M1 

(Kelly and Strick, 2003) to cerebellum, forming closed loops (Bostan et al., 2013).  

 

Functional neuroimaging techniques were used to expand this line of evidence to humans. 

Functional connectivity is measured by spatio-temporally correlated activity of different brain 

regions (Ma et al., 2010). Allen and colleagues (2005) were able to demonstrate correlations 

of blood oxygenation level dependent signal (BOLD-signal, a measure of neuronal activity) 

between CB, parietal and prefrontal cortex, supporting the existence of cerebellar-parietal and 

cerebellar-prefrontal connections in humans at rest (Allen et al., 2005).   

Moreover, studies showed that motor network expression and interaction dynamically change 

during motor learning (Sun et al., 2007, Tamas Kincses et al., 2008, Coynel et al., 2010).  

Tamas Kincses and colleagues were able to demonstrate temporal changes in activity in a 

fronto-parieto-cerebellar network in the way that activity in a network decreased as MSL 

proceeded. Moreover, stronger network activation in parietal and premotor cortex was 

correlated with improved performance during sequence compared to random elements (Tamas 

Kincses et al., 2008). Early learning was also associated with stronger functional connectivity 

in the MSL network (Coynel et al., 2010). As soon as learning reached automatization stage, 

functional connectivity decreased between premotor or parietal cortex and connected 

subcortical areas, namely striatum and cerebellum (Coynel et al., 2010). These findings are 

consistent with results from bimanual motor learning studies demonstrating enhanced 

interregional coupling between SMA, sensorimotor and premotor cortex in early compared to 

late learning (Sun et al., 2007). Findings of a PET study revealed that activity in M1 correlated 

directly with activity in the CB during early learning, as indicated by an increase in cerebellar 

blood-flow associated with decreased blood flow in M1 (Penhune and Doyon, 2005). 
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Functional connectivity between M1 and CB was higher when comparing Day 5 to Day 1 

during training of a temporal motor sequence task, which was interpreted to show that 

performance improvements modulate interactions between M1 and CB (Penhune et al., 2010).  

Consequently, motor learning seems to occur through dynamic changes in functional 

connectivity in a broad cortico-striato-cerebellar motor network.  

However, activation patterns of brain regions measured by diverse neuroimaging techniques 

should be interpreted in a critical way to avoid inaccurate fallacies (Poldrack et al., 2006). A 

recent study by Berlot and colleagues reviewing fMRI signatures of MSL pointed out 

difficulties in interpreting activity increase or decrease as an absolute measure of function. 

Thus, the researchers advise that changes in activity should rather be interpreted as 

optimisation processes in terms of efficiency within the learning process than static parameters 

(Berlot et al., 2020). 

 

2.6 Effective Connectivity of Motor Brain Regions 

Measurement of effective connectivity expands on network analyses beyond correlated 

activity patterns (functional connectivity) by examining directed interactions between brain 

areas. Unilateral hand movements were shown to be accompanied by coupling of neuronal 

activity from contralateral premotor areas (SMA, PMC) and ipsilateral CB towards 

contralateral M1. Better motor performance was associated with stronger coupling (Pool et 

al., 2013). In subjects performing a modified version of a SRTT, connections from M1 to CB 

as well as from PMC to CB were negatively modulated by sequence learning blocks but not 

by random blocks (Tzvi et al., 2014). Moreover, consolidation of a motor sequence was 

associated with learning related negative modulation of connections from bilateral putamen to 

CB as well as less consistently from left M1 to CB. In addition, cerebellum showed positive 

forward connections to putamen and motor cortical areas during MSL (Tzvi et al., 2015).  The 

direction of functional connections from CB to M1 gradually changed from positive to 

negative during training of a motor sequence for 4 weeks (Ma et al., 2010). These results 

support the cerebellums’ role in error correction during early learning. In sum, it becomes 

clear that dynamic connections on a small as well as large scale within the motor network are 

essential for learning.  

However, it remains an important object of research, how these connections are functionally 

mediated in the sense that an efficient way of communication is established. One possible 

neuronal phenomenon which serves to meet these demands are neuronal oscillations.  

 

2.7 Oscillations in Neuronal Communication  

Neuronal oscillations are rhythmical patterns of neuronal activity. They can be measured by 

electroencephalography (EEG) and are characterized by their phase, amplitude and frequency.  

