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Abstract
While several theoretical frameworks support the cognitive processes entailed in motor sequence
learning (MSL), its underlying neurocognitive mechanisms are far from delineated. We aimed to
further elucidate the neurocognitive mechanisms of MSL through the investigation of oscillatory
activity in the preparation of motor sequences. Previous research has indicated theta oscillations to
facilitate executive and working memory processes, and alpha oscillations to promote required
motor inhibition within motor preparation. Thus, a new analysis was performed on a previously
unpublished EEG dataset with respect to alpha and theta event-related desynchronization (ERD)
and synchronization (ERS) patterns in motor preparation. Based on the Go/No-Go Discrete
Sequence Production (DSP) paradigm, eighteen participants practised four sequences in six
practice blocks and executed familiar and unfamiliar sequences in a test block the following day.
Alpha and theta ERD/ERS values were extracted for the test block to contrast between motor
preparation for familiar and unfamiliar dominant-hand sequences. For the theta band, analyses
revealed predominant ERS in the preparatory period, despite a temporary shift from ERD
(starting at -1400ms) to ERS for familiar sequences that was most prevalent (starting at -300ms)
in right pre-frontal regions. General ERD was found for the alpha band within motor preparation.
While no overall significant change between the two sequence types was identified, interaction
analyses revealed a significant increase in ERD for familiar sequences in early preparation
(starting at -1300ms), which subsequently decreased (starting at -400ms) in mid-frontal regions.
Overall, our results support the relevance of theta oscillations for the storage and retrieval of
temporal sequence information within working memory, and the subsiding nature of variable
inhibitory properties entailed in preparatory alpha oscillations.
Keywords: Motor Sequence Learning, Motor Preparation, ERD/ERS, ERDS, EEG,

DSP, Alpha, Theta
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Investigating Preparatory Alpha and Theta Oscillations in Motor Sequence Learning:
An ERD/ERS Study

The investigation of motor sequence learning (MSL) is a scientific endeavour that is
intricately woven into daily human functioning. A wide variety of our daily activities, ranging
from basic tasks such as tying one’s shoelaces to more complex tasks such as playing the piano,
are products of the goal-directed acquisition of motor sequences that become increasingly
simple and automated over time (Chan et al., 2018; Moisello et al., 2011). MSL is thus
understood as the process through which a “sequence of motor actions is performed with
increasing spatial and temporal accuracy” (Dahms et al., 2019, p. 271).

Therein, repeated practice facilitates the integration of individual movements into
synchronized series of actions that require diminishing amounts of effort and attentional
monitoring (Abrahamse et al., 2013; Doyon et al., 2018). While the ability to perform
movement sequences quickly and accurately is imperative for a wide variety of motor skills, its
absence also poses a significant hindrance to basic human functioning (Ariani & Diedrichsen,
2019). In total, investigating the facilitating mechanisms of MSL is imperative to be able to
pinpoint the potential avenues through which MSL performance may be improved.

However, to achieve this, we must first understand and provide theoretical support for
its underlying cognitive processes. A considerable amount of research throughout the last
decades provided invaluable insight into the cognitive mechanisms of MSL (Cohen et al., 1990;
Rosenbaum et al., 1995; Verwey, 2001). One of the more recent and notable developments
pertains to the Cognitive Framework for Sequential Motor Behaviour (C-SMB, Verwey et al.,
2015). Thereby, the C-SMB has guided the development of contemporary literature in the field
by elucidating the role of perceptual, central, and motor execution processing levels in MSL.
However, such theoretical models are predominantly, albeit not exclusively, contingent upon
the availability of decades of behavioural research, thus mainly utilizing insights generated
from behavioural measures (Verwey et al., 2015).

Despite the established relevance of these frameworks, support for the underlying
neural mechanisms of MSL is comparatively underrepresented (Ariani & Diedrichsen, 2019;
Diedrichsen & Kornysheva, 2015; Doyon et al., 2018). This holds specifically true when
leveraging the utility of neurophysiological evidence to support and supplement behavioural
results (Abrahamse et al., 2016). To contribute to a consolidated picture of the facilitating
factors of MSL, this study aims to further elucidate the neurocognitive mechanisms of MSL

through the investigation of their associated preparatory oscillatory activity.
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The DSP Task and Motor Preparation

However, the extent to which our investigations can positively contribute to the current
understanding of MSL is contingent upon the selected experimental paradigm. Amongst other
task types, one of the most prevalent experimental paradigms to investigate MSL was developed
by Verwey (1999) by the name of the Discrete Sequence Production (DSP) task. In experiments
that utilize the DSP paradigm, numerous discrete sequences (in the form of key presses) are
performed as a response to spatially corresponding visual stimuli displayed on a computer
monitor. Experiments utilizing the DSP paradigm have provided central insight into the
theoretical foundations of MSL. This is due to its ability to tease out the development of
sequence representations and subsequent inferences that can be made about various types of
sequential motor behaviour (Verwey, 1999; Verwey et al., 2015).

The sequences entailed in the DSP paradigm are practised approximately 500 to 1000
times, which leads to the eventual automatization of sequence execution. This allows for the
investigation of effects related to the acquisition of new sequences through the presentation of
unfamiliar and familiar sequences in a testing phase. Commonly, familiar sequences are
executed faster and more accurately than unfamiliar sequences, suggesting that different
processes are responsible for their respective execution (De Kleine & Van der Lubbe, 2011;
Verwey, 2001; 2021). Contrasting between familiar and unfamiliar sequence performance may
thus shed light on the facilitating mechanisms of successful MSL. This is the main experimental
manipulation that this thesis is centred upon.

Go/No-Go DSP Task. One fundamental issue entailed within the original DSP task is
that preparation and anticipation of evincing motor responses may commence simultaneously
while executing a preceding response. In a revision of the original DSP task, entitled the Go/No-
Go DSP Task (De Kleine & Van der Lubbe, 2011), two additional signals (go and no-go) are
presented to participants prior to sequence reproduction. Participants are only prompted to
reproduce a sequence when followed by a go signal. Unlike the original DSP task, this new
iteration thus allows the separation of the motor preparation phase from motor execution and
post-movement (De Kleine & Van der Lubbe, 2011). For the scope of this thesis, we argue that
this distinction is imperative to provide further insight into the neurocognitive mechanisms of
MSL.

Motor Preparation. Facilitatory processes that enable sequence execution occur before
movement execution. On a basic task level, a well-replicated phenomenon is heightened
performance (such as higher response speed) when relevant task information about the

anticipated movement is provided prior to the signal for movement execution (Leuthold et al.,



PREPARATORY ALPHA & THETA OSCILLATIONS IN MSL 5

1996). Moreover, Nazari et al. (2016) indicate that motor preparation of a planned action
facilitates a more accurate completion of a time reproduction task. Furthermore, de Kleine &
Van der Lubbe (2011) have shown that the demand for general motor preparation and visual
working memory significantly decreases when executing familiar as compared to unfamiliar
sequences within the more complex DSP paradigm. The execution of motor sequences can thus
strongly benefit from motor preparation. Considering the available evidence, we will focus on

the mechanisms that are entailed in the preparation of motor sequences in this thesis.

The Neurocognitive Mechanisms of Motor Sequence Learning

In consideration of the role of the DSP paradigm and the motor preparation phase, we
will now turn our attention to the underlying neurocognitive mechanisms of MSL and the tools
that can be utilized to investigate them. The goal-directed activity of MSL leverages basic
properties of cognitive and motor control, requiring the intentional coordination and regulation
of behaviour selection. Simultaneously, unwanted and inappropriate habitual actions must be
suppressed, which jointly correspond to the imposed task demands (Dixon, 2015; Latash,
2012).

To illustrate these properties within a DSP paradigm, presented stimuli must initially be
visually attended to for a predetermined period of time. This refers to sustained visual attention
(Klimesch, 2012). As attended stimuli (in the form of sequences) also need to be successfully
remembered and ultimately retrieved, MSL is contingent upon the episodic encoding of
stimulus information into working memory (De Kleine & Van der Lubbe, 2011; Rozengurt et
al., 2016). The online maintenance of the temporal order information within working memory,
as dictated by the order of the visual stimuli, is pivotal to facilitate the correct execution of
sequential behaviour (Crivelli-Decker et al., 2018). To simultaneously prevent unwanted
action, processes of proactive inhibition occur during motor preparation (Pfurtscheller &
Neuper, 2003). Pro-active (as opposed to reactive) inhibition refers to the required inhibition
throughout the anticipation and preparation of a motor sequence that may or may not be
executed after an execution signal (Van der Lubbe et al., 2021). In total, the fundamental
functionality entailed in basic executive processes, sustained visual attention, the encoding of
stimulus information into working memory and simultaneous motor inhibition are thus crucial
mechanisms that enable and facilitate MSL.

