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BNCE summary

Summary

Neural beta oscillations in the cortico-basal ganglia-thalamo-cortical loop, and particularly within
the subthalamic nucleus (STN), have consistently been associated with motor control. These
oscillations have been studied extensively in Parkinson’s disease (PD) patients who present with
pathologically elevated beta activity linked to motor impairments. Deep brain stimulation (DBS),
a common treatment for advanced PD, can reduce pathological beta activity, suggesting a connec-
tion between beta oscillations and motor symptoms. Many studies have capitalized on the unique
opportunity to measure neural oscillatory activity directly from the STN in these patients and have
revealed valuable insights into PD pathophysiology, PD treatment, and the neural control of simple
motor programs. However, the broader role of beta oscillations in the control of complex movement
under cognitive challenge, as well as in neurological and psychiatric conditions other than PD,
is still largely unknown.

The present thesis is intended to extend our knowledge of the oscillatory mechanisms of motor
control to complex movement contexts, involving continuous movements under conditions varying
in cognitive challenge, as well as to patients who do not suffer from PD or motor impairment.
Further, this work aimed at revealing the effect of DBS on beta oscillations in patients with diseases
other than PD.

Two studies were conducted, in both of which magnetoencephalography (MEG) and STN local
field potentials (LFPs) were measured simultaneously. 20 PD patients performed a visually
cued motor task, involving changes in direction of a continuously performed movement and two
conditions varying in the extent to which the next movement prompt could be predicted (Study 1).
Additionally, one patient with obsessive-compulsive disorder (OCD) and one PD patient were
recorded performing a visually cued Go/NoGo task (Study 2). The OCD patient was further
recorded at rest while DBS was either ON or OFF to test the influence of DBS on neural oscillatory
activity in OCD. In both studies, changes in oscillatory power and STN-cortex coherence were
considered to assess the effects of the motor tasks and, in the case of the OCD patient, the effect
of DBS.

Study 1 investigated the oscillatory mechanisms of stopping an ongoing action in comparison
to briefly halting an action in the context of a complex motor paradigm and varying levels of
predictability of motor commands. To do so, PD patients were instructed to turn a wheel, change
movement direction, which involved a brief halt in motion, and stop. The beginning of a motor
sequence was marked by the suppression of cortical and subthalamic beta power and STN-cortex
coherence. Fully terminating a motor sequence was associated with a beta rebound in motor
cortex, STN and STN-cortex coherence, whereas briefly halting a movement in the context of
a reversal of movement direction was not. Instead, during changes of movement direction, motor
cortical beta power was primarily suppressed in the ipsilateral hemisphere, as it had already
reached its low in the contralateral hemisphere in the course of the movement. In the STN,
brief modulations of high beta power were observed which differed from the post-movement beta
rebound spectrally and in amplitude. Interestingly, it was revealed that an unpredictable movement
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context was associated with enhanced movement-related modulations of beta coherence between
motor cortex and the STN.

Study 1 therefore suggests that briefly halting in the course of a continuous movement and
stopping a movement completely have distinct oscillatory profiles. Possibly, the beta rebound does
not occur during brief pauses, because it would hinder the recontinuation of movement. Lastly, the
study provides first evidence that beta oscillations are associated with cognitive processes in the
context of complex movement. Heightened coherence likely reflected the recruitment of additional
neural resources in an unpredictable movement scenario requiring enhanced levels of caution.

Study 2 aimed at assessing the effect of DBS on neural oscillatory activity in a single case of
OCD, a disorder not marked by motor dysfunction, as well as changes in brain activity that occur
during a motor task requiring intact behavioral inhibition. The study revealed strong peaks in
resting-state beta power in the right STN and in coherence between the right STN and sensori-
motor cortex in the OCD patient. These peaks were reduced by means of DBS, tallying with
the existing literature on PD. During a visually cued Go/NoGo task, both the OCD patient and
a control patient with PD demonstrated changes in the beta band in motor cortex, including beta
suppression and rebound in Go-trials. In NoGo ftrials, which involve the inhibition of a prepotent
response, the beta suppression was interrupted by an early rebound. Interestingly, the oscillatory
patterns differed between patients in the STN. In the PD patient, STN power dynamics were
generally comparable to motor cortex and involved the beta band. In the OCD patient, differences
occurred in the theta band instead: NoGo trials revealed higher theta power compared to Go-trials.

Study 2 suggests that DBS-responsive beta oscillations are not limited to PD and motor
dysfunction. Task-based oscillations distinguished better between PD and OCD than resting-state
neural oscillations, indicating a stronger association with the diseases. The theta and beta bands
appeared to be selectively linked with OCD and PD pathologies, respectively.

The studies presented here demonstrate the sensitivity of beta oscillations to motor and cognitive
demands, as well as their response to DBS in OCD. Beta oscillations across cortico-basal ganglia
loops reveal enhanced activity during cognitive challenge and reflect the beginning and end of
motor sequences. Power modulations during brief changes of a motor program differ from those
at movement termination in amplitude and frequency. The occurrence of beta oscillations and their
responsiveness to DBS is, however, not necessarily limited to PD patients but can be observed
in the resting state in OCD, a disorder not characterized by motor impairment. In contrast, task-
based power modulations appear to be better suited to differentiate between PD and OCD. These
findings broaden our understanding of the role of neural beta oscillations in cortico-basal ganglia
loops during movement and in DBS, as well as in the distinction between different disorders.
As such, they might aid the advancement of therapeutic interventions in the future.
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Zusammenfassung

Neuronale Beta Oszillationen innerhalb der Kortiko-Basalganglien-Thalamo-kortikalen Schleife,
insbesondere im Nucleus subthalamicus (STN), stehen in engem Zusammenhang mit der
motorischen Kontrolle. Bei Patienten mit Morbus Parkinson (PD) wurde in diesem Netzwerk eine
pathologisch erhdhte Beta-Aktivitat beobachtet, die mit motorischen Einschrankungen einhergeht.
Die tiefe Hirnstimulation (THS), eine gangige Therapie bei fortgeschrittenem PD, reduziert die
pathologische Beta-Aktivitat, was einen Zusammenhang zwischen dem Beta-Frequenzband und
motorischen Symptomen nahelegt. Durch zahlreiche vorherige Forschungsarbeiten, in denen
neuronale Oszillationen im STN von PD-Patienten aufgezeichnet wurden, konnten wertvolle
Einblicke in die Pathophysiologie von PD, die Behandlung von PD, sowie die neuronale Steuerung
einfacher Bewegungsmuster gewonnen werden. Die umfassendere Rolle von Beta-Oszillationen
bei der Kontrolle komplexer Bewegungsablaufe unter kognitiver Beanspruchung, sowie bei
anderen neurologischen und psychiatrischen Erkrankungen, ist jedoch weitgehend unbekannt.

Die vorliegende Dissertation erweitert unser Verstandnis der oszillatorischen Mechanismen der
motorischen Kontrolle auf komplexe Bewegungskontexte, die kontinuierliche Bewegungen mit
unterschiedlichen kognitiven Anforderungen umfassen, sowie auf Patienten ohne PD oder moto-
rischer Beeintrachtigung. Ein weiteres Ziel war es, die Wirkung der THS auf die Beta-Aktivitat bei
anderen Krankheitsbildern als PD zu untersuchen.

In zwei Studien wurden jeweils simultan Magnetenzephalographie (MEG) und lokale Feld-
potenzialaufzeichnungen (LFPs) aus dem STN erfasst. 20 PD-Patienten flihrten eine visuell
instruierte Bewegungsaufgabe mit Richtungswechseln innerhalb kontinuierlicher Bewegungen
durch (Studie 1). Die Aufgabe wurde in zwei Bedingungen unterteilt, die sich im Grad der
Vorhersehbarkeit der als nachstes durchzufihrenden Bewegung unterschieden. Zusatzlich
fuhrten eine Patientin mit Zwangsstérung (OCD) und eine Patientin mit PD eine visuelle Go/NoGo-
Aufgabe durch (Studie 2). Die OCD-Patientin wurde dartber hinaus im Ruhezustand sowohl
unter aktiver THS als auch ohne Stimulation untersucht, um den Einfluss der THS auf die
neuronale Oszillationsaktivitat zu analysieren. In beiden Studien wurden Veranderungen in der
oszillatorischen Power und der STN-Kortex-Koharenz erfasst, um die aufgabenspezifischen
Effekte, und - im Fall der OCD-Patientin - die Wirkung der THS, zu bewerten.

Studie 1 untersuchte die oszillatorische Dynamik beim Anhalten einer laufenden Bewegung im
Vergleich zu einem kurzen Stopp innerhalb eines komplexen Bewegungsparadigmas, sowie die
Unterschiede zwischen verschiedenen Vorhersagbarkeitsebenen von Bewegungsanweisungen.
Zu diesem Zweck wurden PD-Patienten angewiesen, ein Rad zu drehen, die Drehrichtung zu
andern, was einen kurzen Stopp der Bewegung erforderte, und anzuhalten. Der Beginn einer
Bewegungssequenz war mit der Unterdrickung kortikaler und subthalamischer Beta-Power
und STN-Kortex Beta-Koharenz verbunden. Das vollstandige Anhalten einer Bewegungssequenz
ging mit einem Beta-Rebound im motorischen Kortex, im STN und in der STN-Kortex-Koharenz
einher. Kurze Stopps innerhalb einer Richtungsanderung zeigten hingegen keinen Beta-
Rebound. Stattdessen traten kurzzeitige Modulationen der Power im hdheren Beta-Bereich im
STN auf. Im motorischen Kortex zeigte sich vor allem in der ipsilateralen Hemisphare eine
Beta-Suppression, da in der kontralateralen Hemisphare bereits ein Bodeneffekt erreicht war.
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Auffallig war, dass bei geringer Vorhersagbarkeit die bewegungsabhangige Modulation der Beta-
Koharenz zwischen STN und Kortex zunahm.

Studie 1 legt nahe, dass kurze Unterbrechungen und das Anhalten einer kontinuierlichen
Bewegung unterschiedliche oszillatorische Profile aufweisen. Mdglicherweise unterbleibt der
Beta-Rebound bei kurzen Pausen, da er die Wiederaufnahme der Bewegung verzogern wirde.
SchlieBlich liefert die Studie erste Hinweise auf eine Beteiligung von Beta-Oszillationen in
kognitiven Prozessen im Kontext komplexer Bewegungen. Die erhéhte STN-Kortex-Koharenz war
mdglicherweise Ausdruck einer gesteigerten Rekrutierung neuronaler Ressourcen in einer
Situation, die aufgrund von geringer Vorhersehbarkeit ein hdheres Mal} an Vorsicht erforderte.

Studie 2 verfolgte das Ziel, die Effekte der THS auf neuronale Oszillationen bei OCD — einer nicht-
motorischen Erkrankung — zu untersuchen, sowie die Gehirnaktivitdt wahrend einer motorischen
Inhibitionsaufgabe zu analysieren. Im Ruhezustand zeigten sich bei einer OCD-Patientin aus-
gepragte Beta-Power im rechten STN und verstarkte Koharenz zwischen dem rechten STN und
dem sensomotorischen Kortex, die durch THS signifikant reduziert wurden, vergleichbar mit
bisherigen Befunden bei PD-Patienten. Wahrend einer visuellen Go/NoGo-Aufgabe traten sowohl
bei der OCD-Patientin als auch bei einer Kontrollpatientin mit PD im motorischen Kortex typische
Veranderungen im Beta-Band auf, einschlielBlich Beta-Suppression und Beta-Rebound in Go-
Durchgangen. In NoGo-Durchgangen, welche die Inhibierung einer geplanten Reaktion erfordern,
wurde eine Beta-Suppression mit vorzeitigem Rebound beobachtet. Interessanterweise unter-
schieden sich die Oszillationsmuster zwischen den Patientinnen auf STN-Ebene. Bei der PD-
Patientin dominierten Power-Modulationen im Beta-Band, die weitgehend denen im motorischen
Kortex entsprachen. Bei der OCD-Patientin waren die Effekte auf das Theta-Band beschrankt:
NoGo-Versuche zeigten eine deutlich hdhere Theta-Power als Go-Versuche.

Studie 2 deutet darauf hin, dass durch THS modulierte Beta-Oszillationen nicht zwangslaufig auf
PD und motorische Dysfunktionen begrenzt sind. Aufgabenbezogene neuronale Oszillationen
unterschieden deutlicher zwischen PD und OCD als solche im Ruhezustand und spiegeln
demnach die Krankheiten besser wider. Die Theta- bzw. Beta-Band-Aktivitat zeigte eine selektive
Assoziation mit den Pathologien von OCD und PD.

Die hier vorgestellten Studien verdeutlichen die Responsivitat von Beta-Oszillationen gegenuber
motorischen und kognitiven Anforderungen sowie deren Reaktion auf die THS bei OCD. Beta-
Aktivitat in Kortiko-Basalganglien Netzwerken nimmt unter kognitiver Herausforderung zu und
markiert den Beginn und das Ende von Bewegungssequenzen. Temporare Veranderungen inner-
halb einer Bewegungssequenz unterscheiden sich in Bezug auf Frequenz und Amplitude von
der vollstandigen Beendigung der Bewegung. Beta-Oszillationen und deren Reaktion auf THS
sind jedoch nicht auf PD-Patienten beschrankt, sondern werden auch in OCD, einer Krankheit
ohne Bewegungsstorung, im Ruhezustand beobachtet. Die aufgabenspezifischen Modulationen
neuronaler Oszillationen scheinen die Unterschiede zwischen PD und OCD hingegen deutlicher
zu zeigen. Diese Erkenntnisse tragen zu einem tieferen Verstandnis der Rolle von Oszillationen
in Kortiko-Basalganglien Netzwerken im Zusammenhang mit Bewegung und der THS sowie bei
der Unterscheidung verschiedener Krankheiten bei und kdnnten daher zukunftig zur Weiter-
entwicklung therapeutischer Interventionen beitragen.



Introduction

1. Introduction

Neural oscillations are rhythmic patterns of neural activity in the brain, which result from the
synchronized activity of neuronal assembilies, reflecting the fluctuation in their excitability (Cohen,
2014). Neural oscillations were first measured in 1929 by Hans Berger (Berger, 1929) by means
of scalp electrodes. Berger discovered, among other things, that neural oscillations are associated
with specific mental states, such as sleep and wakefulness. Since then, neural oscillations have
gained widespread interest from researchers. Today, we know that neural oscillations carry
meaningful information with respect to sleep (Adamantidis et al., 2019), cognitive operations,
such as attention, learning and memory (Ward, 2003), and movement (Barone & Rossiter, 2021).
Furthermore, neural oscillations are clinically relevant. For instance, they are now used in clinical
practice to diagnose epilepsy (Foldi et al.,, 2021) and sleep disorders (Parrino et al., 2004).
They can further aid our understanding of certain pathologies, such as Parkinson’s disease (PD,
see Info box 2), which is associated with altered neural oscillatory activity (Kihn et al., 2009),
and even guide treatment development, as in the case of deep brain stimulation (DBS, see Info
box 1) (Wilkins et al., 2024). The following introduction will first introduce neural oscillations
and describe how they can be measured and analyzed. The main part of the introduction will
focus on the role of beta oscillations in the cortico-basal ganglia-thalamo-cortical loop in health,
e.g. in motor control, and in disease, using the examples of PD and obsessive-compulsive disorder
(OCD). Info boxes will provide concise overviews of both diseases, including their symptoms,
pathologies and treatment options. DBS will be introduced as a treatment option for these
disorders in a separate info box and its effect on neural oscillations will be discussed. The focus
on beta oscillations will be complemented by a brief overview of theta and gamma oscillations and
their roles in health and disease.