In terms of frequency, they can be classified to the following frequency bands: delta (1–4 Hz), 

theta (4–8 Hz), alpha (8-13 Hz), beta (14–30 Hz), low gamma (30–70 Hz) and high gamma 

(70–150 Hz). Among these, oscillations in the alpha frequency range (8 - 13 Hz) are the 
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predominant oscillations of the primates’ brain. The phase describes the actual deflection of 
an oscillation as follows 𝜑(𝑡) = 𝜔𝑡 + 𝜑0 ; 𝜔 𝑖𝑠 𝑝𝑢𝑙𝑠𝑎𝑡𝑎𝑛𝑐𝑒 (𝑟𝑎𝑑𝑠 ). The power represents the 

amount of activity in a certain frequency band: 𝑆𝑋𝑋(𝜔): = 𝑙𝑖𝑚𝑇 →∞ 12𝑇 |𝐹(𝑓𝑇)(𝜔)|2.  

Information processing in the brain is organized by neurons oscillating synchronously in a 

time-, phase-, and frequency-specific way (Salinas and Sejnowski, 2001, Buzsáki and 

Draguhn, 2004, Fries, 2005, Hipp et al., 2011). One way of quantifying effective neuronal 

interaction between brain regions is through coherence (Fries, 2005). Communication through 

coherence is based on the theory that oscillatory activity is correlated when the respective 

phases or amplitudes show a constant relation (Fries, 2005, 2015, Hipp et al., 2011) or when 

the phase of a slower frequency is coupled to the amplitude of a higher frequency (Siegel et 

al., 2012). When groups of neurons oscillate coherently, they are communicating in the same 

communication channel and information exchange becomes highly efficient and flexible 

(Buzsáki and Draguhn, 2004, Fries, 2015). Thus, processing of information becomes less 

susceptible to internal or external distractions. In addition, network communication is not only 

provided by locally synchronized, but also long-range synchronized oscillatory activity (Hipp 

et al., 2011, Sadaghiani and Kleinschmidt, 2016). Slow oscillations, for example theta (Jensen 

et al., 2007, Klimesch et al., 2010) and alpha oscillations (Klimesch et al., 2010, Chapeton et 

al., 2019) are considered to be a marker of long-range neural communication. Patients 

suffering from Parkinson’s disease show elevated oscillatory activity in the beta band 
especially in the basal ganglia (Little and Brown, 2014), as well as pathologically increased 

motor cortical beta/high-gamma phase-amplitude coupling (De Hemptinne et al., 2013, Gong 

et al., 2021). This increased coupling is said to underlie their motor control deficits (Voytek 

and Knight, 2015). Consequently, neural network communication seems to depend on a 

sophisticated interplay between local spiking activity and interregional coupling.  

 

2.8 Alpha Oscillations 

Alpha oscillations have been of broad interest in neuroscientific research. They have been 

found to be important in working memory (Klimesch et al., 1997, Klimesch et al., 2010, 

Bonnefond and Jensen, 2012, Sauseng et al., 2009), long term memory processes (Meeuwissen 

et al., 2011, Hanslmayr et al., 2012), attentional processes (Hanslmayr et al., 2011) and motor 

learning (Pollok et al., 2014, Tzvi et al., 2016, 2018). Further, alpha oscillations have been 

found to functionally guide information processing and communication (Başar et al., 2012, 

Klimesch et al., 2012, Jensen et al., 2014, Chapeton et al., 2019, Sadaghiani and Kleinschmidt, 

2016). Alpha oscillations are thought to have an inhibitory effect (Klimesch et al., 2007, 

Mazaheri and Jensen, 2010). According to this theory, alpha oscillations serve to coordinate 

demand-related involvement of brain regions. Thus, alpha power increase is said to lead to 

inhibition of task-irrelevant regions and alpha power decrease supports involvement of 

relevant brain areas (Mazaheri and Jensen, 2010). A study by Sauseng and colleagues (2009) 

using a combined EEG-TMS approach showed that high alpha amplitudes were associated 

with low excitability of motor areas, corresponding to the targeted muscle (Sauseng et al., 
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2009). Alpha power was also linked to suppression of distracting information in a memory 

task (Bonnefond and Jensen, 2012).  