Electroencephalography. To investigate the neural dynamics of such mechanisms,
researchers have started utilizing neuroimaging techniques to unravel the spatiotemporal

characteristics of their associated brain activity (Berlot & Diedrichsen, 2020; De Lucia et al.,
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2011). A particularly useful tool to enable such spatiotemporal investigation pertains to the
utilization of electroencephalography (EEG) (Van der Lubbe et al., 2021). Herein, the
predominant methodology throughout the past decades has been the analysis of Event-Related
Potentials (ERP) (Chan et al.,, 2020; De Kleine & Van der Lubbe, 2011; Swarnkar &
Miyapuram, 2020). While ERP analyses serve an important function in the investigation of
MSL's neurocognitive mechanisms, ERPs reflect only one method of approximating their
underlying neural dynamics. ERPs are event-related transients that reflect the synchrony of
neuronal populations at specific temporal timings, while only partially capturing the temporal
dynamics of frequency-specific oscillatory activity (Burgess, 2012). An alternative
methodology that allows for the full consideration of frequency-specific oscillatory activity was
popularized by Pfurtscheller & Lopes da Silva (1999) by the name of Event-related
desynchronization and synchronization (ERD/ERS).

Event-Related Synchronization and Desynchronization

Event-related desynchronization and synchronization (ERD/ERS) serves as a
methodological tool to investigate non-phase locked decreases (ERD) and increases (ERS) in
oscillatory power relative to a specified baseline in predetermined frequency ranges. This
means that a singular region of interest (i.e. location on the scalp) can display ERD and ERS at
the same time (Pfurtscheller & Lopes da Silva, 1999). Pfurtscheller and & Lopes da Silva
(1999) outline three essential factors that determine oscillatory properties. Firstly, the neural
dynamics that characterise the occurrences of ERD and ERS are contingent upon intrinsic
membrane properties and their dynamics in relation to synaptic processes. Furthermore,
oscillatory strength is mirrored by the strength of interconnected networks, such as cortico-
cortical or thalamo-cortical feedback loops. Lastly, oscillations are at a dynamic interplay with
the modulating nature of local and general neurotransmitter systems. ERD/ERS thus reflects
various states of synchrony that can manifest at different frequency bands (Pfurtscheller &
Lopes da Silva, 1999).

Despite the potency of ERD/ERS to elucidate the neurocognitive mechanisms of
sequential behaviour, its scientific application in MSL has been scarce. Nonetheless, a few key
studies have recently provided further insight into the oscillatory activity that underlies MSL
(Crivelli-Decker et al., 2018; Meissner et al., 2018; Van der Lubbe et al., 2021). In
reconsideration of the previously outlined working memory and motor inhibition processes
entailed in MSL, we suggest the particular involvement of the theta (4-8Hz) and alpha (8-13Hz)

frequency bands in motor preparation (Crivelli-Decker et al., 2018; Meissner et al., 2018;
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Pfurtscheller, 2003). The functional relevance of theta and alpha oscillations will thus be

evaluated within the following sections.

Theta Oscillations

Theta oscillations have been continuously associated, and are suggested to play an
integral role, in working memory functions and executive processes (Burke et. al, 2014;
Klimesch et al., 2001). Furthermore, motor learning may be facilitated by theta oscillations
through the coordination of sensory and motor brain activity, indicating that sensorimotor
integration is particularly sensitive to changes in theta power (Bland & Oddie, 2001). Moreover,
theta power is also indicated to promote episodic encoding and retrieval, while simultaneously
contributing to the maintenance of temporal order information within working memory
(Crivelli-Decker et al., 2018). We consider this functionality essential to the facilitation of MSL
in a DSP paradigm, as a five-sequence stimulus temporal order must be maintained throughout
motor preparation to enable the correct execution of sequences. Furthermore, Crivelli-Decker
et al. (2018) identified a preferential relation of theta oscillations for the promotion of faster
reaction times on subsequent trials in a semantic sequence-learning task.

Additionally, the effects of increases in theta power for sequence learning have been
demonstrated in a neurofeedback study by Rozengurt et al. (2016). Via real-time positive EEG
feedback and the employment of a visual target for goal theta power, participants were
instructed to dynamically regulate target theta power through the exertion of directed mental
effort. Ultimately, the employed theta neurofeedback paradigm promoted early consolidation
of sequences. These results are in line with previous findings, demonstrating that directed theta
power increases are potent to increase memory performance and promote learning decay
protection (Reiner et al., 2014). Additionally, in a magnetoencephalography (MEG) study that
contrasted oscillatory activity between Parkinson's disease (PD) patients and healthy controls,
Meissner et al. (2018) found that increases in theta power in motor preparation (approximately
400ms before sequence reproduction) were associated with successful sequence learning.

Mid-Frontal Theta. Novel evidence for the topography of theta oscillatory activity
points to the relevance of mid-frontal theta oscillations in MSL. Therein, Van der Cruijsen et
al. (2021) indicate the facilitation of motor learning through theta power, which was particularly
evident across Fz and FCz electrodes. The mid-frontal channels Fz and FCz approximately
reside over the (dorsal anterior) cingulate cortex (CC) area, which is commonly associated with
the allocation of mental resources to accomplish goal-directed tasks (Cohen et al., 2011; Van

der Cruijsen et al., 2021). We thus argue that the functional properties of theta activity over CC
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may be potentially central to enable successful MSL. In total, Van der Cruijsen et al. (2021)
indicate that theta power is an accurate indicator of successful motor learning and does not
merely reflect perceived difficulty during training. In addition, Van der Lubbe et al. (2021)
observed a small increase in theta power within motor preparation by contrasting motor imagery
with motor preparation and execution. The change in theta power was most prevalent within
mid-frontal channels, similar to the observed effects by Van der Cruijsen et al. (2021).
Considering the emerging evidence on the role of mid-frontal theta oscillations in MSL, we

thus seek to further investigate and validate these novel findings in this thesis.

Alpha Oscillations

Oscillations in the alpha band reflect key functions that are central to the cognitive
processes that facilitate MSL. In general, alpha oscillations are consistently linked to processes
of sustained attention and general motor inhibition (Pollok et al., 2014; Sauseng et al., 2010).
Alpha oscillations that are observed over motor areas are also commonly referred to as mu
oscillations. Crucially, Pfurtscheller & Neuper (2003) have shed light on the inhibitory
properties of mu oscillations. Therein, mu ERD across the contra-lateral and ipsilateral
hemispheres (closer to movement onset) can commonly be observed approximately 2 seconds
prior to the onset of a self-paced finger movement. In total, the utility of a desynchronized mu
rythm lies in the facilitation of information processing in motor preparation and in the dynamic
regulation of required inhibition before movement onset (Pfurtscheller & Neuper, 2003).

Furthermore, Van Dijk et al. (2008) provided evidence in line with this alpha inhibition
hypothesis. In their study, they investigated the role of alpha oscillatory activity in the
modulation of visual perception through the presentation of visual stimuli. Therein, they
identified that increases in pre-stimulus posterior alpha power negatively interfere with the
discrimination ability for visual stimuli. Alpha oscillations thus serve the purpose of functional
inhibition of unnecessary movements, ultimately modulating the gain of the dorsal visual
stream (Jokisch & Jensen, 2007). Van Dijk et al. (2018) strengthened this assessment by
indicating that changes in alpha oscillatory activity are not explained by changes in vigilance.
Additionally, Zhuang et al. (1997) demonstrated that alpha power declined during initial
learning of a serial reaction time task (SRTT; see Robertson et al. (2007)), followed by a peak
in ERD over the C3 electrode when explicit knowledge has fully been accrued. After fully
attaining explicit knowledge, the ERD subsided shortly after. This was attributed to the
inhibitory functions entailed in alpha power. However, Zhuang et al. (1997) did not discriminate

between different motor phases but rather averaged absolute alpha power for every block.



PREPARATORY ALPHA & THETA OSCILLATIONS IN MSL 9

Pre-Frontal Alpha. Most available evidence points towards the relevance of alpha
power over the primary motor cortex (M1: C3 and C4 electrodes) (Zhuang et al. 1997) and
posterior brain regions (De Kleine & Van der Lubbe, 2011; Helfrich et al., 2017). Nonetheless,
we suggest that investigating frontal persistent alpha activity in motor preparation may be
imperative to fully understand the role of alpha oscillations in MSL. As motor preparation is a
state without occurring movement, the predominantly investigated areas over M1 may be less
relevant than pre-frontal areas that relate stronger to top-down control for the preparation of
motor sequences (Pollok et al., 2014; Wang et al., 2016). Moreover, changes in alpha power
have been associated with the facilitation of motor learning over (pre-)frontal areas during
learning in an implicit sequence learning task (Moisello et al., 2013). Jointly motivated by the
top-down control properties of frontal alpha oscillations (Wang et al., 2016), the absence of
movement within motor preparation, and the findings on the relevance of (pre-)frontal alpha
power in sequence learning (Moisello et al., 2013), we will thus explore the role of pre-frontal
alpha oscillations in this thesis. We hope to thereby expand upon the available literature on M1

and posterior alpha oscillatory activity.