1.1. Methods of measuring neural oscillations

1.1.1. Magnetoencephalography

Neural oscillations can be measured by means of noninvasive procedures, including electro-
encephalography (EEG) and magnetoencephalography (MEG), and by invasive procedures,
encompassing local field potential recordings (LFPs), electrocorticography and single-unit
recordings. MEG (see Figure 1), one of the techniques employed in the present work, measures
the brain’s naturally occurring magnetic activity generated by the synchronized activity of parallel
pyramidal cell populations, primarily reflecting postsynaptic currents. The brain’s magnetic fields
are small, in the range of 50 to 500 fT, and are therefore merely a fraction of those produced by
commonly used electrical devices or magnetic items, and a billion times smaller than the earth’s
static magnetic field. Hence, the MEG is equipped with Superconducting Quantum Interference
Devices (SQUIDs) - sensors that are sensitive enough to capture the magnetic fields produced
by the brain. Using liquid helium, SQUIDs are kept at a temperature of 4 K, which maintains their
superconducting quality. Another cornerstone of the MEG is active and passive shielding from
external interference of magnetic activity, which is accomplished by the magnetically shielded
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room, as well as the cancellation of external magnetic fields. The advantage of MEG in comparison
to other neuroimaging techniques is its high temporal resolution that allows for the detection of
short-lived neural events, for example linked with cognitive and motor processes. Neural activity
is typically measured at a sampling rate of 2000 Hz. EEG reaches the same temporal resolution
as MEG, but has a lower spatial resolution, as electrical currents are more distorted by bones and
tissues than magnetic fields (reviewed by Baillet et al., 2001; reviewed by Hansen et al., 2010).

A\ 4

= |

Figure 1. MEG setup. 306-channel MEG system (MEGIN) in a magnetically shielded room at the University
hospital Disseldorf. MEG sensors are cooled by liquid helium which is stored in the dewar.

1.1.2. Local field potentials

In healthy humans, researchers are typically bound to use noninvasive measurement tools, such
as MEG and EEG. This bears the disadvantage of having to restrict one’s analyses to the cortical
level or accepting spatial inaccuracies when intending to study deeper sources of neural activity.
In contrast, invasive procedures, such as LFP recordings, can shed light on oscillatory processes
occurring within deeper structures of the brain. Patients undergoing surgery for DBS (see Info
box 1) offer the unique opportunity to measure neural signals from deep brain structures within
the basal ganglia (BG). To record neural activity from DBS electrodes, surgery is performed in two
steps. In a first step, the DBS macroelectrodes are implanted and the leads externalized, such
that LFPs can be recorded the following day. One day after the recording, the DBS pulse generator
is implanted into a subclavicular pocket or the abdominal region and subcutaneously connected
with the DBS leads permanently (Neumann et al., 2022). Though under debate, the LFP signal
derived from the DBS electrodes likely reflects the summed post-synaptic activity from groups of
neurons (reviewed by Brown & Williams, 2005). LFPs can be recorded simultaneously with
MEG or EEG, as was done in the present work. More recently, DBS systems have been advanced
such that LFPs can be recorded directly from the implanted leads without the need to externalize
them (Hnazaee et al., 2023). While introducing some new difficulties in data processing, this new
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technology has various advantages, including the possibility to measure neural activity at any point
post-implantation, possibly when patients have recovered from surgery.

Info box 1: Deep brain stimulation

Deep brain stimulation (DBS) was first established in 1987 as a last resort to manage symptoms of
advanced PD. The procedure involves the surgical implantation of macroelectrodes (1.3 mm in diameter
with 4 to 8 contacts at the top) into one of the nuclei of the BG, in either one or both hemispheres
(reviewed by Hariz & Blomstedt, 2022). Prominent DBS targets are the STN, the ventralis intermediate
nucleus (VIM) and the globus pallidus internus (GPi) in the case of PD, essential tremor, and dystonia.
In psychiatric patients, for example with OCD or Tourette syndrome, targets include the STN,
the striatum, and the nucleus accumbens (NAc, reviewed by Raviv et al., 2020). Electrical current is
applied at high frequencies, typically at 130 Hz with 60 us pulse width and an amplitude between 1 and
4 mA via an implanted pulse generator that is connected with the electrodes subcutaneously. Both
monopolar and bipolar stimulation protocols are possible: monopolar stimulation creates a broad field
by using an active electrode contact and a remote reference, while bipolar stimulation confines current
between two electrode contacts to achieve more focused targeting. Modern DBS systems feature
directional contacts, enabling even more precise stimulation by directing current towards specific neural
pathways (reviewed by Hariz & Blomstedt, 2022).

DBS surgery can be performed while patients are awake to guide correct electrode placement.
Alternatively, advanced imaging techniques allow for great precision in electrode placement at improved
comfort of the patients while under general anesthesia (reviewed by Hariz & Blomstedt, 2022). Typically,
the neurologist determines the optimal stimulation settings. However, recent developments in adaptive
closed-loop DBS systems enable real-time sensing of neural signals, allowing stimulation to be guided
by electrophysiological biomarkers (reviewed by Parastarfeizabadi & Kouzani, 2017). First evidence has
demonstrated successful symptom improvement in PD patients (Pifia-Fuentes et al., 2020) with the
added potential of an increased battery life for these DBS systems (reviewed by Parastarfeizabadi &
Kouzani, 2017).

Today, DBS is a standard procedure for the symptomatic treatment of PD and other movement disorders
and is considered to be generally safe, particularly when selecting patients carefully (reviewed by
Pouratian et al., 2012). Complications, such as infections, bleeding, and inflammation of the wound are
rare and typically easy to manage (Mostofi et al., 2021; Olson et al., 2023; reviewed by Pouratian et al.,
2012). The outcome of DBS of the STN is best in PD patients who are cognitively unimpaired, young,
respond well to levodopa and do not suffer from psychiatric disorders. Side effects of DBS, including
dysarthria and non-motor symptoms, depend on the chosen DBS target and typically result from a slight
misplacement of the electrode (reviewed by Hariz & Blomstedt, 2022; reviewed by Pouratian et al.,
2012).

The exact mechanisms through which DBS works remain debated to date, and various hypotheses
have been proposed, encompassing oscillatory and chemical effects in the micro-to-macro scales of the
cortico-BG circuit, as well as plasticity, and even neuroprotection and neurogenesis depending on the
disorder and DBS target (Herrington et al., 2016). In the case of PD and DBS of the STN, the effect of
DBS appears to arise from network-wide changes, including reduced excitatory activation of the STN
by cortex via the hyperdirect pathway, as well as local alterations of activity in the STN or GPi thatimpact
the dynamics of down-stream targets of the circuit (reviewed by Herrington et al., 2016; reviewed by
Neumann et al., 2023). DBS likely normalizes the pathologically enhanced inhibition of the thalamus
by the STN (reviewed by Hariz & Blomstedt, 2022), avoiding a spread of pathological activity to other
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brain areas (reviewed by Turner & Desmurget, 2010).

DBS leads

:

|
Putamen GPi SNr STN

Figure 2. Deep brain stimulation. DBS involves the implantation of electrodes into one of the nuclei of the
BG, such as the putamen, GPi, the substantia nigra pars reticulata (SNr) or the STN. The DBS leads are
connected subcutaneously to a neurostimulator which applies high frequency stimulation to the DBS target
(reproduced from Hariz & Blomstedt, 2022, under the Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International License (CC BY-NC-ND 4.0)).

1.2. Analysis of neural oscillations

One of the major goals of studying neural oscillations is to understand how they relate to different
diseases, symptoms, clinical characteristics (e.g. symptom severity), as well as motor and
cognitive processes. They are often studied in the context of neuroscientific experiments to isolate
a specific behavior or cognitive process. Performing any of the analyses discussed below requires
a thorough cleaning procedure first, ensuring that relevant effects in the data are not masked or
altered by the presence of artifacts from sources outside the brain.

1.2.1. Spectral analysis

Most research on neural oscillations is focused on the signal’s power in a given frequency band.
The power of an oscillation is defined as the square of the amplitude of the signal, reflecting
the strength of the oscillation in a given frequency. Power can be derived by performing spectral
analysis, which requires the Fourier transform to break down the time-domain neural signal into
its constituent frequencies, with phase and amplitude of each frequency component. Commonly
analyzed frequency bands include delta (1-4 Hz), theta (4-8 Hz), alpha (8—12 Hz), beta (13—
30 Hz), and gamma (> 30 Hz). Using a sliding window approach, the frequency components can
be decomposed over time. This way, time-frequency analysis allows for the examination of power
as a function of time and frequency (reviewed by Cohen, 2014; reviewed by Gross, 2014; reviewed
by Hansen et al., 2010).
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1.2.2. Connectivity

In addition to local changes in brain activity, the communication patterns of larger brain networks
might also be of interest. For example, one might wonder how spatially distant brain areas, like
motor cortex and the BG, synchronize their activity to achieve motor control. To answer questions
like that, different measures of connectivity can be considered. Essentially, these measures differ
in whether they allow inferences about the directionality of the interaction of two signals (effective
connectivity) or only allow a description of the statistical relationship between them (functional
connectivity). Coherence, an example of functional connectivity, is a widely used measure in the
field of neuroscience, including the present work. It measures the level of phase consistency
between two signals from different brain regions at a given frequency, and ranges from 0 to 1
(1 meaning the signals are perfectly synchronous; 0 suggesting a random phase relationship).
A high level of coherence between two signals suggests that the corresponding brain areas
likely communicate in a functionally meaningful way and it is assumed that this interaction is crucial
to the complex cognitive operations achieved by the brain. Coherence is calculated in the
frequency domain using the normalized cross-spectral density between the two signals (reviewed
by Bastos & Schoffelen, 2015; reviewed by Fries, 2015; reviewed by Friston, 2011; reviewed by
Schnitzler & Gross, 2005). As a measure of effective connectivity, the present work employed
Granger causality analysis. The assumption of Granger causality is that cause and effect can
be determined by temporal ordering. Specifically, the effect (in signal B) should follow the cause
(signal A) and past information from signal A and B can be used to predict signal B
in a way superior to only using information from signal B (Haufe et al.,, 2012). In this case,
high levels of Granger causality would suggest that signal A (Granger-) causes signal B.

1.2.3. Source analysis

In order to examine the sources of activity in the brain, it is possible to conduct analyses of power
and coherence in source space. Estimating the locations of brain activity based on data recorded
from sensors outside the brain bears two problems: The forward problem describes the prediction
of what the sensor data would look like based on known sources of activity in the brain (Nolte,
2003). The inverse problem involves the prediction of the sources of data recorded outside the
brain. The inverse problem is not easily solved, as many potential combinations of sources could
produce a given topography of signals at the scalp. Therefore, advanced operations like spatial
filters, which impose additional constraints to arrive at a unique solution to the inverse problem,
are required. Spatial filters allow the reconstruction of sources of activity from a specific location
while suppressing noise from other sources, allowing for spatial specificity (reviewed by Gross et
al., 2013; reviewed by Hansen et al., 2010). In the present work, two beamformers were used to
construct spatial filters: Dynamical Imaging of Coherent Sources (DICS) which calculates power
and coherence in the frequency domain (Gross et al., 2001) and Linearly Constrained Minimum
Variance (LCMV) which operates in the time domain (Van Veen et al., 1997). In order to solve the
inverse problem using a beamformer, the forward problem must be solved first. A forward model
requires the following: a head model representing the geometry, tissues, and other properties of
the head, a source model which specifies where brain activity is to be estimated (typically a grid
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of points either covering the whole brain or just the cortex) and a lead field matrix, relating the
potential sources of activity in the source model to the measured sensor data (Gross et al., 2013).

1.3. The role of physiological neural oscillations

The present work’s primary focus lies in the investigation of neural oscillations in the beta
frequency range (13-30 Hz) which play a crucial role in both health (Alegre et al., 2004) and
disease (Mathiopoulou et al., 2024) and have thus been investigated in thousands of scientific
publications. Most research has focused on the role of beta oscillations in motor control, but more
recently, beta oscillations have further been implicated in various cognitive processes (Schmidt et
al., 2019). The following sections will serve as an introduction to the functional significance of beta
oscillations in healthy people. It should be noted that the research presented on subcortical
structures inevitably involves patients implanted with DBS systems. While this complicates the
generalizability of these findings to healthy physiological neural oscillations, there is no alternative
to studying neural oscillations in deep brain structures, such as the BG, in humans (reviewed by
Brown & Williams, 2005).

1.3.1. Beta oscillations and movement

Beta oscillations have persistently been associated with motor control. Typically, movement-
related beta oscillations are studied using variations of the Go/NoGo task or stop signal reaction
time task (Alegre et al., 2013; Aron & Poldrack, 2006; Kihn et al., 2004; Ray et al., 2012). These
are simple motor tasks, involving visual cues prompting participants to perform ballistic
movements, such as pressing a button, and to inhibit these movements in a pre-defined number
of trials. A large body of research has led to clear associations of beta power with various
movement parameters. For instance, it has been demonstrated that movement and the prepar-
ation thereof are linked with the suppression of beta oscillations in the sensorimotor cortices and
the STN. Following movement, beta oscillations then reemerge and rise above baseline levels in
a phenomenon known as beta rebound (Alegre et al., 2004; Fonken et al., 2016; Fry et al., 2016;
Jurkiewicz et al., 2006; Ray et al., 2012) (see Figure 3). The consistent occurrence of these
modulations, their prominence compared to other neural phenomena, and their sensitivity to
factors such as age (Rossiter et al., 2014; Sallard et al., 2016), disease (Choi et al., 2020), and
cognition (Fischer et al., 2016; Tan et al., 2016) have made them a central focus of numerous
scientific studies. While still debated, it has been suggested that the post-movement beta rebound
might reflect an integration of sensory feedback with predictions about upcoming movement used
to either maintain or adapt current motor output (Alegre et al., 2004; Cao & Hu, 2016; Tan et al.,
2016). Another interpretation states that the beta rebound reflects the clear-out of the motor
program (Schmidt et al., 2019).
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Figure 3. Movement-related beta suppression and beta rebound. The relative change in beta power in
the course of a movement is illustrated. During movement preparation, beta power decreases and only rises
again once movement has finished. The beta rebound involves a post-movement increase in beta power
that surpasses its baseline levels. ERS: Event-related synchronization; ERD: Event-related desynchronization
(reproduced from Vinding et al., 2019, under the Creative Commons Attribution 4.0 International License (CC
BY 4.0)).