Further, alpha guided information processing was found to be highly dependent on the phase 

(Busch et al., 2009, Dugué et al., 2011, Mathewson et al., 2009, 2011, Bonnefond and Jensen, 

2012). As the phase of an oscillation seems to be mainly responsible for timing of neuronal 

activity, inhibition and facilitation of information transfer were more effective depending on 

a particular phase of the alpha cycle (Dugué et al., 2011, Klimesch et al., 2010). For example, 

Mathewson and colleagues (2009) found in subjects performing a visual detection task that 

the probability of actively perceiving a stimulus was dependent on when the stimulus was 

presented relative to the alpha phase of oscillations recorded from the occipital cortex 

(Mathewson et al., 2009). Consequently, alpha oscillations seem to shape a functional 

framework for neuronal information processing by rhythmically synchronizing neuronal 

inhibition as well as excitation (Mathewson et al., 2011, Klimesch et al., 2010, Chapeton et 

al., 2019). In addition, coherent alpha oscillations were also found to mediate communication 

over long distances (Classen et al., 1998, Kujala et al., 2007, Klimesch et al., 2010, Palva and 

Palva, 2011, Chapeton et al., 2019). These alpha directed mechanisms seem to be crucial for 

optimal network communication by boosting efficiency and precision of information 

selection.  

Alpha oscillations recorded over motor cortical regions are called mu (µ) oscillations. Mu 

oscillations have been found to be prominent during rest but suppressed as soon as a voluntary 

movement is imagined, planned, or performed (Arroyo et al., 1993), a phenomenon called 

event-related desynchronization (ERD, Pfurtscheller, 1992). ERD has been shown in task-

relevant, activated brain regions and event-related synchronization (ERS) is said to be the 

neurophysiological correlate of decreased cortical excitability (Pfurtscheller, 1992). 

  

2.8.1 Role of Alpha Oscillations in Motor Sequence Learning  

Alpha oscillations also seem to play an important role in motor sequence learning. Alpha 

oscillations have been found to continually decrease over frontocentral areas with learning 

(Zhuang et al., 1997, Boenstrup et al., 2014). As soon as subjects gained explicit knowledge 

of a sequence, alpha power subsequently increased (Zhuang et al., 1997). Motor memory 

consolidation has been shown to be accompanied by an increase in alpha power measured by 

decreased alpha event-related desynchronization (Pollok et al., 2014). Moreover, mu 

oscillations were found to be associated with sequence complexity in a network between 

frontocentral areas and M1, such that unknown sequences resulted in greater alpha power 

decrease than pre-learned ones (Boenstrup et al., 2014). In perceptual learning, dynamic 

changes of alpha power over occipital-parietal areas seem to be of relevance. Right occipito-

parietal alpha power was shown to decrease during visual sequence learning and increase at 

resting-state following learning (Moisello et al., 2013). Alpha power increased over right 

frontal areas shortly after stimulus presentation (Moisello et al., 2013) and over occipito-

parietal areas shortly before response (Crivelli-Decker et al., 2018). Tzvi and colleagues 
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(2016, 2018) previously showed that during visuomotor sequence learning, a decrease in alpha 

power over occipito-parietal areas was associated with learning progress (Tzvi et al., 2016, 

2018). Finally, Mehrkanoon and colleagues (2016) suggested a specific role for oscillations in 

alpha and beta frequency range in communication between motor cortex and CB in motor 

learning. Source-space analysis of EEG signals revealed that functional connectivity in alpha 

and beta band between CB und M1 was enhanced in post-training resting state (Mehrkanoon 

et al., 2016). In line with substantial evidence of the role of alpha oscillations in neuronal 

systems (see chapter ‘Alpha Oscillations’), they also seem to guide functional recruitment of 
task-relevant and irrelevant brain regions in the motor network as well as in motor network 

communication over long distances. In visuomotor learning, alpha oscillations in occipito-

parietal areas (e.g., location of visual cortex) might be of higher relevance due to task-

dependent need of visuo-motor control (Tzvi et al., 2016, 2018). Moreover, decrease in alpha 

power in parietal areas was shown to be learning specific (Tzvi et al., 2016) and seems to play 

an important role in memory encoding (Moisello et al., 2013, Tzvi et al., 2018).  