The Current Study

Through this study, we aimed to investigate the role of theta and alpha ERD/ERS in the
preparation of familiar, as opposed to unfamiliar, motor sequences that were performed with
the dominant hand in a Go/No-Go DSP paradigm. By contrasting the preparation of familiar
and unfamiliar sequences in an EEG dataset, we sought to further elucidate the neurocognitive
mechanisms of MSL in terms of their underlying oscillatory activity.

For theta oscillations, we firstly (1) expected a relative increase of theta power in motor
preparation when compared to a specified baseline (preparatory ERS) for both unfamiliar and
familiar sequences (Meissner et al., 2018). Secondly, based on the findings of Rozengurt et al.
(2016) on the facilitating properties of theta power, we predicted (2) that this theta ERS would
further increase for familiar as opposed to unfamiliar sequences. Thirdly, considering the
findings of Van der Cruijsen et al. (2021), we believed (3) that this increase of theta ERS in the
preparation of familiar sequences would be most pronounced within mid-frontal regions.
Regarding alpha oscillations, we first hypothesized that (4) a relative decrease of alpha power
in comparison to a specified baseline in motor preparation (preparatory ERD) would unfold for
both unfamiliar and familiar sequences (Pfurtscheller & Neuper, 2003). Secondly, in
consideration of the findings of Zhuang et al. (1997), we expected (5) alpha ERD to decrease

when preparing familiar as opposed to unfamiliar sequences. Lastly, we believed that (6) this
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decrease of alpha ERD for familiar sequences would be most pronounced within pre-frontal

regions (Moisello et al., 2013; Wang et al., 2016)

Methods
Dataset
The analysis of this thesis was performed on a previously recorded and unpublished
EEG dataset, which was based on the implementation of the Go/No-Go Discrete Sequence
Production (DSP) paradigm as part of a doctoral dissertation by de Kleine (2008). In the
following sections, only the experimental details that are relevant to the analysis of this thesis
were reiterated. For full experiment documentation, please refer to the doctoral dissertation by

de Kleine (2008).

Participants

In the original study, eighteen students (14 females, Mage = 22) from the University of
Twente served as participants. All participants declared normal (or corrected-to-normal) vision.
Additionally, participants' average handedness score was collected, as per Annet Handedness
Inventory (Annett, 1970), indicating that every participant could be categorized as right-
handed. Participants provided informed consent before the experiment and received credits
within the university credit system SONA upon completion. The original study was originally
approved by the ethics committee of the faculty of Behavioural, Management and Social
Sciences (BMS), and the current new analysis of the dataset was approved by the same

committee under request number 230697.

Stimuli and Task

The DSP paradigm requires participants to complete a multitude of trials, each following
a predetermined structure. Thereby, participants positioned their little finger on the ";" key,
their ring finger on the "1", their middle finger on the "k" and their index finger on the "j" key.
For every trial, five stimuli were presented, followed by a go or no-go signal that indicated
whether a sequence needed to be replicated or not. When a go signal was presented, the trial
was to be subsequently executed through the sequence of five spatially corresponding key
presses. Participants were informed to reproduce the sequence as quickly as possible.

Each trial started with a 1000 millisecond display of a fixation cross in the middle of the
screen and eight horizontally aligned squares, four on each side of the cross. Subsequently, one

of the squares turned yellow for 750 milliseconds, repeating sequentially five times in total.

The default screen was then displayed for 1500 milliseconds, representing the motor
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preparation interval. Afterwards, the fixation cross was coloured either red (for 6% of trials) or
blue (for 94% of trials). A red fixation cross (displayed for 3000ms) indicated a no-go signal,
meaning that no sequence needed to be executed. When a blue fixation cross was displayed, the
sequence was to be executed by pressing the keys that spatially correspond to the previously
shown yellow squares. For the preparation phase, participants were instructed to fixate their
eyes on the cross in the centre of the screen. Please refer to Figure 1 for an overview of the

displayed stimuli.

Gomnogo signal

ooog = Qoo

Preparation interval
{1500 ms)

Cue (750 ms)

Cue [T50 ms)

omoO = oodo

Coue (750 ms)
Cue (750 ms)
Cue (750 ms)

Cue (750 ms)

Trial onset
(1000 ms)

Figure 1. Stimuli of the Go/No-Go DSP Paradigm. Here, the sequence of stimulus display is indicated for a
singular trial. The temporal properties of the indicated sequence are annotated on the time axis and are depicted
in milliseconds. From: Cognitive control of sequential motor behaviour, by E. de Kleine, 2008, University of
Twente (Doctoral dissertation).

Testing occurred on two separate days, while the first day was dedicated to the
performance of five practice blocks. Eight sequences for each participant were practised
twelve times within any given block. Within the practice phase, four of these eight sequences
were practised with the dominant hand. A twenty-second pause was incorporated halfway
through a given block, while each block was concluded with a two-minute pause. This pause

was extended to ten minutes for every second block. On the next day, another practice block
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commenced, followed by three testing blocks. EEG was recorded for each of the testing
blocks after a ninety-minute break for electrode attachment. Each testing block consisted of
twelve unique sequences, consisting of four familiar, four unfamiliar and four mirrored
(inverted) sequences. As each testing block was identical, only the first testing block
contained novel sequences that were encountered for the first time. For the scope of the
analysis in this thesis, only the first testing block was thus considered to contrast unfamiliar
and familiar dominant-hand sequence preparation. Therein, two right-hand unfamiliar and two
right-hand familiar sequences were performed as part of the testing block.

To prevent finger-specific effects on sequence performance within and across
participants, the sequences entailed in the original study were counterbalanced across every
participant for the practice and the test phase. To eliminate sequence-specific effects, the
unfamiliar sequences of one sequence group participants were adopted to be the unfamiliar
sequences for a second group. As this thesis is concerned with the performance of sequences
with the dominant hand, all familiar and unfamiliar right-hand sequences, and their

distribution across participants, can be found in Appendix A and B.

Apparatus

The experiment itself was displayed on a 17 inch monitor, situated 60cm in front of the
participants and was run through a Pentium 4 computer. EEG recordings were made through
61 Ag/AgCI electrodes that were placed in compliance with the extended 10/20 system. EEG
data was supplemented by electro-oculogram (EOG, bipolar) and electro-myography (EMG,
both forearms) recordings with a Quick-Amp amplifier and were collected through Brain
Vision Recorder (v1.05). During recording, the method of online average referencing was used.

An impedance of <5 kilo-ohm was maintained and a sampling rate of 500Hz was employed.

Data Analysis
EEG Processing

Prior to any EEG (pre-)processing, an event-marker glossary of the stored EEG data
was reconstructed on the basis of the associated behavioural data and the stored experimental
scripts. Furthermore, each stored raw EEG file was preliminarily visually assessed for potential
corruption and major artefacts (such as dead channels and prolonged noisy sections) within the
Brainstorm toolbox (v3.221102) (Tadel et al., 2011) in MATLAB (R2023a) (MathWorks Inc.,
2023). Due to corruption of the BrainVision vmrk (event-marker) files in participants three and
four, they were excluded from further analysis. In total, sixteen participants were thus

processed.
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Eventually, further EEG (pre-)processing was performed within the MNE-Python
environment (v1.4.2) (Gramfort et al., 2013). For the full MNE-Python script, please refer to
Appendix C. Firstly, a low bandpass filter of 0.1HZ and an upper bandpass filter of 40Hz were
applied to the data. After thorough visual inspection, an Independent Component Analysis
(ICA) was performed to clean the data of physiological artefacts. Visual inspection for the
detection of ocular, muscular and cardiac artefacts was supplemented by the function find-bads-
eog entailed in MNE python, which provided recommendations for the removal of ICA
components that matched the ocular signals captured by EOG channels. On average, 3.07 ICA
components were removed from each EEG data file per participant.

Subsequently, the continuous data was epoched and indexed to discriminate between
right-hand familiar and unfamiliar sequences. Motor preparation epochs were created for the
timeframe of 1500ms up until Oms before the execution signal, while the baseline was defined
as -6500 to -5500ms before the execution signal. To obtain time-frequency data, Morlet
wavelets were created for the alpha and theta band (run with three cycles) for three regions of
interest: left-prefrontal (LPF; electrodes F1, F3 and F7), right-prefrontal (RPF; electrodes F2,
F4 and F8) and mid-frontal (CC; electrodes Fz and FCz, overlaying the cingulate cortex region)

(Van der Cruijsen et al., 2021). Please refer to Figure 2 for a visual representation.