Besides the initiation and termination of motor programs, the inhibition of movement, i.e. with-
holding a prepared movement, has consistently been associated with changes in beta band
activity. For example, it has been revealed that movement inhibition is associated with a shorter
suppression of beta oscillations than observed during movement that is not withheld, and even
with increases in beta power in motor cortical regions and the STN (Bastin, Polosan, Benis, et al.,
2014; Swann et al., 2009; Wagner et al., 2018). Inhibitory success increases with higher levels
of beta activity (Benis et al., 2014; W. Chen et al., 2020), clearly demonstrating the functional
relevance of beta oscillations in inhibitory processes. Recent evidence indicates that the low beta
band (13-21 Hz) is more strongly associated with inhibition than the high beta band (22-35 Hz),
which appears to reflect cognitive functions such as attention more closely (Chandramouli et al.,
2019; Oswal et al., 2021; Patai et al., 2022).

Briefly pausing a movement, rather than stopping it completely or inhibiting it, has rarely been
studied. So far, studies have delivered inconclusive results, suggesting no changes in beta power
on the one hand (Alegre et al., 2004; London et al., 2021), and the emergence of a beta rebound
during the pause on the other (Muralidharan & Aron, 2021).

Though less frequently reported on, there is evidence that the synchronization of activity between
sensorimotor cortex and the BG follows the movement-related patterns of local power within these
structures, suggesting that motor control is achieved through the interactions within a wider motor
network. For instance, connectivity between STN and cortex has been found to decrease prior
to movement (Cassidy et al., 2002; Talakoub et al., 2016; van Wijk et al., 2017), and that decrease
has been reported to be reduced when stopping a planned movement (Alegre et al., 2013). There
is also some evidence of heightened beta coherence after terminating a ballistic movement (Tan
et al., 2014), similar to the rebound of local beta power.
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A general interpretation of the functional role of beta oscillations capturing the movement-
related dynamics described above suggests that the beta rhythm exhibits a gating function
(Leventhal et al., 2012). High levels of beta might reflect a “closed gate”, such that incoming stimuli
do not result in action, for example when conflict is involved. Suppression of beta, on the other
hand, is equivalent to an “open gate”, allowing for motor or cognitive operations (information on
the association of beta oscillations with cognition can be found in section 1.3.2.). This hypothesis
aligns with beta reflecting the status quo of the motor or cognitive system (Engel & Fries, 2010),
with high levels of beta power during consistent output or rest, and decreases in beta power
when changes in current behavior are actively desired. The beta rhythm is thus thought to
maintain the current motor or cognitive state (Engel & Fries, 2010), while also playing a role in
monitoring sensory feedback that might suggest the requirement for a change (Cao & Hu, 2016;
Tan et al., 2016).

1.3.2. Beta oscillations and cognition

While the role of beta oscillations is best established in motor control, recent evidence suggests
that they may also bear functional relevance to cognitive processes. The post-movement beta
rebound, for example, has been found to increase with reduced cognitive load in healthy
participants (Fischer et al., 2016). In contrast, it is attenuated in both cortex and the STN in the
presence of conflict and when erroneous responses have been made (Zavala et al., 2018).
An interpretation explaining these observations suggests that the beta rebound reflects confidence
in the future integration of behavior with sensory feedback from past actions. A high beta rebound
would thus indicate that current behavioral or cognitive output/plans can be maintained. A low beta
rebound implies less confidence, and possibly the need for an adaptation of behavior moving
forward (Cao & Hu, 2016; Tan et al., 2016).

Beta oscillations further appear to be sensitive to the context of movement, rather than just
reflecting movement itself. For instance, STN beta activity has been reported to be linked with
task complexity, displaying greater movement-related suppression as complexity increases
(Oswal et al., 2013). Furthermore, proactively anticipating the need to inhibit a future movement
is associated with increased STN beta power, correlating with inhibitory success (Benis et al.,
2014). When decisions are guided by external cues, for example when determining whether
a response is required, STN beta power decreases. When no action is needed, increases in
beta power have been observed (Oswal et al.,, 2012). These beta dynamics are not limited
to physical actions but extend to purely cognitive scenarios. For example, in a task requiring
decisions about encoding information into working memory, subthalamic beta power decreased
when encoding occurred but was less suppressed when encoding was deemed unnecessary
(Zavala, Jang, et al., 2017). Moreover, purely cognitive inhibition processes have been linked to
increases in STN beta power (Brittain et al., 2012). Overall, beta oscillations demonstrate similar
dynamics across motor and cognitive domains. Both movement execution and cognitive
operations involve beta suppression, whereas inhibitory processes, whether motor or cognitive,
are associated with increased beta activity.
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Previous interpretations of the functional role of beta oscillations have claimed the beta rhythm to
be “anti-kinetic” (Brown, 2003), an assumption based largely on observations made in PD patients
(see section 1.4.1.), as well as the consistent finding of high levels of beta power during periods
of rest or inhibition (Benis et al., 2014; Engel & Fries, 2010). Similarly, beta has been described
as an “idling rhythm” (Pfurtscheller, 1992), suggesting a resting or inhibited state as the default of
the beta rhythm which is only changed when action is desired. Because it is clear that beta power
is not strictly movement-related but occurs even when movements are imagined (Pfurtscheller et
al., 2005) or passive (Alegre et al., 2002), as well as in the context of purely cognitive tasks (Brittain
et al., 2012), the interpretation of beta as merely anti-kinetic does not seem to capture its dynamics
entirely.

1.3.3. The role of the cortico-basal ganglia-thalamo-cortical loop

The cortico-basal ganglia-thalamo-cortical loop generally serves to control movement. It has been
associated with action selection (reviewed by Redgrave et al., 1999), invigoration of desired motor
programs and the inhibition of undesired ones (reviewed by Klaus et al., 2019; reviewed by Mink,
1996). A central mechanism of the BG is to inhibit or excite the thalamus, which in turn influences
motor cortex and finally motor output (reviewed by Bonnevie & Zaghloul, 2018). The status quo
of BG output is the inhibition of the thalamus (reviewed by Turner & Desmurget, 2010), which
means that a state of steady motor output or rest is actively favored over changes in motor output.
Similarly, beta power is typically increased at rest and after the termination of motor programs but
decreased during movement (see section 1.3.1.). The beta band is therefore often described as
reflecting the status quo of the motor system, an interpretation that matches the tonic inhibitory
function of the cortico-basal ganglia-thalamo-cortical loop (Engel & Fries, 2010). In order for motor
programs to be executed, the removal of tonic inhibition of the thalamus by the BG output
structures is required (reviewed by Grillner et al., 2013; reviewed by Mink, 1996). Conversely,
unwanted movements can be prevented and motor programs completed by keeping the inhibition
of the thalamus intact or reinstating its inhibition, respectively (reviewed by Klaus et al., 2019).
The signals causing these chain reactions are sent by motor cortex (reviewed by Mink, 1996).
A traditional way of conceptualizing these processes involves the direct, indirect, and hyperdirect
pathways of the cortico-basal ganglia-thalamo-cortical loop (see Figure 4).

1.3.3.1. The direct pathway

Simply stated, the activation of the direct pathway allows for movement initiation and action
selection. The major input structure of the BG, the striatum, receives glutamatergic inputs from
cortical and thalamic areas and dopaminergic inputs via dopamine receptors D1 from the
substantia nigra pars compacta (SNc). The striatum then inhibits the BG’s primary output nuclei,
the substantia nigra pars reticulata (SNr) and the GPi, such that the tonic inhibition of the thalamus
is lifted. The result is selective motor cortical activation for movement that is desired, rather than
allowing for all cortical inputs to cause movement. To accomplish this specificity in action selection,
the striatum receives inputs from various cortical areas about the movement context (reviewed by
Calabresi et al., 2014; reviewed by Klaus et al., 2019; reviewed by Turner & Desmurget, 2010).
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Decreases in beta power are the oscillatory marker of this process and therefore reflect an active,
task-attentive state of the cortex (Jurkiewicz et al., 2006).

1.3.3.2. The indirect pathway

The indirect pathway is initiated with glutamatergic stimulation of the striatum by cortex and
dopaminergic inhibitory inputs via Dopamine receptors D2. The striatum then sends GABAergic
inhibitory signals to the external segment of the globus pallidus (GPe), leading to reduced
inhibition of the STN. This causes the STN to excite the output nuclei of the BG via glutamatergic
projections, leading to thalamic inhibition and, ultimately, reduced cortical stimulation such that
motor programs can be effectively inhibited. The major result of the activation of the indirect
pathway is therefore preventing unwanted movements (reviewed by Calabresi et al., 2014). Post-
movement increases in motor cortical and subthalamic beta power reflect this broad inhibition,
or an idling state, of the motor system (Pfurtscheller, 1992; Salmelin et al., 1995; reviewed by
Schmidt & Berke, 2017; Wessel et al., 2016).

1.3.3.3. The hyperdirect pathway

The hyperdirect pathway also serves to inhibit movement but acts faster than the indirect pathway.
That is due to direct frontal cortical glutamatergic projections to the STN, circumventing the
striatum. Once activated, the STN excites the output nuclei of the BG, increasing the inhibition of
the thalamus and cortex (W. Chen et al., 2020; Oswal et al., 2021). The STN’s response is known
to be particularly quick, transient, and unselective - possibly serving as a broad delay or pausing
signal for movement in response to stop, surprise, or conflict cues, rather than fully canceling
an action (reviewed by Aron et al., 2016; reviewed by Schmidt & Berke, 2017). Rapid action
halting, mediated via hyperdirect pathway fibers, has been shown to cause global motor
suppression (Wessel et al., 2016), in line with the idea of the STN implementing a “hold your
horses” signal (Frank, 2006). The STN is thought to function as a decision threshold, reflecting
the level of concurrent conflict, with evidence in favor of a specific cortico-striatal action plan
having to surpass this threshold to be executed. This way, a prepotent response can be withheld
until a final action is selected (Bonnevie & Zaghloul, 2018).
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Figure 4. Pathways of the cortico-basal ganglia-thalamo-cortical loop. The direct, indirect, and hyperdirect
pathways are depicted. Excitatory inputs: blue; inhibitory inputs: red; modulatory inputs: green. SNr: Substantia
nigra pars reticulata; SNc: Substantia nigra pars compacta; VTA: Ventral tegmental area (reproduced from Matz
& Spocter, 2022, under the Creative Commons Attribution 4.0 International License (CC BY 4.0)).

1.3.4. The role of theta and gamma oscillations

The focus of the present work is the functional role of beta oscillations in movement, cognition,
and disease. Nevertheless, due to their significance in both motor and cognitive processes, this
section will briefly introduce the role of physiological theta and gamma oscillations.

Gamma oscillations (> 30 Hz) are often described as pro-kinetic (Brown, 2003). Unlike beta,
gamma activity increases with movement effort (Tan et al., 2013), muscle force (Anzak et al.,
2012), and velocity (Lofredi et al., 2018) in the STN, and during self-paced movement in motor
cortex (Cheyne et al., 2008). Similar findings apply to coherence between the STN and cortex,
with increases occurring at movement initiation (Alegre et al., 2013; Litvak et al., 2012). Findings
regarding gamma power dynamics during movement termination are, however, still inconclusive
(Alegre et al., 2013; Fischer et al., 2017). In addition, the gamma rhythm appears to be related to
various non-motor functions, such as attention to salient stimuli and monitoring of behavior and
errors (in the middle frontal gyrus, Fonken et al., 2016), managing cognitive demands imposed by
increased task complexity (in the STN, Oswal et al., 2013), and working memory (in the occipital
cortex, Jokisch & Jensen, 2007).

Theta oscillations (3-8 Hz) have been studied less in the context of movement, though there is
evidence to suggest movement-related theta synchronization in cortical sensorimotor areas in
healthy individuals (Cruikshank et al., 2011; Kérmendi et al., 2021). In PD patients, theta power in
the primary motor cortex (M1) and the STN has revealed opposite dynamics: it decreased during
hand and foot movements in the contralateral M1 but increased in the contralateral STN (Olson et
al., 2022; Tan et al., 2013). The relevance of theta oscillations to healthy motor control is further
highlighted by the finding that mid-frontal theta oscillations are diminished in PD patients suffering
from freezing of gait (Singh et al., 2020). Additionally, mid-frontal theta has been associated with
cognitive control, including navigating conflict situations and processing of recent errors (Singh et
al., 2018). The STN, with its many connections to frontal regions, plays a key role in conflict-related
tasks requiring the inhibition of prepotent actions. Findings confirm that STN theta power increases
during tasks involving inhibition, particularly when inhibition fails (Alegre et al., 2013), and during
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conflict tasks (Zavala et al., 2013; Zavala, Damera, et al., 2017), accompanied by heightened
synchronization with the medial prefrontal cortex (Zavala et al., 2018).

1.4. The role of neural oscillations in disease

Beta oscillations have been implicated in the pathophysiology of movement disorders, pre-
dominantly in PD. Much evidence suggests that beta oscillations are pathologically enhanced
in PD (Neumann et al., 2016) and associated with PD symptoms, such as slowness of movement
(Kuhn et al., 2009). Interestingly, activity in the beta band can be normalized by means of DBS
and the administration of Levodopa, underscoring its pathological nature (Mathiopoulou et al.,
2024). Much of what is known about the BG and beta oscillations in a diseased state originates
from PD patients as DBS has become a standard treatment for PD. Other disorders, such as
dystonia and essential tremor, have also contributed to this literature, but to a much lesser extent.
The use of DBS in psychiatric disorders, such as Tourette syndrome and OCD, is considerably
less common. However, first evidence suggests that neural oscillations are altered (Bastin,
Polosan, Piallat, et al., 2014; Koh et al., 2018) and can be normalized by DBS in these disorders
(Figee et al., 2013; Smolders et al., 2013), as well. The following sections will examine the
oscillatory characteristics of PD and OCD, as well as their modulation by DBS.

Info box 2: Parkinson’s disease (PD)

Overview

Parkinson’s disease (PD) is a progressive, irreversible movement disorder and the second most
common neurodegenerative disorder after Alzheimer’s disease (reviewed by Aarsland et al., 2021;
reviewed by DeMaagd & Philip, 2015). PD affects about 8.5 million people worldwide according to
the WHO (as of 2019) with numbers expected to increase in the coming years (Dorsey et al., 2007).
Men are 1.5 times more likely to suffer from PD than women (Wooten et al., 2004). While age is
an important risk factor for PD and most patients have a late onset of the disease in the 6™ decade,
some patients first present with symptoms at much younger ages. PD can be caused by certain genetic
variants and environmental factors, such as exposition to toxic agents, or secondary to drugs, but most
cases of PD are idiopathic, meaning that there is no identifiable cause of the disease (reviewed by Brigo
et al., 2014; reviewed by Dauer & Przedborski, 2003; reviewed by Vazquez-Vélez & Zoghbi, 2021).