Further evidence supporting the role of alpha oscillations in motor learning comes from studies 

employing transcranial alternating current stimulation (tACS). 

 

2.9 Transcranial Electric Stimulation  

Transcranial electric stimulation is a non-invasive brain stimulation technique which is used 

to alter cortical excitability, cognition and behavior (Paulus et al., 2016). Transcranial direct 

current stimulation (tDCS) can be differentiated from transcranial alternating current 

stimulation (tACS) depending on the current waveform. 

In motor sequence learning, tDCS applied over left M1 led to enhanced performance (Nitsche 

et al., 2003, Krause et al., 2016) as well as enhanced consolidation (Rumpf et al., 2017) in 

some studies, but had no effect in another study (Liebrand et al., 2020). Moreover, MSL was 

found to be improved during cerebellar tDCS in subjects performing a SRTT. This 

improvement was accompanied by an increase in learning-specific activity in right M1, left 

cerebellum lobule VI, left inferior frontal gyrus and right inferior parietal lobule compared to 

sham (Liebrand et al., 2020). Moreover, Liebrand and colleagues (2020) showed that 

cerebellar tDCS in this study elicited a network effect.  

Whereas the effect of tDCS is based on the modulation of membrane polarization such as 

cathodal stimulation hyperpolarizes while anodal stimulation depolarizes the resting 

membrane potential, tACS is said to interfere with ongoing brain oscillations (Paulus, 2011). 

 

2.9.1 Transcranial Alternating Current Stimulation (tACS) 

By using a biphasic and sinusoidal current at a specific frequency, tACS offers the possibility 

to entrain endogenous brain oscillations in a frequency, amplitude, and phase specific way 

(Herrmann et al., 2013). A recent study in primates showed that tACS entrained frequency 

specific activity in single neurons over stimulated areas (Krause et al., 2019). To ensure 

successful entrainment, several stimulation criteria must be met (Thut et al., 2011).  
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For example, external modulation of a frequency depends on the internal presence of this 

frequency in the brain region and/or cognitive process (Thut et al., 2011). TACS at 10Hz is 

used to entrain ongoing alpha oscillations (8-13Hz). Supposedly, tACS does not only change 

activity in the directly stimulated area, but also influences network interactions between 

functionally connected regions (Herrmann et al., 2016, Cabral-Calderin et al., 2016). Thus, 

tACS is a useful method to reveal the role of specific oscillations in the targeted area and 

within a neuronal network. This could be achieved by analyzing the functional impact of 

externally driven changes on oscillatory activity. When combining tACS with EEG, 

behavioral influences can be correlated to stimulation induced oscillatory changes. Note, that 

combined EEG/tACS approaches are often limited by strong tACS-induced artifacts in EEG 

rendering online EEG-analyses ambitious (Herrmann et al., 2016). 

Studies showed that 10Hz tACS leads to local entrainment of oscillatory activity over occipital 

areas (Zaehle et al., 2010, Helfrich et al., 2014) accompanied by phase-dependent modulation 

of cognitive functions (Helfrich et al., 2014). Motor sequence learning was found to be 

improved in healthy subjects receiving 10Hz tACS to left M1 compared to sham or other 

stimulation frequencies during learning (Antal et al., 2008, Pollok et al., 2015). Motor memory 

consolidation in healthy older adults was, however, disrupted when applying 10Hz tACS over 

M1 immediately after motor training compared to sham (Rumpf et al., 2019). Alpha-tACS 

applied over M1 during rest between motor training sessions revealed no changes in motor 

learning capacity (Krause et al., 2016, Sugata et al., 2018). Moreover, effects of alpha tACS 

seem to be age dependent (Fresnoza et al., 2020).  

Despite its central role in motor learning and various evidence from cerebellar tDCS-studies, 

there are only few tACS-studies targeting the CB. So far, effects of cerebellar gamma-tACS 

are ambiguous, showing enhanced motor sequence learning during between-training 

stimulation (Naro et al., 2016) or no effects in acquisition or retention during online 

stimulation in subjects performing a sequential grip force task (Wessel et al., 2020). No effects 

on motor learning were found after cerebellar 10Hz tACS (Naro et al., 2016). Further, motor 

network communication between CB and M1 was influenced by simultaneous gamma-tACS 

over CB and M1 during training resulting in enhanced motor performance (Miyaguchi et al., 

2018) and motor learning retention (Miyaguchi et al., 2020) in a visuomotor control task.  