Fz

F7 F3 F Fz F4 Fd

. . . L . . .

LPF {left-prefrontal RPF [right-prefrontal
cluster) FCz cluster)

L]

CC (mid-frontol
cluster]

Figure 2. Left-prefrontal, right-prefrontal and mid-frontal electrode groupings. The LPF cluster indexes left-
prefrontal regions through electrodes F7, F3 and F1, while the RPF cluster indexes right-prefrontal regions
through electrodes F8, F4 and F2. The CC cluster indexes mid-frontal regions through electrodes Fz and FCz.
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ERD/ERS and Linear Mixed Regression

The power outputs of the Morlet wavelets were further processed to obtain ERD/ERS
values in the form of percentages. The Morlet outputs were subsequently limited to the relevant
timeframes of -1500ms to Oms (preparation), and -6500ms to -5500ms (baseline) before the
execution signal. All other power outputs relating to the timeframe in-between were
disregarded, while power outputs of the channels for each respective cluster were merged. Then,
the data was segmented into 100ms intervals, calculating the means of every 50 consecutive
values as dictated by the sampling rate of 500Hz. Subsequently, ERD and ERS were calculated
as the percentage change of power relative to the baseline for each ROI, as suggested by
Pfurtscheller (1999). ERD and ERS were then segmented for the theta (4-8Hz) and alpha (8-
13Hz) frequency, while including the overlapping 8Hz frequency for both output variables.

The obtained ERD and ERS values were statistically analysed through linear mixed
regression (LMER) via the Ime4 package (v1.1-33) within RStudio (using R v4.2.1) (RStudio
Team, 2023). LMER was specifically employed to control for the variance of random factors
associated with the subject variable (Chan et al., 2018). Henceforth, two separate models were
created with alpha ERD/ERS (Alpha) and theta ERD/ERS (Theta) as the respective outcome
variables. As the main experimental manipulation entailed the preparation of familiar versus
unfamiliar sequences, Condition (familiar or unfamiliar) was included as a predictor variable.
Furthermore, the three pre-determined regions of interest (ROI: RPF, LPF, CC) and the sixteen
time points in 100ms intervals (Time: 1500ms to Oms) entailed in the motor preparation phase
served as two additional predictors. Finally, analyses of variance (ANOV As), including type II
Wald chi-square tests (a = 0.05), were performed on both LMER models. As the main
experimental manipulation refers to the comparison of familiar and unfamiliar sequences, only
significant interactions that include Condition were reported in the results. Additionally,
whenever such significant interactions were found, additional post-hoc tests were performed

and reported.
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Results
Theta ERD/ERS

An analysis of LMER models with theta ERD/ERS (Theta) as the outcome variable, and
with Condition (familiar, unfamiliar), ROI (LPF, RPF, CC) and Time (-1500 - Oms) as predictor
variables was performed. Thereby, we found a significant main effect of Condition on Theta
v*( 1, n = 16) = 20.61, p < .001, signifying that there is a significant difference in theta
synchronization between the preparation of familiar and unfamiliar sequences. Additionally, a
significant interaction of Condition x Time, ¥*(15, n = 16) = 204.58, p < .001, was found,
illustrating that the effect of familiar versus unfamiliar sequence preparation on theta
synchronization varies as a function of the sixteen timepoints entailed in motor preparation.
Moreover, a significant three-way interaction of Condition x Time x ROI was identified y*(30,
n=16)=77.94, p <.001, indicating that the effect of Condition on Theta based on the sixteen
timepoints developed differently for the three regions of interest.

Post-hoc tests indicated that for CC, in the range from -1400ms to -1100ms (3
timepoints; p < .01) and at the timepoint -800ms (p < .01), lower theta synchronization for
familiar as opposed to unfamiliar sequences was yielded. Conversely, at the timepoint -200ms
(p < .01) significantly higher theta synchronization was identified for the familiar condition.
Pertaining to LPF and RPF, a similar pattern was observed. For LPF, theta synchronization in
the familiar condition was significantly lower in the range from -1300 to -1100ms (3 timepoints,
p <.01) and at timepoint 0 (p < .05), while it was significantly higher at timepoints -600ms to
-500ms (p < .05). Lastly, the differences were most pronounced within RPF, as theta
synchronization was significantly lower for familiar sequences in the range from -1400ms to -
800ms (7 timepoints; p < .01) and significantly higher from -300ms to Oms (4 timepoints; p <
.01). This three-way interaction is visualized within Figure 3, supplemented by their associated

time-frequency representations based on Morlet wavelets.
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Figure 3. 1) Time-Frequency-Representations (TFR) for all ROI. Within theta frequencies (4-8Hz - marked by a dotted line) predominant ERS (green to red gradient) can
be seen for the motor preparation period and the significant main effect of Condition on Theta (Unfamiliar: Left, Familiar: Right) is illustrated. 2) TFR based on ROI and 3)
Three-Way Interaction Plot for Theta ERD/ERS illustrate the significant Condition*ROI*Time interaction. Significant timepoints are marked by dotted lines in panel three
and supplemented with their respective time-frequency properties in Panel two (ROI matched by height). Most noticeably, a shift from ERD (starting -1400ms) to sharp

ERS (-300ms) for familiar sequences can be identified within RPF.
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Alpha ERD/ERS

Furthermore, the LMER analysis with alpha ERD/ERS (Alpha) as the dependent
variable and with Condition, ROI and Time as predictors revealed the following results. We
identified no significant main effect of Condition on Alpha, yA1, n = 16) = .07, p = .78,
indicating no significant difference in alpha synchronization between the familiar and
unfamiliar condition. However, two significant two-way interactions were found. Thereby,
significant interactions of Condition x Time, ¥*(15, n = 16) = 162.33, p <.001, and Condition
x ROI, yA(2, n = 16) = 14.04, p < .001, were identified, illustrating that the effect of familiar
versus unfamiliar sequence preparation on alpha synchronization varies as a function of the
sixteen timepoints entailed in motor preparation, and the three regions of interests, respectively.
Moreover, a significant three-way interaction of Condition x Time x ROI was identified y*(30,
n=16)=80.61, p <.001, highlighting that the difference between the familiar and unfamiliar
condition, based on the sixteen different timepoints, differed as a function of the three regions
of interest.

Post-hoc tests revealed significantly lower alpha synchronization for familiar sequences
in CC within the range of -1300ms to -1100ms (3 timepoints, p < .05) and the timepoint 0 (p <
.05), and significantly higher alpha synchronization in the timepoint -700ms (p < .01) and the
range of -400ms to -100ms (3 timepoints, p <.01). Additionally, for LPF, alpha synchronization
was significantly lower for familiar sequences in the range of -1300ms to -1200ms (p < .01)
and the timepoint Oms (p < .01), and significantly higher at the timepoint -700ms (p < .05), the
range of -400ms to -300ms (2 timepoints, p < 0.05) and the timepoint -100ms (p < .05). Lastly,
within RPF, familiar sequences elicited significantly lower alpha synchronization in the range
from -1100ms to -900ms (3 timepoints, p <.05) and significantly higher alpha synchronization
at the timepoint -600ms (p < .05). The significant Condition x ROI x Time interaction is

depicted in Figure 4, alongside the corresponding time-frequency representations.
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Discussion

The goal of our study was to investigate the role of theta and alpha oscillations in the
preparation of familiar as opposed to unfamiliar dominant-hand sequences. Regarding our
hypotheses for theta oscillations, we first (1) identified predominant theta ERS throughout the
preparatory period. This was in line with our expectations (Meissner et al., 2018). While
unfamiliar and familiar sequence preparation significantly differed in associated theta
synchronization, we did (2) not observe the expected general increase of theta ERS (Rozengurt
et al., 2016) for familiar as opposed to unfamiliar sequences in the entire motor preparation
period. Conversely, we identified predominant ERD for familiar sequences at the beginning of
motor preparation, which shifted to ERS closer to the execution signal. Furthermore, these
differences in theta synchronization were, contrary to our expectations, (3) not most
pronounced within mid-frontal regions (Van der Cruijsen et al., 2021), but rather within right-
prefrontal regions. For alpha oscillatory activity, our results indicate (4) general ERD
throughout motor preparation. This was also in line with our expectations (Pfurtscheller &
Neuper, 2003). However, familiar as opposed to familiar sequence preparation did (5) not
significantly differ in alpha synchronization, thus alpha ERD did not generally weaken for
familiar sequences. This is in opposition to our expectations (Zhuang et al., 1997). Nonetheless,
when considering the three regions of interest and the timepoints in motor preparation, we did
find stronger alpha ERD at the beginning of motor preparation, and weaker alpha ERD closer
to the execution signal for familiar sequences. This difference, contrary to our expectations,
was (6) not most pronounced in pre-frontal clusters (Wang et al., 2016) but rather in the mid-

frontal cluster.