Symptoms

The cardinal symptoms of PD are resting tremor, bradykinesia (slowness of movement), rigidity
(stiffness), and postural instability (reviewed by Dauer & Przedborski, 2003; Hoglinger & Trenkwalder,
2023; reviewed by Jankovic, 2008). Additional symptoms patients might suffer from include freezing
of gait, hypophonia, and non-motor symptoms, including hypomimia, depression, sleep disturbance,
sensory and autonomic dysfunction, cognitive impairment, and others (reviewed by Dauer &
Przedborski, 2003; reviewed by Hariz & Blomstedt, 2022). Patients typically present with variable
symptom profiles (reviewed by Vazquez-Vélez & Zoghbi, 2021) and are classified into an akinetic-rigid,
tremor-dominant, or intermediary subtype depending on the dominance of symptoms (reviewed by Hariz
& Blomstedt, 2022; Zhang et al., 2015).
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Pathology

The pathology of PD is characterized by a depletion of dopamine in the SNp caused by a loss of dopamine-
producing cells. This leads to a lack of dopaminergic inputs to the striatum. As a result, both STN and
GPi/SNr neurons increase their inhibition of the thalamus, leading to reduced motor cortical activation and
the core symptoms of PD. Of note, at the time of symptom manifestation, dopamine is already grossly
depleted, with an estimated loss of up to 60% of dopaminergic neurons in the SNp. While it is clear that the
pathology begins years before first symptom manifestation, the initial trigger remains unknown. Hypotheses
for the pathogenesis of PD include oxidative stress, mitochondrial dysfunction, and the aggregation of
abnormally folded protein, most evidence pointing toward the latter. Similar to other neurodegenerative
diseases, PD is characterized by an accumulation of Lewy bodies - misfolded protein aggregates of alpha-
synuclein in brain cells, which in rare cases may be caused by a genetic mutation for alpha synuclein
(reviewed by Cheng et al., 2010; reviewed by Dauer & Przedborski, 2003; reviewed by Vazquez-Vélez &
Zoghbi, 2021; reviewed by Wichmann & DelLong, 1996). On an electrophysiological level, PD patients
demonstrate pathologically enhanced beta activity in the STN, which has thus far been considered the
neurophysiological hallmark of PD and is associated with symptom severity (Neumann et al., 2016).

Treatment

Research efforts targeting neuroprotective treatments preventing the loss of dopamine have not been
successful thus far. Hence, treatment options remain focused on managing the symptoms of PD but cannot
stop or reverse the disease (reviewed by Cheng et al., 2010; reviewed by Dauer & Przedborski, 2003).
The first line of treatment is the dopaminergic precursor levodopa, which can be supplemented by
other drugs, such as dopamine agonists. Typically, patients’ quality of life initially improves greatly by
the administration of dopaminergic medications. However, the effects tend to wear off after 5-10 years and
so-called end-of-dose symptoms, such as hyperkinesia or hypokinesia, emerge. DBS is a treatment
option for advanced PD which allows for a larger therapeutic window than achieved by medication alone
(see info box 1). The procedure involves the implantation of electrodes into targets in the BG, usually
the STN. While its effectiveness is undisputed, its mechanisms are still largely unknown (reviewed by Dauer
& Przedborski, 2003; reviewed by Hariz & Blomstedt, 2022). Besides dopaminergic medication and DBS,
exercise may positively affect motor functioning in PD (Ellis et al., 2021; reviewed by Tiihonen et al., 2021).

Motor and nonmotor Parkinson disease symptoms
Fewer «—— ————— — More

Tremor, rigidity, bradykinesia, dystonia, and/or gait issues
Autonomic, psychiatric, and/or cognitive symptoms
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Figure 5. The symptoms of PD. The figure demonstrates an update to the conventional portrayal of PD patients
(A). Patients differ in the type and severity of motor and non-motor symptoms, which affect daily life to varying
degrees (B-D) (reproduced with permission from Armstrong & Okun, 2020. JAMA Neurology. © 2020 American
Medical Association).
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1.4.1. The role of neural oscillations in PD

The neurophysiological hallmark of PD is pathologically enhanced beta activity in the BG-cortex
circuit. Untreated PD is characterized by elevated beta power within the GPi and STN, along with
increased coherence between them (Brown et al., 2001), with the highest levels of beta power
localizing to the dorsolateral part of STN, its sensorimotor region (Horn et al., 2017). Additionally,
PD is linked with increased beta coherence between the STN and motor cortex (Hirschmann et
al., 2011). Recent evidence suggests an overactivity of the hyperdirect pathway in the high
beta band in PD, contributing to network changes, including the emergence of low beta power in
the BG (Oswal et al., 2021). Importantly, levodopa effectively reduces elevated STN and cortical
beta power and cortico-BG coherence (Brown et al., 2001; Hirschmann, Ozkurt, et al., 2013).
These reductions correlate with improved motor performance (Fischer et al., 2019), including
normalized movement-related beta desynchronization in the supplementary motor area (SMA),
enhancing movement velocity and muscle activity (Chung et al., 2018). Similarly, levodopa
decreases the length, amplitude, and probability of beta bursts (G. Tinkhauser et al., 2017).

Furthermore, the beta frequency band is closely linked with PD symptoms. For instance, tremor
is associated with an initial increase and a subsequent decrease in beta power in the STN
(Hirschmann et al., 2019), and a reduction of beta power in cortex (Hirschmann, Hartmann, et al.,
2013). Freezing of gait correlates with beta power and STN-cortex beta coherence, suggesting
that BG-cortex loop dysfunction contributes to the emergence of this problematic symptom
(Toledo et al., 2014). Conversely, akinesia and rigidity are negatively associated with STN-
cortex beta coherence in unmedicated patients (Hirschmann, Ozkurt, et al., 2013), underscoring
a complicated relationship between beta coherence and PD symptoms.

Although the pathophysiology of PD is most strongly associated with the beta frequency band,
other frequency bands have also been explored in this context. For instance, subthalamic high
frequency oscillations (> 200 Hz) are modulated by levodopa and associated with rigidity and
akinesia scores (Ozkurt et al., 2011). Narrowband gamma oscillations in the motor cortex, STN,
and STN-cortex coherence have been connected with dyskinesias (Olaru et al., 2024; Swann et
al., 2016) and correlate with medication intake in the STN (Colombo et al., 2025). Resting tremor
and tremor severity are linked with increased low gamma activity (Beudel et al., 2015; Weinberger
et al., 2009).

Beyond the gamma band, subcortical theta oscillations also show pathological elevations in
PD patients with dystonia (Olson et al., 2022). At the cortical level, theta oscillations, typically
associated with cognitive functions, are reduced in PD patients during tasks involving conflict
(Singh et al., 2018). These reductions are also connected to motor symptoms, such as freezing of
gait (Singh et al., 2020). Furthermore, theta and gamma rhythms in fronto-temporal-parietal
regions are associated with the cognitive and emotional symptoms of PD, including cognitive
impairment and anxiety (lyer et al., 2020).
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1.4.2. The influence of DBS on neural oscillations in PD

Treatments of PD aim to alleviate symptoms by modulating activity within the BG-cortical loop.
Stimulation is typically targeted at the dorsolateral STN, with the greatest occurrence of beta
oscillations localizing to this area (Horn et al., 2017), likely preventing the spread of pathologically
altered activity to other brain areas (Adam et al., 2022; Turner & Desmurget, 2010). In the STN,
DBS has been found to be associated with reduced beta activity in the short-term (Y. Chen et al.,
2020; Muthuraman et al., 2020). Reductions of beta power span the entire beta band, i.e.
13-35 Hz, and are distinct from the decreases in the lower beta range (~13-20 Hz) achieved by
dopaminergic medication (Mathiopoulou et al., 2024). Beta oscillations in the STN can serve as
a predictor of the best stimulation contact with respect to clinical outcome (di Biase et al., 2023),
and, due to their clinical relevance, have been proposed as targets for sensing-capable closed
loop DBS systems (Radcliffe et al., 2023). Adaptive DBS utilizing beta bursts in the STN to adapt
stimulation protocols has recently demonstrated to successfully ameliorate symptoms, including
freezing of gait, tremor, and bradykinesia (Wilkins et al., 2024). Cortical areas associated with
DBS-induced changes include the sensorimotor cortices (Abbasi et al., 2018), and specifically the
SMA (Hollunder et al., 2024). Similar to the STN, and in line with the hypothesis of DBS halting
the spread of pathological oscillatory activity, DBS is known to decrease alpha and beta power in
the sensorimotor cortices (Abbasi et al., 2018; Muthuraman et al., 2020) and coherence between
the STN and motor cortex (Oswal et al., 2016).

While the effects of DBS in PD are best established with respect to the beta band, DBS also
appears to influence neural oscillatory activity in other frequency bands. For example, DBS has
been demonstrated to induce narrow-band gamma oscillations in the STN (Wiest et al., 2021).
Cortical and STN DBS-entrained gamma oscillations promote the alleviation of motor symptoms
(Muthuraman et al., 2020) and can be used as biomarkers for adaptive DBS to determine high
and low dopaminergic states (Colombo et al., 2025; Oehrn et al., 2024), and to identify dyskinesia
(Olaru et al., 2024). Some evidence further suggests an effect of DBS on lower frequencies. For
instance, theta band activity increases with DBS (Giannicola et al., 2013). Biophysical modeling
of the STN-striatal pathway has revealed that one of the mechanisms of DBS might be
compensating for the loss of dopaminergic inputs and excessive beta activity by restoring striatal
gamma and theta oscillations which are essential for healthy motor control (Adam et al., 2022).

Info Box 3: Obsessive-compulsive disorder (OCD)

Overview

Obsessive-compulsive disorder (OCD) is a psychiatric disorder, with an average lifetime prevalence of 1.3%.
Women have an about 1.6 times higher risk of suffering from OCD in their lifetime (Fawcett et al., 2020).
Symptoms can manifest in childhood or adulthood, with the greatest severity of symptoms in the second
decade, and are often comorbid with other psychiatric disorders and symptoms (reviewed by Graybiel &
Rauch, 2000). OCD is considered a hereditary disease, likely associated with several genetic alterations
that are shared with other psychiatric disorders like Tourette syndrome (reviewed by Bokor & Anderson,
2014; reviewed by Graybiel & Rauch, 2000; reviewed by Nicolini et al., 2009).
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Symptoms

OCD is characterized by obsessions and compulsions, that is, the presence of recurrent and persistent
thoughts and urges that are unwanted and intrusive to the suffering person, causing anxiety. The individual
subsequently attempts to ignore these obsessions or feels the need to perform certain stereotypical actions
or mental operations to relieve anxiety and tension. Severely affected patients spend large portions of their
days (at least one hour) performing ritualistic and repetitive behaviors and mental acts, such as cleaning,
ordering, or praying, strictly sticking to rules pertaining to these actions, effectively keeping them from living
a normal life (American Psychiatric Association, 2013; Voderholzer et al., 2022). The type of obsessions,
as well as associated compulsions, can vary greatly across patients, with examples including obsessing
about germs, the order of things, religion, and fear of harming others (reviewed by Bokor & Anderson, 2014).
Importantly, the compulsions do not actually resolve the obsessions and are markedly excessive (American
Psychiatric Association, 2013).

Pathology

The OCD pathology is hypothesized to arise from altered communication patterns across the fronto-striatal
network, connecting associative limbic regions in the cortex, such as the anterior cingulate cortex (ACC)
and the orbitofrontal cortex (OFC), to the BG. These structures have previously been implicated in stimulus
evaluation, executive functioning, and habit learning and performance, and are therefore functionally
relevant to the formation of dysfunctional habits. On a theoretical level, patients might become “stuck”
in a single behavioral program due to repetitive action selection and overstabilization of current behavior,
leaving them unable to shift to the next one, with these processes which normally run automatically
becoming increasingly conscious. The complex pathology observed in patients likely arises from changes
in both low and high frequency bands within the cortical-BG network, combining alterations in both the
cognitive (intrusive thoughts) and motor (repetitive actions) functions of the BG (Bastin, Polosan, Piallat, et
al., 2014; reviewed by Graybiel & Rauch, 2000), though it should be noted that oscillatory dysfunction is
only one of several possible mechanisms underlying the disorder.

Treatment

Psychotherapy, such as exposure and response intervention, a type of cognitive behavioral therapy,
and Serotonin reuptake inhibitors (SSRIs), are the first line of treatment of OCD (reviewed by Bokor &
Anderson, 2014). The effectiveness and safety of SSRIs are established but a subset of OCD patients,
approximately 40 to 60%, do not initially or satisfactorily respond to SSRIs, rendering new avenues of
treatment development necessary. Examples are pharmacological treatments targeting neurotransmitters
other than Serotonin, such as dopamine, as well as transcranial magnetic stimulation, electroconvulsive
therapy, and DBS (reviewed by Bokor & Anderson, 2014; reviewed by van Roessel et al., 2023). The regions
targeted most commonly by DBS include the anterior limb of the internal capsule, the ventral striatum
and the nucleus accumbens (NAc; reviewed by Raviv et al., 2020). Due to its connections to cortical
limbic/associative structures and association with repetitive cognitive operations, the STN has gained
growing interest as a target for DBS in OCD (Burbaud et al., 2013; reviewed by Chabardés et al., 2013).
As in PD, the mechanisms underlying the symptom-reducing effects of DBS remain poorly understood
(Schwabe et al., 2021), though the effectiveness of DBS of the NAc (Denys et al., 2010) and the STN (Mallet
et al., 2008) in OCD, is well-established. Of note, many patients do not receive treatment at all, possibly
for fear of the stigma associated with the disease, leading to feelings of shame and reluctance to seek
psychiatric help (Werner, 2019).
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1.4.3. The role of neural oscillations in OCD

While progress has been made in understanding the role of neural oscillations, including beta
oscillations, in the BG and cortico-BG networks in OCD, the evidence base remains relatively
limited compared to PD (Horn et al., 2025). This is likely because DBS has only recently emerged
as a treatment for OCD. Collectively, research suggests that OCD is characterized by over-
connectivity in areas spanning the prefrontal cortex (PFC), including the OFC, as well as the STN,
the putamen, and the ACC (Qing et al., 2021; Wojtecki et al., 2017), correlating with symptom
severity (Beucke et al., 2013; Smith et al., 2020). Especially the theta band has been identified as
a possible biomarker for OCD. Compared to healthy controls, theta and delta power have been
demonstrated to be increased in OCD patients in various brain regions, including medial and
lateral frontal, temporal and parietal cortices, the ACC, and other limbic structures (Desarkar et
al., 2007; Kopfivova et al., 2011; Lee et al., 2023; Perera et al., 2023). In contrast, there is research
suggesting that theta band activity is actually lowered in the parietal lobe, and that theta and
gamma phase synchrony is decreased in limbic cortical regions, the OFC, and the insula
compared to healthy controls (Koh et al., 2018). Similarly puzzling, studies have reported both
increases (Bastin, Polosan, Piallat, et al., 2014) and decreases (Rappel et al., 2018) of STN theta
activity during the spontaneous emergence of OCD symptoms. Thus, while changes in theta band
activity are consistently detected in OCD patients, the direction of change is not yet clear.

The role of beta oscillations has not been studied extensively in OCD patients. One study reported
a tendency towards reduced beta and alpha phase synchrony in cortical limbic structures
(Koh et al., 2018), and another found decreased beta and gamma power in the right STN during
spontaneous OCD symptoms (Bastin, Polosan, Piallat, et al., 2014). Although the precise
pathological alterations of subthalamic beta activity in OCD remain unclear, beta oscillations
are reliably observed in the STN of OCD patients (Accolla et al., 2016; Rappel et al., 2018;
Wojtecki et al., 2017). Research suggests that in OCD, the dorsal motor region of the STN displays
beta oscillations similar to those seen in PD. However, unlike PD, OCD is also characterized
by elevated theta activity in the ventral cognitive-limbic region of the STN (Rappel et al., 2018).
Additionally, resting-state beta coherence between the non-motor STN and the sensorimotor
cortex has been documented in a single patient (the same patient as in Study 2 of this work),
suggesting that beta oscillations in cortico-BG pathways are not exclusively related to PD
(Woijtecki et al., 2017).