 

2.10 Summary of Study Rationale 

Previous studies did not establish a causal link between motor learning and actual tACS-

induced oscillatory entrainment in the alpha range. As alpha oscillations fulfill the theoretical 

requirements as mediators of network communication (Chapeton et al., 2019, also see chapter 

‘Alpha Oscillations’) and have already been frequently shown to play an important role in 

higher cognitive processes (see chapter ‘Alpha Oscillations’ and ‘Role of Alpha Oscillations 

in Motor Sequence Learning’), their role in MSL should be further investigated.  

The goal of this dissertation was to investigate whether alpha oscillations mediate motor 

network communication and consequently modulate MSL. To this end, we used a combined 
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tACS-EEG approach to investigate behavioural as well as electrophysiological effects of alpha 

oscillations in a defined motor network during MSL. In our recent publication (Schubert et al., 

2021), we showed that alpha spectral power over PMC and SM1 as well as alpha coherence 

between left PMC/SM1 and left cerebellar crus I gradually decreased during sequence learning 

in subjects performing a SRTT. Our aim was to expand this line of evidence by analysing how 

externally induced entrainment of alpha oscillations via 10Hz tACS would alter previously 

observed learning related changes in alpha power and alpha coherence in subjects performing 

a similar SRTT. The latter offers the possibility to draw more direct conclusions about the 

functional role of alpha oscillations in motor learning. Based on the importance of motor 

cortex and CB in MSL (Liebrand et al., 2020), we chose left M1 and right CB as stimulation 

locations in subjects performing a SRTT with their right hand. As online tACS leads to strong 

artifacts in EEG, our EEG analysis was focused on learning blocks immediately following 

stimulation.  

Based on the evidence summarized above, we hypothesized that 10Hz tACS to either left M1 

or right CB would lead to local entrainment of oscillatory alpha resulting in changes in 

learning-related alpha power and possibly affecting functional interactions in cortico-

cerebellar loops, evident in experimental blocks following tACS. We expected that these 

oscillatory changes will subsequently affect learning performance during and following tACS. 
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The ability to acquire motor skills is essential in our daily life. Neuroimaging studies have 

shown that motor learning activates a network of cortical and sub-cortical structures (Doyon 

et al., 2003, Doyon et al., 2009, Hardwick et al., 2013) including inter alia premotor cortex, 

primary motor cortex and cerebellum (Hardwick et al., 2013). According to several theoretical 

models of motor learning, learning is based on constant feedback systems mediated by cortico-

cerebellar and cortico-striatal loops (Hikosaka et al., 2002, Doyon et al., 2009, 2003, Penhune 

and Steele, 2012) serving to provide efficient network communication. Neuronal oscillations 

have been considered to mediate network communication (Salinas and Sejnowski, 2001, 

Buzsáki and Draguhn, 2004, Fries, 2005, Hipp et al., 2011). The predominant oscillations in 

the human brain are alpha oscillations (8-13 Hz). Alpha oscillations have been found to be 

important in higher cognitive processes like working memory (Klimesch et al., 1997, 

Klimesch et al., 2010, Bonnefond and Jensen, 2012, Sauseng et al., 2009) and motor learning 

(Pollok et al., 2014, Mehrkanoon et al., 2016, Tzvi et al., 2016, 2018). One way of quantifying 

effective neuronal interaction between brain regions is through coherence which arises when 

oscillations show a constant relation of their phases or amplitudes (Fries, 2005, 2015, Hipp et 
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al., 2011). During motor learning, alpha oscillations were found to dynamically change over 

functional cortical areas (Boenstrup et al., 2014, Pollok et al., 2014, Tzvi et al., 2016, 2018) 

and were shown to be important for communication in the cerebellar-motor loop (Mehrkanoon 

et al., 2016, Schubert et al., 2021). However, the causal role of alpha oscillations in motor 

learning remains elusive. Transcranial alternating current stimulation (tACS) is a non-invasive 

brain stimulation technique that offers the possibility to locally entrain endogenous oscillatory 

activity (Herrmann et al., 2013, Krause et al., 2019, Zaehle et al., 2010) and influence large-

scale interactions between functionally connected brain regions (Herrmann et al., 2016, 

Cabral-Calderin et al., 2016, Chapeton et al., 2019). 