Theta ERD/ERS

We identified predominant theta ERS within motor preparation, which points towards
the facilitating properties of theta power for executive functioning and working memory
processes (Burke et. al, 2014; Crivelli-Decker et al., 2018; Klimesch et al., 2001; Rozengurt et
al., 2016). However, we did not observe theta ERS throughout the entire preparatory period.
Most pronounced in right-prefrontal regions, we rather found significant timepoints where ERD
occurred for familiar sequences (as opposed to ERS for unfamiliar sequences) at the beginning
of the motor preparation period (-1400ms to -800ms). This subsequently shifted to ERS for
familiar sequences (as opposed to ERD for unfamiliar sequences) towards the end of the
preparation period (starting at -300ms). We believe that this shift in temporal dynamics, and

the shift from relative power decrease to increase, is associated with the differential loading of
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information that is selectively relevant to imposed task demands (Crivelli-Decker et al., 2018).
Here, differences in task demands refer to the anticipation of either unfamiliar or familiar
sequence execution.

Thus, for unfamiliar sequences, encoding of novel stimulus information into working
memory occurs mainly post-stimulus provision and therefore closer to the onset of the
preparation period. Conversely, the opposite mechanism occurs within preparation for familiar
sequences. Novel stimulus information is not encoded after attending to intra-trial sequence
stimuli, precisely because the sequence is already known and well-practiced. Consequently,
information for eventual sequence execution is retrieved closer to the end of the preparation
period and is therefore loaded into working memory in closer temporal proximity to the
prompted execution of a familiar sequence.

This interpretation is in line with the findings of Crivelli-Decker et al. (2018), which
indicate the relevance of theta oscillations for the maintenance of temporal order information
within working memory. Moreover, a recent study by Champion et al. (2023) provides potential
context to the mechanisms by which such temporal order information is maintained in working
memory. Thereby, persistent activity amplitudes may be stored through a phase-locking
mechanism, which allows a given neural circuit to produce sequential activity that ultimately
encodes spatially corresponding stimulus patterns. Given that the exact processes underlying
information maintenance in working memory are still being delineated by cognitive
neuroscience, Champion et al. (2023) provide us with a reasonable foundation for the neural
underpinnings of our results.

When contrasting our results with the findings by Meissner et al. (2018), our identified
significant theta increase before the execution signal for familiar sequences is in line with their
observed effects of sequence learning enhancement through theta power increases. Here, the
timeline of theta increase is strikingly similar, as our results indicate the most pertinent increase
starting at -300ms prior to the execution signal, just as Meissner et al. (2018) reported in their
study. However, their approach was centred around the elucidation of differences in oscillatory
activity as a result of altered cortico-basal-ganglia circuits in Parkinson's disease (PD) patients
(Beudel et al., 2016). When connecting these outcomes, our results tentatively indicate that
increases in theta synchronization (occurring closer to sequence execution) promote working
memory processes, which may be imperative for functional MSL in both PD and healthy
subgroups.

As our tertiary hypothesis was rejected, namely that differences between the two

conditions would be most prevalent in the mid-frontal cluster (CC), our results do not fully
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conform with the findings of Van der Cruijsen et al. (2021). However, the facilitative properties
of theta oscillations identified by Van der Cruijsen et al. (2021) were bound to the motor
execution phase, which was not considered in this study. Hence, it is thus likely that processes
of facilitation occur at different focal points throughout the entire temporal range of a motor
sequence trial (Spampinato & Celnik, 2017). In addition to this, there is some degree of
disaccord for the role of theta oscillations within MSL in further relevant literature.

While Van der Lubbe et al. (2021) observed a slight increase of theta power in the motor
preparation phase of a DSP task, increases in theta power were not mainly attributed to the
encoding and loading of sequence information into working memory. Alternatively, they were
rather seen to mainly reflect global inhibitory interactions (Buzsaki, 2006, as cited in Van der
Lubbe, 2021). This attribution serves as an alternative interpretation of the working-memory
centred examination of theta oscillations within this thesis. Coupling this insight with the role
of prefrontal cortices, not only for working memory processes (D'Ardenne et al., 2012), but
also for inhibitory mechanisms during motor preparation (Duque et al., 2012), this alternative
interpretation could thus also be consistent with our finding that conditional differences were
most prevalent in the right pre-frontal region (RPF).

Additionally, some MSL studies point in the opposite direction, namely that decreases
in theta power facilitate MSL. This was, for instance, illustrated by a recent study of Lump et
al. (2023), in which sequence learning effects were associated with decreases in theta power.
Our results are thus inconsistent with the data presented by Lum et al. (2023). Lum et al. (2023)
outline that the facilitating theta increases observed by Meissner et al. (2018) occurred largely
due to maladaptive responses to processing patterns entailed in visual sequence stimuli. They
deemed this maladaptive response to likely occur in PD patients. As our results indicate the
facilitating effects of theta power increases also for a healthy study population, we provide
support for the obtained results by Meissner et al. (2018). Further research should clarify and

provide further evidence to solve this disaccord entailed in contemporary literature.

Alpha ERD/ERS

Firstly, as we found general alpha ERD for the motor preparation phase, the previously
indicated preparatory and inhibitory properties of a desynchronized rhythm within the alpha
band for sequential motor behaviour were affirmed (Pfurtscheller, 1999; Pfurtscheller &
Neuper, 2003; Van Dijk et al., 2008). In contrast to the temporal unfolding of theta ERD/ERS,
we identified no shift from ERD to ERS in alpha oscillatory activity. When considering all

regions of interest and timepoints, alpha ERD was consistently identified throughout the full
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preparation period. Thus, it is highly likely that alpha ERD occurs in to prevent unwanted
movements and to prime a correct execution of sequences (Pfurtscheller, 1999; Pfurtscheller &
Neuper, 2003), regardless of the to-be-executed sequence type. However, more nuanced
statements can be made when considering an additional shift in temporal dynamics for the
relative strength of ERD within the CC region (mid-frontal cluster). Here, familiar sequences
elicit stronger ERD closer to the beginning of the preparation period (as opposed to weaker
ERD for unfamiliar sequences, starting at -1300ms), which then shifts towards weaker ERD for
familiar sequences (as opposed to stronger ERD for unfamiliar sequences, starting at -400ms)
towards the end of motor preparation.

We consider the fundamental facilitating mechanism of this temporal disparity to be an
increased demand for inhibition that occurs immediately post-stimulus provision. As familiar
sequences are known and well-practised, stronger motor inhibition may be more relevant
immediately after sequence recognition. Thus, inhibition may pertain to the prevention of
movement that has become increasingly habitual due to repeated exposure to familiar sequences
in the training phase. This does not occur for unfamiliar sequences, precisely because of their
novelty and consequential lack of repeated exposure. As we move closer to the end of the
preparation phase and towards movement execution, the demand for inhibition decreases for
well-practised sequences and increases for entirely novel sequences. In total, we argue that this
shift in the strength of ERD in this study mirrors a variable demand for motor inhibition that is
contingent upon repeated exposure to sequence stimuli.

Similar to this pattern of variable inhibition demand, Zhuang et al. (1997) reported a
pattern of peaking alpha ERD, up until explicit knowledge within the SRTT task was acquired
and subsided shortly after. This, in essence, reflects the identified pattern that was found in this
study, though some notable differences must be enunciated. Firstly, Zhuang et al. (1997) did
not only utilize a different MSL task paradigm (SRTT), but they also set the alpha frequency
boundaries to 9-11Hz. As upper alpha bandwidth (10-13Hz) was found to be most sensitive to
finger movements (Pfurtscheller & Neuper, 2003), it is reasonable to argue that any similarities
between this study and the one conducted by Zhuang et al. (1997) must always be viewed
tentatively due to potential differences that may have been elicited through the consideration of
varying alpha bandwidths.

Nonetheless, the results by Zhuang et al. (1997) also provide us with potential context
for the mid-frontal cluster to predominantly reflect this pattern, as they identified a peak in ERD
that was maximal for the central C3 electrode over MI1. This is largely in line with the

postulations of alpha (mu) ERD across motor regions by Pfurtscheller (1999). This does not
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preclude the possibility that pre-frontal regions are also indicative of variable demands on motor
inhibition (Wang et al., 2016), as RPF did reflect a significantly stronger alpha ERD after the
presentation of a familiar sequence stimulus. Rather, more central regions may nonetheless be
more potent to display such shifts in variable inhibition demand, despite the absence of
movement within the preparation phase. To assess this claim more holistically, future
investigations of pre-frontal alpha oscillations should thus be complemented by including
activity over M1 (through the central C3/C4 electrodes) within their study design. In total, our
identified pattern of an alpha ERD increase, followed by a subsequent decline, may be a
facilitating factor of successful MSL and ought to be investigated more comprehensively in

future research.