1.4.4. The influence of DBS on neural oscillations in OCD

DBS is a new promising treatment for the symptoms of treatment-refractory OCD. Though
not yet fully understood, the mechanism of DBS may lie in restoring physiological patterns of
communication between structures of the cortico-striatal pathway (Figee et al., 2013; Smolders et
al., 2013). Conceptually, the normalization of fronto-striatal loop activity resolves the excessive,
repetitive cognitive processing style which is characteristic of OCD patients, towards goal-directed
behavior (Figee et al., 2013). While this general hypothesis appears to be widely accepted,
the exact neurophysiological correlates remain debated and research findings vary greatly across
studies, as well as data recording and analysis methods. A recent analysis of 19 OCD patients
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implanted with DBS electrodes into the STN revealed that symptom optimization through DBS
specifically involved the ventromedial PFC and ACC (Hollunder et al.,, 2024). Some studies
suggest that the normalization of the overconnectivity within the fronto-striatal loop works through
a reduction of theta phase stability, which is associated with symptom reduction (Figee et al., 2013;
Smolders et al., 2013). Furthermore, DBS has been demonstrated to reduce theta activity in
the stria terminalis/anterior limb of the internal capsule, while activity in other frequency bands,
i.e. alpha, beta and gamma, was enhanced in this area and the frontal cortex (Schwabe et al.,
2021; Xiong et al., 2023).

Notably, the exact DBS-induced changes of oscillations in the theta range and other frequency
bands appear to be dependent on the duration of DBS at the time of measurement. Contrary to
the findings above, one study indicated that DBS acutely increased theta power and theta phase
stability in lateral frontal and temporo-parietal regions, while the opposite was found for long-term
stimulation (Bangel et al., 2023; Smolders et al., 2013). Similarly, theta to beta frequency band
activity was increased in the NAc/internal capsule immediately after surgery, but decreased during
chronic DBS (Xiong et al., 2023). In rodents, DBS of the NAc also resulted in reduced power in
low frequency bands up to the beta band (Shi et al., 2022).

2. Aims

Most previous studies assessing movement-related neural oscillations in cortico-BG loops have
utilized simple motor paradigms, involving discontinuous movements, such as button presses
(Alegre et al., 2013; Aron & Poldrack, 2006; Cao et al., 2024; Ray et al., 2012). Additionally, most
studies did not consider both cortical and subcortical structures of the motor system, although their
interplay is likely the cornerstone of motor performance. Lastly, movement-related beta oscillations
and their sensitivity to DBS are typically studied in PD patients, such that their dynamics in other
disorders, which do not primarily involve motor dysfunction, remain elusive.

In order to address these gaps in the literature, the present thesis took advantage of simultaneous
MEG and LFP recordings to study the association of beta power and coherence with complex
movement in PD, as well as with motor inhibition and DBS in OCD, a disorder which is not primarily
characterized by motor dysfunction.

Aims of Study 1: To investigate the role of beta oscillations across cortico-BG loops in the
coordination of complex movement involving rapid changes of movement direction that were either
easy to predict or unpredictable. As such, the sensitivity of beta oscillations to cognitive demands
beyond mere motor processing was assessed.

Aims of Study 2: To evaluate the effect of DBS on beta oscillations in OCD, a disorder not marked
by motor dysfunction. Additionally, beta dynamics during a Go/NoGo task involving the inhibition
of prepotent motor responses were assessed in an OCD patient and compared to a PD control
patient to pinpoint differences in motor control and inhibition across these disorders.
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3. Study 1: Context-dependent modulations
of subthalamo-cortical synchronization during rapid
reversals of movement direction in Parkinson’s Disease

Study 1 (Appendix 1) aimed at investigating beta oscillatory activity across the cortico-BG
network during complex movement with varying levels of cognitive challenge. Previous research
has established a role of beta oscillations in movement and the inhibition thereof (Benis et al.,
2014; Jurkiewicz et al., 2006; Wessel, 2020). Specifically, paradigms involving simple movements,
such as button presses, revealed that beta power decreases during movement and its preparation
(Jurkiewicz et al., 2006), but increases during movement inhibition (Bastin, Polosan, Benis, et al.,
2014) and rises above baseline level after movement has terminated (Fonken et al., 2016; Ray et
al.,, 2012). Beta oscillations have thus been described as anti-kinetic (Brown, 2003), or,
alternatively, as reflecting the status quo of the motor system (Engel & Fries, 2010). However,
the dynamics of beta oscillations during movement scenarios which are more complicated than
typically studied in simple motor paradigms, such as stop signal reaction time tasks, have rarely
been investigated. The present study was intended to close this gap with a paradigm involving
the continuous rotation of a wheel with occasional changes in movement direction, as well as
stops of movement. Although movement-related beta suppression around movement initiation
and the beta rebound after movement termination have been described in countless studies,
the interaction of these processes during short breaks of movement, such as during directional
changes, remain unknown. One of the major goals of the present study was therefore to assess
whether short pauses of movement differ from the final termination of movement with respect to
beta band activity in the motor system.

Recent evidence indicates that the beta band is not merely motor-related (Benis et al., 2014;
Oswal et al., 2013). Instead, modulations of beta power have been observed during cognitive
tasks in the absence of movement (Zavala, Jang, et al., 2017). How cognitive challenge in the
context of a complex motor paradigm might modulate beta oscillations within cortical-BG loops
has, however, not been investigated thus far. Thus, the present study aimed at revealing the
sensitivity of beta oscillations to varying levels of predictability of movement instructions in the
context of continuously performed movement.

3.1. Methods

23 PD patients who remained on their regular dopaminergic medication participated in the study,
20 of whom were included in the analyses. Whole-head MEG and LFPs from the STN were
recorded simultaneously peri-operatively using externalized leads. While seated in the MEG,
patients performed a visually cued motor task, requiring them to start turning a wheel, change
movement direction, and stop. In the so-called predictable condition, the timing and order of start,
reversal, and stop cues were kept constant, such that the next movement prompt was easily
anticipated. In a more challenging unpredictable condition, the timing of cues, as well as the
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number of reversal cues (changes of movement direction) was manipulated to be unpredictable,
i.e. varying between 0 and 2 reversals per trial.

The data was first segmented into trials of 4 s and centered around the movements of interest,
i.e. start, reversal, and stop. For the analysis of cortical power and STN-cortex coherence,
four cortical regions of interest (ROIs) were selected based on the strongest movement-related
modulations of beta power and coherence: M1 and the medial sensorimotor cortex (MSMC) both
contralateral and ipsilateral to the moving hand. An LCMV beamformer was used to extract the
time series for these ROIs. Subsequently, the cortical ROls and one STN LFP channel from each
hemisphere per patient were included in time-resolved analyses of power and coherence for
the beta and gamma frequency ranges. As baseline, the pre-event time window (-1.6 s to 0 s with
respect to start, reversal, and stop) was used. The coherence analysis was supplemented with
an analysis of Granger causality to determine the directionality of cortex-subcortex interaction.
Beta power and coherence were additionally analyzed at the source level using DICS. For the
statistical analysis of task performance, power, connectivity, and lateralization (of beta suppression
and rebound), specifically with respect to the predictability of movement instructions, repeated
measures analyses of covariance and cluster-based permutation tests were conducted.

3.2. Results

3.2.1. Movement-related power dynamics

First, it was confirmed that movement initiation and termination were associated with cortical
and subcortical beta suppression and rebound, respectively. Gamma power showed opposite
dynamics. During the re-acceleration phase after reversals of movement direction, cortical
beta power decreased briefly, especially in the hemisphere ipsilateral to the moving hand.
The contralateral hemisphere, in contrast, was already close to floor levels of beta power prior
to reversing, such that beta power did not decrease much more. Further analyses revealed that
movement-related beta oscillations were generally lateralized to the hemisphere contralateral to
the moving hand, except during acceleration, which involved bilateral modulation of beta power.
Surprisingly, no increases in cortical beta power occurred during reversals, even though
movement was first slowed and then stopped briefly. The STN revealed dynamics that differed
from those observed in cortex: Although average power changes across patients were small
and not statistically significant, many patients displayed transient increases in high beta power
during reversals. These brief modulations differed from the post-movement beta rebound both
spectrally and in amplitude (see Figure 6).
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Figure 6. Reversal-related beta power modulations in the STN. Displayed are six examples of baseline-
corrected STN beta power from individual patients during movement reversal and stopping (baseline: -1.6t0 0 s
with respect to stop/reversal). Time point 0, marked by red lines, indicates the brief movement pause associated
with reversals, and movement stop. Black lines represent the patient’s trial-average turning speed (scale:
0-600 deg/s; for patient 21, adjusted to 0—750 deg/s). Patient 10: contralateral STN, predictable condition;
Patient 1: contralateral STN, unpredictable condition; Patient 2: contralateral STN, predictable condition; Patient
6: ipsilateral STN, unpredictable condition; Patient 21: contralateral STN, unpredictable condition; Patient 22;
ipsilateral STN, unpredictable condition (adapted and modified from Winkler, Butz, et al., 2025, under the
Creative Commons Attribution 4.0 International License (CC BY 4.0)).

3.2.2. Movement-related connectivity dynamics

Coherence dynamics were similar to those of power with respect to movement-related beta
suppression, post-movement beta rebound, and gamma increases at movement initiation.
In contrast to cortical beta power, beta coherence was not reduced during reversals. In fact,
it increased on a qualitative basis (see Figure 7a). Across all movement types and predictability
conditions, a strong drive from cortex to the STN was identified.

3.2.3. The influence of predictability on power and coherence dynamics

In general, coherence modulations (i.e. differences between the pre- and post-event time
windows) were more positive in the unpredictable condition, suggesting a reduced suppression
following movement initiation and greater increases in coherence following stop and reversal in
this condition (see Fig. 7a and b). Similarly, beta power was less reduced at movement initiation
in the unpredictable compared to the predictable condition. Gamma power and coherence did not
reveal any predictability-dependent changes.
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Figure 7. Movement and predictability-related modulations of STN-Cortex Coherence. (N=20) (a) Time-
frequency plots illustrate group-averaged, baseline-corrected coherence between the STN and cortex (averaged
across ROlIs) during start, reversal, and stop of movement for both predictable and unpredictable trial types
(baseline: -1.6 to 0 s with respect to start, stop, and reversal). Time point 0 indicates when the movement began,
was reversed, and stopped (marked by red lines). The overlaid black lines indicate average wheel turning speed
(range: 0—600 deg/s). Regions enclosed by black contours with hatched lines denote statistically significant
deviations from baseline coherence. (b) Group-level comparison of coherence between the unpredictable and
predictable condition. Left: time-frequency contrasts are shown, averaged across ROIls. Right: source-level
differences in event-related coherence modulations within the beta frequency range are displayed (reproduced
from Winkler, Butz, et al., 2025, under the Creative Commons Attribution 4.0 International License (CC BY 4.0)).

3.3. Discussion

Study 1 revealed the emergence of movement-related beta suppression, movement-related
gamma synchronization, and a post-movement beta rebound in both power and coherence in the
context of continuously performed movement. Additionally, decreases in gamma power upon
movement termination were identified. Previous research has only discovered these modulations
during simple, ballistic movements (Alegre et al., 2013; Litvak et al., 2012; Talakoub et al., 2016;
Tan et al.,, 2014; van Wijk et al., 2017). The post-movement increase in beta coherence is
particularly interesting, because it has rarely been described before (Tan et al., 2014). Notably,
a strong cortical drive was identified across all movements. Together with the proposed role of the
STN in movement inhibition (Benis et al., 2014; Ray et al., 2012) and recent evidence of
monosynaptic connections between the frontal cortex and the STN (W. Chen et al., 2020; Oswal
et al., 2021), it can be speculated that the increase in coherence after movement termination
reflects a post-movement feedback signal from motor cortex to the STN.

Furthermore, Study 1 sheds light on the neural basis of changes of movement direction which
contain a brief pause of movement. First, broadband reversal-related decreases of beta power in
motor cortex were shown. The timing of these decreases, i.e. after the short pause, and the spatial



Study 1

distribution involving bilateral motor cortices, strongly suggest a role of cortical beta suppression
in movement acceleration after short pauses. In line with the bilateral topography of the observed
beta suppression, previous research supports a more spatially diffuse organization of movement-
related beta power suppression as compared to the beta rebound (Espenhahn et al., 2017,
Jurkiewicz et al., 2006; Zaepffel et al., 2013). Importantly, there was no evidence of elevations of
beta power during reversals in motor cortex, suggesting that motor cortical beta power may not
primarily be involved in stopping continuous movements. In contrast, the STN revealed brief
increases in beta power in the STN in many patients, likely reflecting processing of the short pause
that occurs during reversals. These increases were observed in the high beta band and were of
rather low amplitude, therefore differing from the strong post-movement beta rebound after
movement termination, which predominantly involved the low beta band. Beta oscillations have
often been described as anti-kinetic (Chandramouli et al., 2019) because they may increase
reaction times (Muralidharan & Aron, 2021) and decrease corticospinal excitability (Wessel et al.,
2016). Therefore, avoiding a beta rebound mid-action might be vital to the recontinuation of
movement after changing movement direction. In summary, it can be suggested that the beta
rebound occurs only after movement has fully terminated, rendering a role in movement slowing
or inhibition unlikely. The presented findings better align with the interpretation of the beta rebound
as a post-movement feedback signal used to adapt or confirm a current motor program (Cao &
Hu, 2016; Tan et al., 2016).

The ability to predict the next movement instruction was of particular interest to Study 1. Greater
increases and smaller decreases of coherence in the unpredictable condition suggest that
additional neural resources were needed to accommodate a more careful and attentive approach
to the task whilst maintaining a task performance comparable to the predictable condition.
This finding is in line with research positing a role of beta oscillations in cognitive processes, such
as cognitive inhibition and error monitoring (Castiglione et al., 2019; Fonken et al., 2016; Schmidt
et al., 2019; reviewed by Turner & Desmurget, 2010). Increased levels of beta coherence were
previously demonstrated in a task involving conflict (Patai et al., 2022), which may have been
associated with similar cognitive processes. The reduced beta power suppression observed
during unexpected movement initiation may indicate that patients were less prepared to move,
which is supported by research reporting similar reductions of beta suppression in the face of
uncertainty and unpredictability in simpler motor paradigms (Alegre et al., 2003; Tzagarakis et al.,
2010).