The goal of this dissertation was to investigate whether alpha oscillations mediate motor 

network communication and consequently modulate motor sequence learning.  

To this end, we used a combined tACS-EEG approach to investigate behavioral as well as 

electrophysiological effects of externally modulated alpha oscillations in the motor network 

during motor learning. Since motor cortex and cerebellum are important in motor sequence 

learning (Hardwick et al., 2013), we chose left M1 and right cerebellum as stimulation 

locations in 25 healthy, right-handed subjects performing a serial reaction time task (SRTT; 

Nissen and Bullemer, 1987) with their right hand. TACS was applied with an intensity of 1 

mA at 10Hz (corresponding to mean range of alpha oscillations). A 64-channel EEG was 

recorded throughout the experiment. The SRTT included an underlying 8-element sequence 

(SEQ) as well as blocks of random patterns (RND). Each subject took part in three 

experimental sessions including two stimulation sessions and one sham stimulation in a 

counterbalanced, single-blinded order. For each session, a different underlying sequence was 

used. 

Based on the evidence summarized above, we hypothesized that 10Hz tACS to either left M1 

or right cerebellum would lead to local entrainment of oscillatory alpha, resulting in changes 

in learning-related alpha power and interactions in the cortico-cerebellar loop. We expected 

that these oscillatory changes would subsequently affect learning performance during and 

following tACS. 

On a behavioral level, learning performance differed between stimulation protocols at a 

defined time point such that learning showed a tendency to be reduced following right 

cerebellar tACS (rCB tACS) compared to sham. No such effect was found  following tACS 

over left M1 (lM1 tACS) compared to sham. On an electrophysiological level, 10Hz cerebellar 

tACS effected alpha power and premotor-cerebellar connectivity. Learning-related alpha 

power was found to be increased in left premotor cortex (PMC) after rCB tACS. Moreover, 

learning-related alpha coherence between left PMC and right cerebellum was stronger 

following rCB tACS but not following sham. No such effects were found comparing lM1 

tACS to sham. 

We propose that cerebellar oscillations were modulated by rCB tACS which consequently led 

to increased coherence in the premotor-cerebellar loop during learning and ultimately 

increased alpha power in left PMC compared to sham. As alpha oscillations have been shown 

to functionally guide involvement and disinvolvement of task-relevant regions, assumingly 
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due to their inhibitory effect (Jensen and Mazaheri, 2010), increased alpha power in left PMC 

after rCB tACS might have led to a functional inhibition of this area. Since PMC plays an 

important role in motor learning (Grafton et al., 2002, Bapi et al., 2006, Hoshi and Tanji, 2007, 

Orban et al., 2010), especially in visuo-motor control (Hardwick et al., 2013) and temporal 

organization of sequential movements (Halsband et al., 1990, 1993), impaired learning after 

rCB tACS may result from reduced activity in PMC.  

In sum, this study suggests a strong link between alpha oscillations (8-13 Hz) in the premotor-

cerebellar loop and motor sequence learning. Moreover, our results show that interactions 

within a premotor-cerebellar loop during motor sequence learning can be modulated through 

external modulation of cerebellar alpha oscillations leading to behavioral as well as 

electrophysiological changes during motor learning. Our work contributes to the development 

of a deeper understanding of alpha oscillations in motor networks and consequently provides 

a basis for further research in the field of non-invasive brain stimulation and motor network 

analysis. 
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6 Supplementary Materials 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Supp. Fig 1. Topographic map for theta power differences between rCB tACS and sham in 

the first RND block following stimulation. Significant electrodes are marked with an ‘x’. 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

Supp. Fig 2. Percentage power differences at TP4, across the spectrum, following rCB tACS 

(green) or sham (blue). Electrodes correspond to the cluster shown in Fig. 5A (publication). 

Signals were averaged across 0-200 ms time-window around stimulus onset. 10Hz is marked 

with a black line. 
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