Limitations and Future Directions

One of the key limitations of this study pertains to the fact that electroencephalographic
recordings can only uncover the role of cortical structures in MSL. However, contemporary
literature has indicated the importance of subcortical brain structures (such as the basal ganglia)
for MSL facilitation (Ruiz et al., 2014; Turner & Desmurget, 2010). Any derived conclusions
and implications of this study are thus inherently tied to cortical activity, potentially providing
an incomplete overview of the neural dynamics of MSL. Additionally, the study employed a
limited overview of the three motor phases, as only the motor preparation phase was considered
within the analysis. As, for instance, illustrated by the results of Van der Cruijsen et al. (2021)
or Van der Lubbe et al. (2021), insights from the motor execution or post-movement phase (and
potentially, motor imagery) can be vital to fully grasp the role of oscillatory activity within
MSL. Any obtained results thus only apply to the preparation of motor sequences and should
ideally be supplemented with data on their subsequent execution. Lastly, the employed
counterbalancing within our dataset was potentially ineffective in fully eliminating sequence-
specific effects, as only two sequence clusters (groups that received the same sequences) were
entailed in the practice phase. These sequences were eventually distributed across participants
in the test phase, thereby influencing the obtained data of our analysis. Furthermore, as two
participants that received the same sequence cluster were excluded from subsequent analysis
(Participants 3 and 4; see Appendix A for sequence overview), sequence-specificity of the
obtained results cannot fully be excluded.

Direct recommendations for further research pertain to the supplementation of the
acquired results on alpha and theta ERD/ERS with behavioural data, such as reaction times

(Abrahamse et al., 2016). Consequently, facilitatory mechanisms of successful motor sequence
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execution would not only be supported through oscillatory patterns, but also through their direct
association with behavioural outcomes. As this study employed a block-level analysis, future
research should also investigate the oscillatory dynamics on single sequence trial level.
Particularly when matching behavioural outcomes with ERD/ERS data, single trial reaction
time prediction may be possible through the identification of respective facilitating and
inhibiting oscillatory patterns. This, for instance, would be highly interesting to investigate in
light of the previously identified facilitating properties of theta oscillations for current and
future trial performance (Crivelli-Decker et al., 2018; Rozengurt et al., 2016). Additionally,
behavioural outcomes may not only pertain to the subsequent execution of sequences but could
also be systematically investigated in view of learning decay (Reiner et al., 2014), as retention

of sequential motor behaviour is an important part of MSL (Moisello et al., 2011).

Conclusion

The broader scope of this study was to investigate the role of frequency-specific
oscillatory activity in MSL. Therein, we investigated preparatory theta and alpha ERD/ERS in
arecorded EEG dataset and accrued initial evidence for facilitatory neurocognitive mechanisms
of MSL. Most strikingly, a significant increase in theta ERS in close temporal proximity to
evincing sequence execution was found for the preparation of familiar sequences. In line with
the corresponding results of previous studies, we suggest an imperative role of theta oscillations
for the successful encoding and retrieval of temporal sequence information within working
memory. As a result, increases in theta power may benefit motor performance and thus lead to
faster and more accurate sequence execution. Moreover, the identified pattern of an increase of
alpha ERD for familiar sequences, followed by a subsequent decline in ERD, shed light on the
variable and subsiding nature of inhibitory processes of alpha oscillatory activity. In total, our
study further elucidated the oscillatory differences entailed in the temporal dimensions of
sequence preparation through the contrast of well-practised sequences and entirely novel
sequences. Nonetheless, our study only focused on the neural underpinnings of such sequence

preparation and is yet to be re-evaluated in the light of corresponding behavioural outcomes.



PREPARATORY ALPHA & THETA OSCILLATIONS IN MSL 25

References

Abrahamse, E. L., Ruitenberg, M. F. L., de Kleine, E., & Verwey, W. B. (2013). Control of
automated behavior: insights from the discrete sequence production task. Frontiers in
Human Neuroscience, 7. https://doi.org/10.3389/fnhum.2013.00082

Abrahamse, E., Braem, S., Notebaert, W., & Verguts, T. (2016). Grounding cognitive control
in associative learning. Psychological Bulletin, 142(7), 693—728.
https://doi.org/10.1037/bul0000047

Ariani, G., & Diedrichsen, J. (2019). Sequence learning is driven by improvements in motor
planning. Journal of Neurophysiology, 121(6), 2088-2100.
https://doi.org/10.1152/jn.00041.2019

Berlot, E., Popp, N. J., & Diedrichsen, J. (2020). A critical re-evaluation of fMRI signatures
of motor sequence learning. ELife, 9. https://doi.org/10.7554/elife.55241

Beudel, M., Oswal, A., Jha, A., Foltynie, T., Zrinzo, L., Hariz, M., Limousin, P., & Litvak, V.
(2016). Oscillatory Beta Power Correlates With Akinesia-Rigidity in the Parkinsonian
Subthalamic Nucleus. Movement Disorders, 32(1), 174—-175.
https://doi.org/10.1002/mds.26860

Bland, B. H., & Oddie, S. D. (2001). Theta band oscillation and synchrony in the
hippocampal formation and associated structures: the case for its role in sensorimotor
integration. Behavioural Brain Research, 127(1-2), 119-136.
https://doi.org/10.1016/s0166-4328(01)00358-8

Burgess, A. P. (2012). Towards a Unified Understanding of Event-Related Changes in the
EEG: The Firefly Model of Synchronization through Cross-Frequency Phase
Modulation. PLoS ONE, 7(9), €45630. https://doi.org/10.1371/journal.pone.0045630

Burke, J. F., Sharan, A. D., Sperling, M. R., Ramayya, A. G., Evans, J. J., Healey, M. K.,
Beck, E. N., Davis, K. A., Lucas, T. H., & Kahana, M. J. (2014). Theta and High-
Frequency Activity Mark Spontaneous Recall of Episodic Memories. Journal of
Neuroscience, 34(34), 11355-11365. https://doi.org/10.1523/jneurosci.2654-13.2014

Champion, K., Gozel, O., Lankow, B. S., Bard Ermentrout, & Goldman, M. S. (2023). An
oscillatory mechanism for multi-level storage in short-term memory. Communications
Biology, 6(1). https://doi.org/10.1038/s42003-023-05200-7

Chan, R. W., Alday, P. M., Zou-Williams, L., Lushington, K., Schlesewsky, M., Bornkessel
Schlesewsky, I., & Immink, M. A. (2020). Focused-attention meditation increases

cognitive control during motor sequence performance: Evidence from the N2 cortical


https://doi.org/10.3389/fnhum.2013.00082
https://doi.org/10.1037/bul0000047
https://doi.org/10.1152/jn.00041.2019
https://doi.org/10.7554/elife.55241
https://doi.org/10.1002/mds.26860
https://doi.org/10.1016/s0166-4328(01)00358-8
https://doi.org/10.1371/journal.pone.0045630
https://doi.org/10.1523/jneurosci.2654-13.2014
https://doi.org/10.1038/s42003-023-05200-7

PREPARATORY ALPHA & THETA OSCILLATIONS IN MSL 26

evoked potential. Behavioural Brain Research, 384, 112536.
https://doi.org/10.1016/j.bbr.2020.112536

Chan, R. W., Lushington, K., & Immink, M. A. (2018). States of focused attention and
sequential action: A comparison of single session meditation and computerised
attention task influences on top-down control during sequence learning. Acta
Psychologica, 191, 87-100. https://doi.org/10.1016/j.actpsy.2018.09.003

Cohen, A., Ivry, R. 1., & Keele, S. W. (1990). Attention and structure in sequence learning.
Journal of Experimental Psychology: Learning, Memory, and Cognition, 16(1), 17—
30. https://doi.org/10.1037/0278-7393.16.1.17

Cohen, M. X., Wilmes, K. A., & van de Vijver, L. (2011). Cortical electrophysiological
network dynamics of feedback learning. Trends in Cognitive Sciences, 15(12), 558—
566. https://doi.org/10.1016/j.tics.2011.10.004

Crivelli-Decker, J., Hsieh, L.-T., Clarke, A., & Ranganath, C. (2018). Theta oscillations
promote temporal sequence learning. Neurobiology of Learning and Memory, 153,
92-103. https://doi.org/10.1016/j.nlm.2018.05.001

D’Ardenne, K., Eshel, N., Luka, J., Lenartowicz, A., Nystrom, L. E., & Cohen, J. D. (2012).
Role of prefrontal cortex and the midbrain dopamine system in working memory
updating. Proceedings of the National Academy of Sciences, 109(49), 19900-19909.
https://doi.org/10.1073/pnas.1116727109

Dahms, C., Brodoehl, S., Witte, O. W., & Klingner, C. M. (2019). The importance of
different learning stages for motor sequence learning after stroke. Human Brain
Mapping, 41(1), 270-286. https://doi.org/10.1002/hbm.24793

De Kleine, E. (2009). Cognitive control of sequential behavior [Doctoral dissertation].