3.4. Conclusion

In summary, Study 1 revealed distinct changes in local power and STN-cortex connectivity during
complex movement and changes thereof. Briefly stopping a movement mid-action appears to
involve different oscillatory processes than fully terminating a motor sequence. When effective
preparation and anticipation of motor commands is hampered, STN-cortex synchronization
increases, suggesting a role of cortico-subcortical motor pathways in coordinating movements in
response to unpredictable events.
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4. Study 2: Deep brain stimulation-responsive subthalamo-
cortical coupling in obsessive-compulsive disorder

Study 2 (Appendix 2) aimed at evaluating the sensitivity of beta oscillations to DBS in OCD,
a psychiatric disorder not characterized by motor dysfunction. Brain alterations in OCD include
hyperconnectivity within fronto-BG circuits (Beucke et al., 2013; Smith et al., 2020), with elevated
theta activity serving as a possible biomarker (Bastin, Polosan, Piallat, et al., 2014; Lee et al.,
2023; Perera et al., 2023; Rappel et al., 2018). DBS has been reported to reduce theta activity
in OCD (Figee et al., 2013; Schwabe et al., 2021). In contrast, pathologically enhanced beta
oscillations are often described as the hallmark of PD (Brown et al., 2001; Hirschmann et al., 2011;
Oswal et al., 2021) and have been linked with various PD-specific motor symptoms, including
bradykinesia and rigidity (Kiihn et al., 2009; Lofredi et al., 2019). DBS has been found to normalize
excessive beta activity in cortico-BG loops in PD, which is associated with a reduction of symptom
severity (Abbasi et al., 2018; Y. Chen et al., 2020; Mathiopoulou et al., 2024; Muthuraman et al.,
2020; Wilkins et al., 2024), suggesting a direct link between STN beta oscillations and motor
slowing.

However, beta oscillations and the influence of DBS on oscillatory activity are typically studied
in PD patients, as DBS is a standard treatment for PD. In OCD, the role of beta oscillations remains
poorly understood. Some studies have identified beta abnormalities in the STN (Bastin, Polosan,
Piallat, et al., 2014) and cortex (Koh et al., 2018), and DBS has been reported to increase
(Schwabe et al., 2021) and diminish (Xiong et al., 2023) beta oscillations across the stria
terminalis, anterior limb of the internal capsule, and frontal cortex. However, the effect of DBS on
beta activity in the STN, despite its documented presence (Rappel et al., 2018; Wojtecki et al.,
2017), remains elusive in OCD, a gap in the literature that Study 2 was intended to fill.

The focus on PD patients in most prior studies on motor control further presents a significant
limitation for understanding the dynamics of beta oscillations in cortico-BG loops during movement
and motor inhibition. Previous research has revealed that the beta band is modulated by various
movement-related parameters (Benis et al., 2014; Fischer et al., 2019; Fischer et al., 2016),
as well as by movement initiation, termination, and inhibition (Alegre et al., 2004; Bastin, Polosan,
Benis, et al., 2014). Study 2 was intended to assess the effect of movement and the inhibition
thereof on neural oscillations in motor cortex and the STN in a rare case of an OCD patient
receiving DBS, and to compare these patterns to a PD patient to pinpoint possible disease-specific
differences in these modulations.
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4.1. Methods

Study 2 involved a single case of severe OCD: a 53-year-old female patient implanted with
DBS electrodes targeting the STN 12 years ago. At that time, she participated in a research
study in which LFPs were recorded using externalized leads (Wojtecki et al., 2017). She took
part in Study 2 following the replacement of her original stimulator with a new device.
The Medtronic Percept PC (Medtronic Inc., Minneapolis, MN, USA) is capable of recording LFPs
from the implanted electrodes. LFPs and whole-head MEG were measured simultaneously.
5-minute resting-state recordings were performed in DBS OFF and during unilateral stimulation
at 130 Hz in each hemisphere (amplitude: 1.2 mA; pulse width: 60 ps).

Additionally, the patient performed a visually cued Go/NoGo task that assesses the ability to inhibit
prepotent responses. In this task, each trial was initiated with a fixation cross presented on screen.
Next, a cue appeared indicating whether the target stimulus was more likely to be Go or NoGo,
followed by the Go or NoGo stimulus, and feedback. In case of a Go stimulus, the patient had to
push a button with the right index finger. In case of a NoGo stimulus, any response had to be
withheld. Trials were labeled as congruent if the cue matched the target, and incongruent, if it
did not. No stimulation was applied during the task. One 60-year-old female tremor-dominant PD
patient implanted with the same DBS system targeting the STN participated in the Go/NoGo task
as a control.

To analyze the resting-state data, the data was segmented into non-overlapping trials of 1 s,
and spectral power, LFP-MEG coherence and STN-cortex source-level coherence using DICS
were computed. To obtain an unbiased estimate of STN power, oscillatory components were first
separated from the aperiodic background as it can obscure or inflate power estimates by
contributing non-rhythmic activity (Donoghue et al., 2020). For the analysis of the Go/NoGo
task data, trials were centered on the Go/NoGo target stimulus. Time-frequency analysis was
performed considering the STN and activity extracted from bilateral M1 using an LCMV beam-
former. Averaged power over all trial types and time points was used as baseline. Congruent and
incongruent trials were pooled given a lack of statistically significant differences between them.
Statistical comparisons between DBS ON vs. DBS OFF and Go vs. NoGo trials were performed
using cluster-based permutation tests.

4.2. Results

4.2.1. The influence of DBS on beta power and coherence in OCD

Prominent peaks of resting-state beta power in the right STN and coherence between the right
STN and the sensorimotor cortex were observed in the OCD patient. These peaks were signifi-
cantly reduced by DBS of both the left and right STN (see Figure 8).
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Figure 8. DBS attenuates beta power and coherence in the OCD patient. Shown are the log10-transformed
resting-state power spectra (with aperiodic fit removed) and the topographical distribution of STN-MEG sensor
coherence in the beta range (13-30 Hz) for the right (A) and left (B) STN, respectively. (C, left) Log10-transformed
resting-state power spectra (with aperiodic fit removed) are depicted for the right STN across three conditions: DBS
OFF, right DBS ON, and left DBS ON. Shaded areas indicate significant differences: right DBS ON vs. OFF: blue;
left DBS ON vs. OFF: red; overlapping clusters: purple. (C, right) Topography of right STN-MEG sensor coherence
during right DBS ON vs. OFF and left DBS ON vs. OFF. Channels that are significantly modulated are highlighted:
right DBS: black; left DBS: white; overlap: grey. (D) The bottom panel represents the source-reconstructed contrast
between DBS ON (averaged over left and right DBS) and DBS OFF conditions (reproduced from Winkler, Werner,
et al., 2025, under the Creative Commons Attribution 4.0 International License (CC BY 4.0)).

4.2.2. Modulations of beta and theta power during a Go/NoGo task

In both the OCD and PD patient, Go-trials were associated with beta power suppression and
a beta rebound in M1. In the OCD patient, the movement-related suppression of cortical beta
power was interrupted by an early beta power increase during NoGo trials, clearly distinguishing
response execution from inhibition. Patterns of cortical beta power modulation were generally
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rather similar across patients. However, on the level of the STN, power modulations differentiated
PD and OCD: The PD patient revealed modulations of the beta frequency band only. Specifically,
Go-trials were associated with similar power changes as observed in M1. NoGo trials were linked
with increases in beta power. In the OCD patient, a different picture emerged: Differences between
Go and NoGo trials were limited to the theta band, with NoGo ftrials revealing higher theta power

than Go-trials (see Figure 9).

Figure 9. Distinct patterns of left STN power modulation during response inhibition in OCD and PD.
Trials are centered on the Go/NoGo target stimulus. Left-sided modulations are shown as both patients used
the right hand for the task. Top: Time-frequency representations show the difference in power between baseline-
corrected Go (% change) and baseline-corrected NoGo (% change) trials (pooled over congruent and
incongruent trials) for the OCD (A) and the PD (B) patients. Hatched lines within contours reflect statistically
significant differences. Bottom: Time-resolved band-average power changes in the beta (13—30 Hz) and theta
(3-8 Hz) ranges (reproduced from Winkler, Werner, et al., 2025, under the Creative Commons Attribution 4.0
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4.3. Discussion

While DBS-induced reductions of beta power and coherence have consistently been associated
with motor symptom improvement in PD (Abbasi et al., 2018; Y. Chen et al., 2020; Mathiopoulou
et al., 2024; Muthuraman et al., 2020; Wilkins et al., 2024), Study 2 revealed similar effects of
DBS on power and coherence in a single case of OCD in the absence of motor impairment. These
findings challenge the assumption that a decrease in beta oscillations associated with DBS is
exclusively linked with the alleviation of motor symptoms. In fact, DBS-responsive resting-state
peaks of STN beta power and STN-cortex beta coherence are not necessarily markers of PD
or motor dysfunction. Instead, they may reflect broader physiological functions of the STN (Accolla
et al., 2017), such as somatosensory processing (reviewed by Barone & Rossiter, 2021).
Alternatively, given that the STN integrates cognitive, limbic, and motor processes (Accolla et al.,
2017) and exhibits beta oscillations in both motor (Rappel et al., 2018) and non-motor (Accolla et
al., 2016; Wojtecki et al., 2017) regions, DBS-responsive beta oscillations might reflect a shared
characteristic of PD and OCD, possibly related to high levels of inhibition due to neurodegen-
eration in the case of PD, and to cognitive processes linked with the inhibition of compulsions in
OCD.

Although resting-state beta oscillations and their modulation by DBS in OCD did not markedly
differ from what is known from PD patients, motor task-based modulations of neural oscillations
revealed possible disease-specific differences. Modulations of STN power during NoGo trials
peaked in the beta band for the PD patient, and in the theta band for the OCD patient. Altered
theta band activity has previously been connected with OCD (Bastin, Polosan, Piallat, et al., 2014;
Rappel et al., 2018). Additionally, the theta band has been implicated in cognitive processes
related to conflict (Zavala et al., 2013). Enhanced theta activity during NoGo trials could therefore
reflect OCD-specific symptoms, such as the inability to inhibit actions and manage conflict.
In contrast, modulations within the beta band in PD could be associated with the PD-specific
overactivity of STN-cortex loops, possibly resulting from an over-activation of the STN by cortex
(Oswal et al., 2021).

4.4. Conclusion

In summary, Study 2 suggests that resting-state beta oscillations across cortico-BG loops
and their modulation by DBS are not specific to PD or motor dysfunction. Motor task-related
modulations of STN power might be more suited to reveal differences between diseases: trials
involving the inhibition of a prepotent response were associated with modulations of beta power
in PD, and theta power in OCD, possibly reflecting disease-specific neurophysiological alterations.
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5. General discussion

The present thesis aimed at assessing the association of neural oscillations, particularly within
the beta range, with movement scenarios marked by complex motor and cognitive demands.
Moreover, the goal was to evaluate the modulation of beta oscillations by both DBS and movement
execution vs. inhibition in OCD, a disease not marked by motor impairment. The following sections
will discuss the merits and limitations of the presented studies. Recommendations to address the
limitations will be outlined in the Outlook.

5.1. Merits

Both presented studies capitalized on the rare opportunity to simultaneously record cortical and
subcortical oscillatory activity, which is only possible in humans undergoing DBS surgery. As such,
this thesis delivers important contributions to the study of motor network-wide neural signals.
Beyond their scientific value, the presented findings may aid the development of closed-loop DBS
systems which rely on the identification of oscillatory markers of specific movement parameters.
Finally, a thorough understanding of the effects of DBS across different disorders can ultimately
help disentangle its underlying mechanisms and contribute to characterizing the pathological
oscillatory changes associated with these diseases.

One of the main merits of Study 1 was revealing the specialized dynamics of neural oscillations
within the STN, motor cortical areas, and the interaction between these structures during ongoing
movement and the adaptation of these mechanisms to a changing environment. The motor task
in Study 1 differed from paradigms typically employed when studying motor control in two ways:
First, movement was performed in a continuous fashion, involving rapid mid-action changes of the
movement. Second, patients had to adapt to contexts of varying cognitive complexity. This way,
Study 1 could illuminate some of the more intricate aspects of motor control and might more
closely reflect behavior as it occurs in everyday life.

Study 2 had one key strength: it presented a rare incident of a psychiatric patient receiving DBS,
allowing for comparison with a PD control patient and the PD literature. As such, Study 2 revealed
that beta oscillations in OCD are decreased by DBS, a phenomenon known from the PD literature.
Additionally, Study 2 demonstrated that task-based neural oscillations distinguished better
between diseases than resting-state oscillations. Study 2 was further noteworthy in that sensing-
capable DBS devices were used to record STN LFPs, such that DBS leads did not have to
be externalized. The reported findings are therefore more likely to reflect naturalistic patterns of
neural oscillatory activity.
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5.1.1. Beta synchronization during cognitive challenge

Critically, this thesis demonstrates that beta oscillations are sensitive to the predictability of
sequential movement prompts. Study 1 revealed that synchrony between the sensorimotor cortex
and the STN was increased when movement instructions became less predictable, calling for
more attentive behavior. Additionally, the beta power suppression at movement initiation was
reduced in this condition. With that, existing evidence positing a role of beta oscillations in
cognitive processes (Brittain et al., 2012; Castiglione et al., 2019) can be extended to a context of
complex movement that involves the active anticipation of the next movement instruction.
Importantly, simultaneous measurements of STN LFPs and whole-head MEG allowed the
consideration of several hubs of the cortico-BG network and identifying changes in the synchro-
nization between them. While local changes in motor-related beta oscillations have been observed
in response to cognitive processes (Fischer et al., 2016; Tan et al., 2016), complex behavior
involves the entire cortico-subcortical motor loop, and likely greater inputs from cortical structures,
possibly via hyperdirect pathway fibers. Similarly to the results of Study 1, STN-cortex beta
coherence has been found to be up-modulated after conflict cues in a judgement task
(Patai et al., 2022). Together with these results, Study 1 suggests that cortico-subcortical beta
synchronization might be engaged during cognitive processes arising in situations of surprise and
uncertainty. Notably, the reported effect of cue predictability fits with the idea of beta oscillations
reflecting a closed gate in situations involving conflict or uncertainty (Leventhal et al., 2012),
and supporting action inhibition (Benis et al., 2014), thereby avoiding hasty behavioral output in
scenarios requiring caution.

5.1.2. Beta rebound signals sequence completion, not temporary halts

Importantly, this thesis revealed that brief stops of movement, as occurring during a change of
movement direction, and the termination of a motor sequence have distinct electrophysiological
profiles. The post-movement beta rebound has previously been reported in simple motor para-
digms (Alegre et al., 2004; Fonken et al., 2016; Fry et al., 2016; Jurkiewicz et al., 2006; Ray et al.,
2012), which Study 1 confirmed with a paradigm of continuously performed movement. A post-
movement rebound of coherence was also observed, which has only been reported in a single
study following ballistic movements (Tan et al., 2014), and might reflect a post-movement feedback
signal from cortex communicated via the hyperdirect pathway. In contrast, mid-action changes
and short pauses of movement have rarely been studied before. The few studies which have been
conducted presented inconsistent results: Two studies documented no beta rebound in between
successive movements (Alegre et al., 2004; London et al., 2021) and one did find a beta rebound
(Muralidharan & Aron, 2021). In Study 1, no beta rebound was observed in the STN or motor
cortex. Instead, bilateral cortical beta power reductions reflected the re-acceleration of movement,
STN power changes were variable, occurring mainly in the high beta range and in lower amplitude,
and changes in cortico-subcortical synchrony involved elevations on merely a qualitative level,
which were not compatible with a post-movement beta rebound of coherence.
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Based on these findings, important suggestions on both the functions of the much-discussed beta
rebound and the role of beta oscillations during movement in general, can be made. The results
of Study 1 are mostly in line with the beta rebound reflecting a post-movement feedback signal
used to either maintain or update a current motor plan (Cao & Hu, 2016). Importantly, it only
emerges once a motor program is fully terminated. It appears to be involved neither in actively
stopping an ongoing motion, as this would require its emergence while movement is still in
progress, nor in updating current motor programs, such as during reversals of movement direction.
The post-movement beta rebound peaked in the low beta band and was strong in amplitude -
both of these characteristics distinguished it from the modulations of beta power and coherence
observed during reversals. First, these were much lower in amplitude and variable across patients.
Second, reversal-related beta power increases in the STN peaked in the high beta band.
These brief increases in beta activity could be reflective of processing linked with the short pause
of movement during reversals. The lack of a modulation in the low beta range suggests that
low beta oscillations, in contrast to high beta oscillations, only re-emerge once movement is
fully terminated. This observation supports recent research suggesting that high and low beta
oscillations subserve distinct functions (Chandramouli et al., 2019; Oswal et al., 2021; Patai et al.,
2022). Specifically, the low beta band better reflects the anti-kinetic characteristics often discussed
in the context of beta oscillations (Brown, 2003; Muralidharan & Aron, 2021; Wessel et al., 2016).
Previous research suggests that beta power must be reduced for movement to start (Heinrichs-
Graham & Wilson, 2016; Khanna & Carmena, 2017). Thus, the lower range of the beta spectrum
might have to be avoided during movement breaks, particularly when a quick recontinuation of
movement is desired.