De Kleine, E., & Van der Lubbe, R. H. J. (2011). Decreased load on general motor
preparation and visual-working memory while preparing familiar as compared to
unfamiliar movement sequences. Brain and Cognition, 75(2), 126—134.
https://doi.org/10.1016/j.bandc.2010.10.013

De Lucia, M., Constantinescu, 1., Sterpenich, V., Pourtois, G., Seeck, M., & Schwartz, S.
(2011). Decoding Sequence Learning from Single-Trial Intracranial EEG in Humans.
PLoS ONE, 6(12), €28630. https://doi.org/10.1371/journal.pone.0028630

Diedrichsen, J., & Kornysheva, K. (2015). Motor skill learning between selection and
execution. Trends in Cognitive Sciences, 19(4), 227-233.
https://doi.org/10.1016/j.tics.2015.02.003


https://doi.org/10.1016/j.bbr.2020.112536
https://doi.org/10.1016/j.actpsy.2018.09.003
https://doi.org/10.1037/0278-7393.16.1.17
https://doi.org/10.1016/j.tics.2011.10.004
https://doi.org/10.1016/j.nlm.2018.05.001
https://doi.org/10.1073/pnas.1116727109
https://doi.org/10.1002/hbm.24793
https://doi.org/10.1016/j.bandc.2010.10.013
https://doi.org/10.1371/journal.pone.0028630
https://doi.org/10.1016/j.tics.2015.02.003

PREPARATORY ALPHA & THETA OSCILLATIONS IN MSL 27

Dixon, M. L. (2015). Cognitive control, emotional value, and the lateral prefrontal cortex.
Frontiers in Psychology, 6. https://doi.org/10.3389/fpsyg.2015.00758

Doyon, J., Gabitov, E., Vahdat, S., Lungu, O., & Boutin, A. (2018). Current issues related to
motor sequence learning in humans. Current Opinion in Behavioral Sciences, 20, 89—
97. https://doi.org/10.1016/j.cobeha.2017.11.012

Dugque, J., Labruna, L., Verset, S., Olivier, E., & Ivry, R. B. (2012). Dissociating the Role of
Prefrontal and Premotor Cortices in Controlling Inhibitory Mechanisms during Motor
Preparation. Journal of Neuroscience, 32(3), 806—-816.
https://doi.org/10.1523/jneurosci.4299-12.2012

Gramfort, A. (2013). MEG and EEG data analysis with MNE-Python. Frontiers in
Neuroscience, 7. https://doi.org/10.3389/tnins.2013.00267

Helfrich, R. F., Huang, M., Wilson, G., & Knight, R. T. (2017). Prefrontal cortex modulates
posterior alpha oscillations during top-down guided visual perception. Proceedings of
the National Academy of Sciences, 114(35), 9457-9462.
https://doi.org/10.1073/pnas.1705965114

Jokisch, D., & Jensen, O. (2007). Modulation of Gamma and Alpha Activity during a
Working Memory Task Engaging the Dorsal or Ventral Stream. Journal of
Neuroscience, 27(12), 3244-3251. https://doi.org/10.1523/jneurosci.5399-06.2007

Klimesch, W. (2012). Alpha-band oscillations, attention, and controlled access to stored
information. Trends in Cognitive Sciences, 16(12), 606—-617.
https://doi.org/10.1016/].tics.2012.10.007

Klimesch, W., Doppelmayr, M., Stadler, W., Péllhuber, D., Sauseng, P., & R6hm, D. (2001).
Episodic retrieval is reflected by a process specific increase in human
electroencephalographic theta activity. Neuroscience Letters, 302(1), 49-52.
https://doi.org/10.1016/s0304-3940(01)01656-1

Latash, M. L. (2012). Fundamentals of Motor Control. Elsevier.
https://doi.org/10.1016/c2011-0-05693-4

Leuthold, H., Sommer, W., & Ulrich, R. (1996). Partial advance information and response
preparation: Inferences from the lateralized readiness potential. Journal of
Experimental Psychology: General, 125(3), 307-323. https://doi.org/10.1037//0096-
3445.125.3.307

Lum, J. A. G,, Clark, G. M., Barhoun, P., Hill, A. T., Hyde, C., & Wilson, P. H. (2022).
Neural basis of implicit motor sequence learning: Modulation of cortical power.

Psychophysiology, 60(2). https://doi.org/10.1111/psyp.14179


https://doi.org/10.3389/fpsyg.2015.00758
https://doi.org/10.1016/j.cobeha.2017.11.012
https://doi.org/10.1523/jneurosci.4299-12.2012
https://doi.org/10.3389/fnins.2013.00267
https://doi.org/10.1073/pnas.1705965114
https://doi.org/10.1523/jneurosci.5399-06.2007
https://doi.org/10.1016/j.tics.2012.10.007
https://doi.org/10.1016/s0304-3940(01)01656-1
https://doi.org/10.1016/c2011-0-05693-4
https://doi.org/10.1037/0096-3445.125.3.307
https://doi.org/10.1037/0096-3445.125.3.307
https://doi.org/10.1111/psyp.14179

PREPARATORY ALPHA & THETA OSCILLATIONS IN MSL 28

MathWorks Inc. (2023). MATLAB version: R2023a. MathWorks.
https://www.mathworks.com

Meissner, S. N., Krause, V., Siidmeyer, M., Hartmann, C. J., & Pollok, B. (2018). The
significance of brain oscillations in motor sequence learning: Insights from
Parkinson’s disease. Neurolmage: Clinical, 20, 448—457.
https://doi.org/10.1016/j.nicl.2018.08.009

Moisello, C., Avanzino, L., Tacchino, A., Ruggeri, P., Ghilardi, M. F., & Bove, M. (2011).
Motor sequence learning: Acquisition of explicit knowledge is concomitant to changes
in motor strategy of finger opposition movements. Brain Research Bulletin, 85(3-4),
104-108. https://doi.org/10.1016/j.brainresbull.2011.03.023

Moisello, C., Meziane, H. B., Kelly, S., Perfetti, B., Kvint, S., Voutsinas, N., Blanco, D.,
Quartarone, A., Tononi, G., & Ghilardi, M. F. (2013). Neural Activations during
Visual Sequence Learning Leave a Trace in Post-Training Spontaneous EEG. PLoS
ONE, 8(6), €65882. https://doi.org/10.1371/journal.pone.0065882

Nazari, M. A., Caria, A., & Soltanlou, M. (2016). Time for action versus action in time: time
estimation differs between motor preparation and execution. Journal of Cognitive
Psychology, 29(2), 129—-136. https://doi.org/10.1080/20445911.2016.1232724

Pfurtscheller, G. (2003). Induced Oscillations in the Alpha Band: Functional Meaning.
Epilepsia, 44(s12), 2—8. https://doi.org/10.1111/j.0013-9580.2003.12001.x

Pfurtscheller, G., & Lopes da Silva, F. H. (1999). Event-related EEG/MEG synchronization
and desynchronization: basic principles. Clinical Neurophysiology, 110(11), 1842—
1857. https://doi.org/10.1016/s1388-2457(99)00141-8

Pfurtscheller, G., & Neuper, C. (2003). Movement and ERD/ERS. The Bereitschaftspotential,
191-206. https://doi.org/10.1007/978-1-4615-0189-3 12

Pollok, B., Latz, D., Krause, V., Butz, M., & Schnitzler, A. (2014). Changes of motor-cortical
oscillations associated with motor learning. Neuroscience, 275, 47-53.
https://doi.org/10.1016/j.neuroscience.2014.06.008

Reiner, M., Rozengurt, R., & Barnea, A. (2014). Better than sleep: Theta neurofeedback
training accelerates memory consolidation. Biological Psychology, 95, 45-53.
https://doi.org/10.1016/j.biopsycho.2013.10.010

Robertson, E. M. (2007). The Serial Reaction Time Task: Implicit Motor Skill Learning?
Journal of Neuroscience, 27(38), 10073—10075.
https://doi.org/10.1523/jneurosci.2747-07.2007


https://www.mathworks.com/
https://doi.org/10.1016/j.nicl.2018.08.009
https://doi.org/10.1016/j.brainresbull.2011.03.023
https://doi.org/10.1371/journal.pone.0065882
https://doi.org/10.1080/20445911.2016.1232724
https://doi.org/10.1111/j.0013-9580.2003.12001.x
https://doi.org/10.1016/s1388-2457(99)00141-8
https://doi.org/10.1007/978-1-4615-0189-3_12
https://doi.org/10.1016/j.neuroscience.2014.06.008
https://doi.org/10.1016/j.biopsycho.2013.10.010
https://doi.org/10.1523/jneurosci.2747-07.2007

PREPARATORY ALPHA & THETA OSCILLATIONS IN MSL 29

Rosenbaum, D. A., Loukopoulos, L. D., Meulenbroek, R. G. J., Vaughan, J., & Engelbrecht,
S. E. (1995). Planning reaches by evaluating stored postures. Psychological Review,
102(1), 28-67. https://doi.org/10.1037/0033-295x.102.1.28

Rozengurt, R., Barnea, A., Uchida, S., & Levy, D. A. (2016). Theta EEG neurofeedback
benefits early consolidation of motor sequence learning. Psychophysiology, 53(7),
965-973. https://doi.org/10.1111/psyp.12656

RStudio Team. (2023). RStudio: Integrated development for R. RStudio .
http://www.rstudio.com

Ruiz, M. H., Haynes, J.-D., Kiihn, A. A., Rusconi, M., Briicke, C., & Schonecker, T. (2014).
Encoding of sequence boundaries in the subthalamic nucleus of patients with
Parkinson’s disease. Brain, 137(10), 2715-2730. https://doi.org/10.1093/brain/awul91

Spampinato, D., & Celnik, P. (2017). Temporal dynamics of cerebellar and motor cortex
physiological processes during motor skill learning. Scientific Reports, 7(1).
https://doi.org/10.1038/srep40715

Swarnkar, R. & Miyapuram, K.P. (2020). Temporal EEG Neural Activity Predicts Visuo-
Spatial Motor Sequence Learning. International Conference on Neural Information
Processing, 5, 204-211. https://doi.org/10.1007/978-3-030-63823-8 25

Tadel, F., Baillet, S., Mosher, J. C., Pantazis, D., & Leahy, R. M. (2011). Brainstorm: A User-
Friendly Application for MEG/EEG Analysis. Computational Intelligence and
Neuroscience, 2011, 1-13. https://doi.org/10.1155/2011/879716

Turner, R. S., & Desmurget, M. (2010). Basal ganglia contributions to motor control: a
vigorous tutor. Current Opinion in Neurobiology, 20(6), 704—716.
https://doi.org/10.1016/j.conb.2010.08.022

Van der Cruijsen, J., Manoochehri, M., Jonker, Z. D., Xie, S. X., Frens, M. A., Ribbers, G.
M., Schouten, A. C., & Selles, R. W. (2021). Theta but not beta power is positively
associated with better explicit motor task learning. Neuroimage , 240, 118373—
118373. https://doi.org/10.1016/j.neuroimage.2021.118373

Van der Lubbe, R. H. J., Sobierajewicz, J., Jongsma, M. L. A., Verwey, W. B., &
Przekoracka-Krawczyk, A. (2021). Frontal brain areas are more involved during
motor imagery than during motor execution/preparation of a response sequence.
International Journal of Psychophysiology, 164, 71-86.
https://doi.org/10.1016/].ijpsycho.2021.02.020


https://doi.org/10.1037/0033-295x.102.1.28
https://doi.org/10.1111/psyp.12656
http://www.rstudio.com/
https://doi.org/10.1093/brain/awu191
https://doi.org/10.1038/srep40715
https://doi.org/10.1007/978-3-030-63823-8_25
https://doi.org/10.1155/2011/879716
https://doi.org/10.1016/j.conb.2010.08.022
https://doi.org/10.1016/j.neuroimage.2021.118373
https://doi.org/10.1016/j.ijpsycho.2021.02.020

PREPARATORY ALPHA & THETA OSCILLATIONS IN MSL 30

Van Dijk, H., Schoffelen, J.-M. ., Oostenveld, R., & Jensen, O. (2008). Prestimulus
Oscillatory Activity in the Alpha Band Predicts Visual Discrimination Ability.
Journal of Neuroscience, 28(8), 1816—1823. https://doi.org/10.1523/jneurosci.1853-
07.2008

Verwey, W. B. (1999). Evidence for a multistage model of practice in a sequential movement
task. Journal of Experimental Psychology: Human Perception and Performance,
25(6), 1693—1708. https://doi.org/10.1037/0096-1523.25.6.1693

Verwey, W. B. (2001). Concatenating familiar movement sequences: the versatile cognitive
processor. Acta Psychologica, 106(1-2), 69-95. https://doi.org/10.1016/s0001-
6918(00)00027-5

Verwey, W. B. (2019). Isoluminant stimuli in a familiar discrete keying sequence task can be
ignored. Psychological Research, 85(2), 793—807. https://doi.org/10.1007/s00426-
019-01277-0

Verwey, W. B., Shea, C. H., & Wright, D. L. (2015). A cognitive framework for explaining
serial processing and sequence execution strategies. Psychonomic Bulletin & Review,
22(1), 54-77. https://doi.org/10.3758/s13423-014-0773-4

Wang, C., Raj Rajagovindan, Han, S.-M., & Ding, M. (2016). Top-Down Control of Visual
Alpha Oscillations: Sources of Control Signals and Their Mechanisms of Action.
Frontiers in Human Neuroscience, 10. https://doi.org/10.3389/fnhum.2016.00015

Zhuang, P., Toro, C., Grafman, J., Manganotti, P., Leocani, L., & Hallett, M. (1997). Event-
related desynchronization (ERD) in the alpha frequency during development of
implicit and explicit learning. Electroencephalography and Clinical Neurophysiology,
102(4), 374-381. https://doi.org/10.1016/s0013-4694(96)96030-7


https://doi.org/10.1523/jneurosci.1853-07.2008
https://doi.org/10.1523/jneurosci.1853-07.2008
https://doi.org/10.1037/0096-1523.25.6.1693
https://doi.org/10.1016/s0001-6918(00)00027-5
https://doi.org/10.1016/s0001-6918(00)00027-5
https://doi.org/10.1007/s00426-019-01277-0
https://doi.org/10.1007/s00426-019-01277-0
https://doi.org/10.3758/s13423-014-0773-4
https://doi.org/10.3389/fnhum.2016.00015
https://doi.org/10.1016/s0013-4694(96)96030-7

PREPARATORY ALPHA & THETA OSCILLATIONS IN MSL

Appendix A

Practice Sequences

Table 1

Segquences of the Practice Phase

subject Sequence 1 Sequence 2 Sequence 3 Sequence 4
1 JLK:L K:LI; LI:KJ :KJLK
2 JLK:L K:LI; LI:KJ :KJLK
3 JKLI: KL:KIJ L:JLK JK:L
4 JELIT; KL:KIJI L.JLK JKE:L
5 JKLI; KL:KIJ L:JLK JK:L
6 JLK:L K:LI; LI:KJ :KJLK
7 JLK:L K:LI; LI:KJ cKJLK
g JKLI; KL:KIJ L.JLK JK:L
9 JKLI; KL:KIJ L.JLK JK:L
10 JLK:L K:LI LI:KJ :KJLK
11 JLK:L K:LI; LI:KJ :KJLK
12 JKLI; KL:KIJ L:JLK JK:L
13 JKLI; KL:KIJ L:JLK JK:L
14 JLK:L K:LI; LI:KJ KIJLK
15 JLK:L K:LI; LI:KJ :KJLK
16 JKLI; KL:KIJ L.JLK JK:L
17 JLK:L K:LI: LI:KJ :KJLK

18 JLK:L K:LI: LI:KJ :KJLK
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Table 2

Sequences of the Test Phase

Appendix B

Test Sequences

subject Familiar 1 Familiar 2 Unfamiliar 1 Unfamiliar 2
1 LI:KJ :KJLK L.JLK L.JLK
2 LI.:KJ :KJLK L.JLK L.JLK
3 L:JLK :JK:L LI:KJ :KJLK
4 JELIT; KL:KIJI JLE:L K:LT;
5 L:JLK JK:L LI:KJ :KJLK
6 JLK:L K:L7T; JKLIT; KL:KJ
7 JLK:L K:L7T; JEKLIT; EKEL:KJ
g JKLI; KL:KIJ JLK:L K:L7T;
9 L.JLK JK:L LI:KJ :KJLK
10 LI:KJ :KJLK L:JLK L:JLK
11 JLK:L K:L7T; JEKLIT; EKEL:KJ
12 JKLI; KL:KIJ JLK:L K:L7T;
13 L:JLK :JK:L LI:KJ :KJLK
14 LT:KJ :KJLK L.JLK L.JLK
15 JLK:L K:L7T; JKLIT; KL:KJ
16 JKLI; KL:KIJ JLEK:L K:L7T;
17 JLK:L K:LJ: JKLIT: KL:KJ
18 LI:KJ :KJLK L.JLK L.JLK
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Appendix C

MNE Python Script

Github repository for this thesis
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https://github.com/nathansakirov/eeg_msl