5.1.3. Beta oscillations are modulated by DBS in OCD

One of the major merits of Study 2 was that LFPs from the STN were measured in a patient not
suffering from PD or any other movement disorder. Given that DBS is a standard treatment for PD
and PD is a relatively common disorder, most studies reporting on the synchronization dynamics
within BG targets and interactions with cortical structures recruited from this patient group only.
This complicates the generalizability of findings regarding the mechanisms of DBS, and the role
of cortico-BG synchronization in movement and cognition, to patients without motor dysfunction.
DBS is still rarely used outside the realm of movement disorders, but OCD is one disease for
which DBS has recently been applied. However, the comparability of research on DBS in OCD
with studies on PD is limited by the fact that DBS is targeted at various deep brain structures in
OCD (reviewed by Raviv et al., 2020), and not primarily at the STN. Even though efforts have
been made to compile the results of studies measuring the effects of DBS on neural oscillations
in OCD, findings, especially in the beta range, are variable (Horn et al., 2025). Therefore,
Study 2 delivers valuable insights into the role of neural oscillations in movement, and the effects
of DBS on neural oscillations in cortex and the STN, in OCD. As the STN was the target of DBS
in the OCD patient in Study 2, direct comparisons with PD were possible.
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Study 2 importantly revealed that DBS-responsive resting-state beta oscillations occur in OCD,
even though it was demonstrated that the patient did not present with any motor impairment. DBS-
related reductions of STN beta power and STN-cortex beta coherence have thus far been reported
for PD only (Oswal et al., 2016), which led to the suspicion that these effects might be specific to
PD. The simultaneous improvement in PD-specific motor symptoms further suggested that beta
oscillations in STN-cortex loops might be a sign of motor pathology (Abbasi et al., 2018; Y. Chen
et al., 2020; Mathiopoulou et al., 2024; Muthuraman et al., 2020; Wilkins et al., 2024). Based on
Study 2, these assumptions should be updated: DBS-responsive beta power and coherence are
not solely a sign of PD or motor pathology but could indicate physiological processes (Accolla et
al., 2017), such as maintaining the current state of cognition and movement (Engel & Fries, 2010).
Alternatively, they could reflect overlaps in the PD and OCD pathologies, such as elevated
inhibition, stemming from neurodegeneration in the case of PD or deliberate efforts to resist
compulsions in the case of OCD.

5.1.4. Beta and theta oscillations distinguish PD and OCD

An important suggestion made by this thesis is that disease-specific modulations of STN power
are more readily observed during a task than at rest. In Study 2, trials requiring inhibition were
associated with STN power changes in the theta band in OCD, and with changes in the beta band
in PD. Several suggestions follow from these observations. First, the theta band might be critically
involved in the OCD pathophysiology. Trials involving the inhibition of a prepotent response might
be particularly challenging to OCD patients as they tend to present with an over-stabilization of
behavior (Bastin, Polosan, Piallat, et al., 2014). The theta band has been implicated in the OCD
pathophysiology in previous works (Perera et al., 2023; Rappel et al., 2018) and has been shown
to be related to cognitive processes associated with conflict (Zavala et al., 2013). Its involvement
in a task requiring behavioral inhibition after the presentation of possibly conflicting cues is
therefore not surprising. Second, given that the OCD patient did not reveal any modulations of
STN beta band activity during trials requiring inhibition, it is unlikely that this signal represents a
physiological mechanism, but rather reflects the pathological overactivity of beta oscillations in
PD. Lastly, Study 2 suggests that task-based modulations may be better suited to distinguish
different diseases at the oscillatory level than resting-state oscillations. Possibly, disease-related
behavioral impairments (i.e. compromised motor control, difficulties with conflict resolution etc.)
have to be actively engaged during a task in order to reveal the underlying pathologically altered
neural activity and the brain areas involved. This is consistent with findings from functional MRI
studies indicating that task-based connectivity captures more behaviorally relevant information
than resting-state connectivity (Elliott et al., 2019; Zhao et al., 2023).
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5.2. Limitations

While both studies presented in this thesis demonstrate significant advancements in the field,
limitations, including reduced generalizability of the presented findings resulting from the specific
patient sample, as well as small sample sizes, should be considered.

5.2.1. Generalizability beyond Parkinson’s disease

Study 1 bears the obvious limitation that neural oscillations were recorded in PD patients, possibly
limiting the generalizability of its results to healthy individuals. Given that one of the main goals of
Study 1 was to understand complex movement under cognitive challenge in general, rather than
just in PD patients, its results have to be interpreted with caution. Even though patients were on
their usual medication regimen, which should normalize oscillatory activity (Brown et al., 2001;
Hirschmann, Ozkurt, et al., 2013), and well-capable of performing the motor task, oscillatory
dynamics might still have been pathologically altered. On the other hand, the observed effect of
increased cortex-subcortex interaction during unpredictable trials aligns well with the notion of
the frontal cortex performing high-level cognitive operations (Altamura et al., 2010). Additionally,
the beta rebound and movement-related beta suppression have previously been observed in
healthy individuals (Alegre et al., 2004). Movement-related beta coherence dynamics, however,
cannot be assessed in healthy participants non-invasively. Another limitation inherent to studying
PD is the clinical variability across patients and their advanced age. In Study 1, this issue
was accounted for by controlling for age and other clinical variables in statistical analyses.
Further suggestions for addressing this issue and increasing generalizability can be found in
Recommendation 1 of the Outlook.

5.2.2. Sample size

Even though Study 2 involved a patient not suffering from PD, bringing about important insights
into the disease-specific and DBS-dependent neural dynamics of PD and OCD, it bears one major
limitation: the sample size. Given that DBS remains rare among OCD patients (Abdelnaim et al.,
2023; Gadot et al., 2022; Mar-Barrutia et al., 2021), acquiring larger sample sizes will be the main
challenge for future studies in the field. Furthermore, the evidence base for the mechanisms
of DBS in OCD patients is still limited compared to PD, which complicated the comparability of
the findings of Study 2 with established research results. Another drawback was that the PD
patient was not measured at rest with DBS ON vs. DBS OFF, further limiting comparability. While
Study 1 had a sample size of 20, which is noteworthy considering the research methods used,
the inclusion of further patients could have allowed for a clearer picture of STN beta dynamics
during reversals of movement direction. Possibilities to address the issue of sample size in future
research are discussed in Recommendations 1 and 2 of the Outlook.
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5.2.3. Stun effect

Patients with externalized DBS leads are typically recorded one day after electrode placement.
The so-called stun effect resulting from the trauma caused by the implantation of DBS electrodes
involves a temporary improvement of motor symptoms (Mann et al., 2009), which might be
beneficial when wanting to study healthy movement as in Study 1. However, it might still alter
neural oscillatory activity and thereby limit the generalizability of research findings. Sensing-
capable DBS devices, which do not require the externalization of leads to record LFPs from
deep brain targets and thus offer a solution to this issue (Attilio et al., 2025; Soh et al., 2025),
were not yet available at the time of data collection of Study 1 but were used in Study 2.
Recommendation 2 of the Outlook presents further benefits of this new technology.

5.2.4. Ecological validity

While the motor task in Study 1 involved movements which are more complex than in previous
research, merely turning a wheel does not capture the complexity of everyday behavior. It should
be acknowledged that the reported beta dynamics may not apply to movements which are more
complicated or simply differ from the ones studied here (Kennedy et al., 2011; London et al., 2021;
Muralidharan & Aron, 2021). The Go/NoGo task employed in Study 2 is a simple motor paradigm
assessing the inhibition of a prepotent response. In Study 2, it was possible to distinguish between
OCD and PD with this task. Whether the observed spectral differences are specific to the paradigm
at hand or can be reproduced with other tasks remains elusive. Recommendations 2 and 3 of
the Outlook present specific suggestions for future experimental setups that allow for a more
naturalistic behavior of participants.

5.2.5. Scope of analysis

Unraveling the neural mechanisms of complex movement and cognition is unlikely to be achieved
in a single study. The focus of Study 1 on the beta frequency band was chosen due to its
association with various movement parameters (Benis et al., 2014; Fischer et al., 2019; Fischer
et al., 2016) and emerging evidence of an involvement of this frequency band in cognitive
processes (Zavala, Jang, et al., 2017). In Study 2, the focus on low frequencies, i.e. theta and
beta, was due to their established implications in the OCD (Bastin, Polosan, Piallat, et al., 2014)
and PD (Brown et al., 2001) pathophysiologies. However, including other frequency bands in the
analyses could have led to further important results in both studies.

The analyses performed in this thesis were intended to cover both local and long-range changes
in neural oscillatory activity. However, a description of the directionality of cortico-subcortical
signaling is lacking for Study 2. Furthermore, the analyses in both studies are limited to local
power and coherence between the sensorimotor cortex and STN. Recommendation 5 of the
Outlook outlines possibilities for further analysis of the data. MEG and LFP recordings were
the chosen methods of data collection in both studies. While these approaches have many
advantages, such as excellent temporal resolution, other tools could have been employed.
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Examples include tools that offer a higher spatial resolution or do not rely on neural oscillations,
which have been proposed by some to be epiphenomenal rather than underlying neural
processing (Jones, 2016). Thus, research methods which can be used to supplement the present
thesis’ findings are detailed in Recommendation 4 of the Outlook.

5.2.6. The role of the STN in changes of movement direction

Although the results of Study 1 suggest that the STN exhibits low-amplitude changes in high beta
power, as well as elevations in coherence during reversals, group-average beta power and
coherence were not modulated significantly. Patients differed in their movement speed and in the
length of movement breaks during reversals. The resulting heterogeneity across patients might be
the reason why the question of how the STN’s oscillatory dynamics relate to short movement
breaks cannot be answered conclusively. The employed analysis methods further do not allow
pinpointing the exact pathways giving rise to the changes that were observed on the single-
subject level. Recommendations for future research which would address these issues are
outlined in Recommendations 4 and 5 of the Outlook.

5.2.7. Electrode locations

Study 2 identified distinct oscillatory patterns within the STN in the OCD and PD patients during
a Go/NoGo task. The reported dominance of theta oscillations in OCD and beta oscillations in PD
may partly reflect slight differences in electrode placement, with a more anteromedial location in
OCD and a dorsolateral location in PD. However, it should be noted that beta oscillations have
been documented in the non-motor area of the STN in OCD (Accolla et al., 2016), and theta
oscillations in the dorsolateral motor area of the STN in PD (Olson et al., 2022), suggesting
that task-related modulations of these signals would have been possible regardless of electrode
positioning.

Variations in electrode placement represent a general limitation for studies investigating LFPs
from deep brain structures. Nevertheless, because the motor region of the STN is typically the
DBS target in PD patients (Horn et al., 2017), which was confirmed for each patient in Study 1,
variability in electrode placement is less likely to have influenced the findings of this study.
Recommendation 1 of the Outlook presents possibilities for demonstrating more clearly whether
the observed differences in Study 2 truly reflect disease-specific patterns rather than differences
in electrode placement.
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6. Outlook

Both studies presented in this thesis reflect substantial contributions to the field of neuroscience,
specifically to the understanding of the role of neural (beta) oscillations in the control of complex
movement and their modulation by DBS in disorders not typically studied in this context, such as
OCD. Various recommendations for future research can be made based on these studies and
their unique limitations. These recommendations may further be used to answer some of the
remaining open scientific questions presented below.

With respect to Study 1, it will be important to determine the specific time point at which a beta
rebound emerges during short breaks of movement, given its absence during reversals in this
study. Do slightly longer pauses of movement differ from reversals in their electrophysiological
profiles? Additionally, it remains to be clarified which structural pathways are activated during
reversals of movement direction compared to full stops. Similarly, beyond the STN, M1, and
MSMC, which additional cortical and subcortical motor structures are engaged in directional
movement changes vs. full terminations of continuous movement and what is the temporal
sequence of their activation? Finally, it should be tested whether cortex-subcortex interaction
increases with cognitive challenge in a linear fashion.

In relation to Study 2, future research should seek to disentangle whether the dampening of STN
beta oscillations is a general effect of DBS, which can be observed across diseases within and
outside the domain of movement disorders, and how these oscillatory changes evolve with chronic
DBS. Though suggested by Study 2, future research should attempt to more conclusively
determine whether motor task-based STN beta oscillations are specific to PD or also occur in
other disorders.

6.1. Recommendation 1: Extend research to disorders other than
Parkinson’s disease and to healthy participants.

Currently, there remain various challenges to studying the neural oscillatory basis of motor
control. The complexity of everyday behavior likely requires an intricate interplay of cortical and
subcortical structures. Such dynamics cannot be captured in healthy individuals and even when
considering patients with movement disorders other than PD, such as essential tremor or dystonia,
the generalizability to the healthy population remains limited due to disease-specific neural
alterations. Still, future research should extend the study of complex movement, as done in
Study 1, to other patient populations (Steina et al., 2025; van Wijk et al., 2017), to at least rule out
the possibility of research findings only applying to PD specifically. Since DBS electrodes are often
not targeted at the STN in disorders other than PD, it will be possible to compare the oscillatory
dynamics of the STN to these other structures, possibly leading to further insights into how motor
control is achieved in the BG. Additionally, cortical activity can be recorded in healthy controls to
confirm the findings of this thesis in the healthy sensorimotor cortex (Alegre et al., 2004).
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Study 2 presented a single case of OCD and one PD control patient. The conclusions drawn from
Study 2 should be re-evaluated in the light of future research. As more patients with treatment-
refractory OCD can be offered DBS, study sample sizes will rise. Furthermore, it will likely be
possible to compare the effects of DBS on neural oscillations in PD with other disorders, such as
depression, in the near future. Future research drawing on different patient populations and
electrode placements will help tremendously in differentiating diseases at the oscillatory level,
as well as identifying both disease-specific mechanisms of DBS and those that are shared across
conditions. It would be important, for example, to elucidate whether beta oscillations decrease as
a response to DBS in diseases across the board. Additionally, a wider pool of pathologies to draw
from would allow studying the cortico-subcortical underpinnings of motor control in a less biased
fashion.

6.2. Recommendation 2: Take advantage of sensing-capable
deep brain stimulation systems.

While largely unavailable at the time the data for Study 1 was collected, sensing-capable DBS
devices will help circumvent the stun effect (see section 5.2.3) in future research as they
allow recording LFPs from the implanted electrode at any point in time after surgery. This new
technology eliminates the need for patients to undergo two separate surgeries to allow for the
externalization of DBS leads in a first step and the implantation of the stimulator in a second step,
resulting in improved comfort for the patients and, possibly, larger sample sizes. Furthermore, the
association of neural oscillations with behavior/symptoms may be studied in more naturalistic
environments by taking experiments outside the lab (Soh et al., 2025), possibly using portable
EEG systems in combination with LFP recordings, or taking advantage of virtual or augmented
reality settings. Lastly, longitudinal study designs could be used to demonstrate more clearly how
local and long-range brain activity is impacted by DBS in the long run across diseases (Y. Chen
et al., 2020). It should be noted, however, that a major challenge with sensing-capable devices is
their limited use in research and the need for further technological advancements to ease data
processing. For instance, at this point, the synchronization of the LFP signal with other signals,
such as MEG, is complicated, and there is no consensus on how this can be achieved best
(Hnazaee et al., 2023; Soh et al., 2025).

6.3. Recommendation 3: Develop complex motor tasks.

While Study 1 was advantageous compared to previous studies with respect to the complexity
of the behavioral task, future research might consider using designs which pose even greater
or entirely different demands on participants. For example, instead of a turning motion, other
continuous movements could be chosen, possibly involving the legs rather than the hands
(Khawaldeh et al., 2020; Thenaisie et al., 2022). The cognitive challenge in Study 1 could be
adapted by systematically increasing the unpredictability of movement prompts to determine
whether this leads to even greater adjustments of cortico-subcortical synchronization.
Furthermore, the breaks in between successive movements could be manipulated to determine
the time point at which a beta rebound would arise. This could either be done by looking at fast
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vs. slow reversals or using a different movement which involves more deliberate pausing (Alegre
et al., 2004; Muralidharan & Aron, 2021).

Study 2 suggests that task-based neural oscillations capture the disease-specific pathophysio-
logical alterations of PD and OCD better than resting-state oscillations. This hypothesis could be
tested in future studies using paradigms other than the Go/NoGo Task (Alegre et al., 2013; Benis
et al., 2014; Patai et al., 2022). This would help elucidate the extent to which movement-related
beta oscillations, particularly in the STN, are truly pathological in PD and how they compare to
oscillatory activity in other disorders. One possibility is that motor-related STN beta activity is
inherently pathological, reflecting a PD-specific spread of activity from cortical regions to the STN
(Oswal et al., 2021). Alternatively, movement-related STN beta oscillations during movement
initiation, inhibition, and stopping might be part of the healthy motor system.

6.4. Recommendation 4: Expand research methods beyond
magnetoencephalography and local field potentials.

While MEG and LFP recordings using externalized leads provide various advantages over other
methods, it will be important for future research to utilize other tools to complement the findings
presented in this work. Even though it is possible to reconstruct the sources of activity in MEG
research, activity of deeper structures of the brain, which are likely relevant to complex motor
control, is better captured with functional MRI due to its exceptional spatial resolution. Additional
possibilities include the use of diffusion MRI and fiber tracking to, for example, correlate STN-
cortex beta coherence during reversals and movement stops with the strength of structural
pathways, such as the hyperdirect pathway (Oswal et al., 2021), which was assumed to be
activated during terminations of continuous movements in Study 1. The findings from Study 2
could be supplemented by testing whether differences in behavior on task or oscillatory profiles
across diseases relate to specific tracts (e.g. hyperdirect and frontostriatal pathways in PD and
OCD, respectively) or to assess which tracts are modulated by DBS. Finally, correlating oscillatory
activity during complex movement with action potentials by means of microelectrode recordings
or electrocorticography could provide deeper insights into the dynamics of movement encoding
within the motor system (Fischer et al., 2020; Igarashi et al., 2013).

6.5. Recommendation 5: Expand data analysis beyond oscillatory
power and coherence.

Spectral power across canonical frequency bands (i.e. delta, theta, alpha, beta, and gamma)
is a much-studied parameter of neural oscillations providing valuable insights into the oscillatory
dynamics associated with various diseases, as well as behavioral and cognitive processes.
However, focusing solely on the periodic properties of neural oscillations might lead to overlooking
the characteristics of aperiodic components, which have been demonstrated to have functional
significance, as well. Disregarding the aperiodic component of oscillations might further lead to
false conclusions in spectral analyses (Donoghue et al., 2020). Future research could explore
the aperiodic activity associated with complex movement, similar to Study 1, possibly revealing
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deeper insights into how cortical and subcortical motor areas coordinate motor control. Aperiodic
activity could also provide an additional means of comparing diseases and their responses to
DBS, potentially extending the findings of Study 2.

Further exploration of the data from Study 1 and 2 could entail the consideration of additional
frequency bands, such as delta and high frequency oscillations (Ozkurt et al., 2011; Perera et al.,
2023), and the characterization of beta bursts. It has been suggested that beta band activity occurs
in bursts varying in amplitude and duration. Such bursts have been shown to change with the
dopaminergic state (G. Tinkhauser et al., 2017) and adaptive DBS (Gerd Tinkhauser et al., 2017).
Future research extending Study 2 could perform an analysis of beta bursts to confirm or
possibly refine the conclusion that PD and OCD exhibit comparable patterns of DBS-responsive
beta activity in the resting state. Furthermore, beta bursts have previously been investigated
in the context of movement stopping (Diesburg et al., 2021). Given their brief nature, the temporal
order of beta bursts occurring across different regions of the cortico-BG motor system can offer
insights into which areas may be driving activity in others. Coherence analyses, as performed in
Study 1, can be complemented with this approach in future research. Such an analysis could,
for example, help clarify the role of the STN in briefly halting an action compared to terminating it.
Here, the consideration of further cortical areas (e.g. the inferior frontal gyrus or the supplementary
motor area) (Swann et al., 2009) would allow for a better understanding of the interactions and
the sequential activation of cortical and subcortical motor areas.

Lastly, computational modeling can be used in future studies to simulate cortico-BG loop dynamics
(Oswal et al., 2021) and test the effects of DBS or specific task demands on beta oscillations
across diseases. Analyses expanding upon Study 1 could further determine whether the ongoing
modulation of spectral power relates to various movement-related parameters, such as movement
speed. Another possibility would be simulating long vs. short breaks during reversals, so as to
more conclusively differentiate the oscillatory basis of short breaks of ongoing behavior from full
stops.

7. Conclusion

In summary, this thesis makes important contributions to our understanding of the role of STN-
cortex beta oscillations in the control of complex movement. Long-range synchronization between
the sensorimotor cortex and the STN appears essential in situations involving heightened levels
of uncertainty. Additionally, this work advances the ongoing discussion surrounding the post-
movement beta rebound by demonstrating that this phenomenon occurs only after complete
movement termination, and not during brief pauses of movement. Notably, this thesis contributes
valuable insights into the effects of DBS beyond PD by demonstrating DBS-responsive beta
oscillations synchronized across the cortico-BG motor loop in an OCD patient. Finally, it highlights
the value of task-based neural oscillations for distinguishing between PD and OCD, with PD being
primarily associated with beta-range modulations and OCD with theta-range modulations.
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elLife Assessment

This valuable study combined whole-head magnetoencephalography (MEG) and subthalamic (STN)
local field potential (LFP) recordings in patients with Parkinson's disease undergoing deep brain
stimulation surgery. The paper provides convincing evidence that cortical and STN beta oscillations
are sensitive to movement context.

Abstract The role of beta band activity in cortico-basal ganglia interactions during motor control
has been studied extensively in resting-state and for simple movements, such as button pressing.
However, little is known about how beta oscillations change and interact in more complex situations
involving rapid changes of movement in various contexts. To close this knowledge gap, we combined
magnetoencephalography (MEG) and local field potential recordings from the subthalamic nucleus
(STN) in Parkinson's disease patients to study beta dynamics during initiation, stopping, and rapid
reversal of rotational movements. The action prompts were manipulated to be predictable vs. unpre-
dictable. We observed movement-related beta suppression at motor sequence start, and a beta
rebound after motor sequence stop in STN power, motor cortical power, and STN-cortex coherence.
Despite involving a brief stop of movement, no clear rebound was observed during reversals of turning
direction. At the cortical level, beta power decreased bilaterally following reversals, but more so in the
hemisphere ipsilateral to movement, due to a floor effect on the contralateral side. In the STN, power
modulations varied across patients, with patients displaying brief increases or decreases of high-beta
power. Importantly, cue predictability affected these modulations. Event-related increases of STN-
cortex beta coherence were generally stronger in the unpredictable than in the predictable condition.
In summary, this study reveals the influence of movement context on beta oscillations in basal ganglia-
cortex loops when humans change ongoing movements according to external cues. We find that
movement scenarios requiring higher levels of caution involve enhanced modulations of subthalamo-
cortical beta synchronization. Furthermore, our results confirm that beta oscillations reflect the start
and end of motor sequences better than movement changes within a sequence.
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Introduction

Beta oscillations within cortical sensorimotor areas and the basal ganglia have been proposed to play
a role in movement initiation, termination, and inhibition (Benis et al., 2014; Jurkiewicz et al., 2006;
Wessel, 2020). Altered beta band activity has been strongly linked to motor impairment in Parkinson’s
disease (PD), demonstrating its relevance to proper motor performance (Brown et al., 2001; Cassidy
et al., 2002, Tinkhauser et al., 2017). The beta rhythm is often interpreted as reflecting the status
quo (Engel and Fries, 2010), that is, active maintenance or stabilization of current motor or cognitive
output to attenuate alternatives and distractions (Espenhahn et al., 2017; Fischer et al., 2019). The
basal ganglia keep cortex under inhibitory control (Bonnevie and Zaghloul, 2019) which, similarly to
releasing a break in a car, must be removed to change the current motor state (Alegre et al., 2013).

Starting and stopping of movement have mostly been studied with variations of the Stop Signal
Task and the Go/No-Go Task (Alegre et al., 2013; Aron and Poldrack, 2006; Ray et al., 2012) that
require participants to perform simple, ballistic movements and inhibit them occasionally. Shortly
before and during movement, beta oscillations are suppressed (beta suppression), reflecting a task-
related active state of the motor network (Jurkiewicz et al., 2006). In contrast, beta power transiently
increases above baseline levels after movement termination (beta rebound) (Fonken et al., 2016;
Ray et al., 2012), indicating inhibition (Salmelin et al., 1995; Schmidt and Berke, 2017) and motor
adaptation processes (Struber et al., 2021; Tan et al., 2014). Whether these modulations are causally
involved in motor control is still under debate (Pfurtscheller et al., 2005; Toledo et al., 2016).

Response inhibition has been associated with increased beta power or reduced suppression thereof
in prefrontal cortical areas (Swann et al., 2009, Wagner et al., 2018), and in the subthalamic nucleus
(STN) (Bastin et al., 2014), with some studies reporting correlations with inhibitory success (Benis
et al., 2014; Chen et al., 2020). Besides playing a critical role in stopping movement (Mosher et al.,
2021), the STN seems to be involved in delaying or pausing movement until sufficient evidence in
favor of a motor program has accumulated (Ray et al., 2012). Recent evidence demonstrated that the
STN is recruited by the prefrontal cortex via the hyperdirect pathway to implement its pausing func-
tion (Chen et al., 2020; Lofredi et al., 2021; Oswal et al., 2021; Wessel et al., 2019). However, the
role of cortico-subcortical beta synchronization in coordinating movements that are already ongoing
remains elusive.

Communication between STN and cortex might become particularly important in tasks involving
cognitive factors, such as anticipation. STN beta power has been found to index task complexity and
behavioral control (Oswal et al., 2013), proactive inhibition and planning (Benis et al., 2014), non-
motor decision making, and working memory (Zavala et al., 2017), and cue evaluation with respect
to behavioral goals (Oswal et al., 2012). Yet, the extent to which modulation of beta oscillations in
basal-ganglia cortex networks depends on expectation remains unknown.

In the present study, we address these research gaps with a paradigm that involves a rotational
movement performed in a continuous fashion with occasional rapid changes in movement direction
(reversals), as well as movement initiations and terminations. Accounting for the relevance of basal
ganglia-cortical loops in motor control, we recorded cortical and STN oscillatory activity simultane-
ously in PD patients who had undergone implantation of deep brain stimulation (DBS) electrodes the
day before. Patients performed the rotational movements according to visual instructions which were
manipulated such that their identity and time of appearance was either predictable or unpredictable.
With this design, we aimed (1) to investigate the dynamics of STN and STN-cortex beta synchroniza-
tion during movement reversal compared to those of starting and stopping and (2) to assess the effect
of the temporal predictability of movement instructions on the coordination of beta synchronization
for starting, stopping, and reversing.

Results

Behavior

Patients turned a wheel (Figure 1b) with their index finger at their preferred speed and were prompted
by visual cues to start, reverse, or stop rotational movement (Figure 1a) while we simultaneously
measured MEG and STN local field potentials (LFPs). We considered an average of 60.1 (SD = 14.8)
predictable start trials, 59.3 (SD = 17.8) unpredictable start trials, 59.9 (SD = 14.2) predictable reversal
trials, 58.6 (SD = 15.5) unpredictable reversal trials, 61.3 (SD = 15.3) predictable stop trials and 60.2
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Figure 1. Paradigm and behavioral results. (a) Patients were cued by arrows to start turning or reverse movement
direction. Stop cues were presented at the end of each sequence. The timing of cues varied with the condition:
in the predictable condition, the start cue was always followed by a reverse cue after 4 s and a stop cue after
another 4 s (no jitter). In the unpredictable condition, there were either 0, 1, or 2 reversals (equal probability). Cue
onset was jittered. CW: clockwise, CCW: counterclockwise. (b) Turning device for motor paradigm. (c) Average
movement-aligned wheel speed. Red dotted lines indicate when turning began, was reversed in direction, and
halted. (d) Average cue-aligned wheel speed. Red dotted lines indicate when the start, reversal, and stop cues
appeared, respectively. N=20.

(SD = 17.4) unpredictable stop trials per patient for analysis. To assess whether the predictability of
movement prompts had an effect on behavior, we analyzed its effect on movement speed and reac-
tion times. Angular speed changes in start, reversal, and stop trials were similar in the predictable and
the unpredictable condition when the data was aligned to action onset (Figure Tc, F..4(1,16) = 0.037,
Peona = 0.850, 7p?=0.002; see Supplementary file 1 for the complete results of the ANOVA). Aligning
trials to cue onsets revealed that starting and stopping occurred slightly later in the unpredictable
condition (Figure 1d). This was reflected by a main effect of condition (F...4(1,16) = 6.698, Peond =
0.020, #p?=0.295) and a condition*movement type interaction effect (Feongrmou(2,15)=4.916, Peondrmov
= 0.023, yp?=0.396) on reaction times. Post-hoc t-tests revealed that reaction times to predictable
start cues (M=0.757, SD = 0.154) and stop cues (M=0.824, SD = 0.202) were significantly shorter
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Figure 2. Regions of interest. (a, b) 3D source-reconstruction in MNI space. N=20. White crosses mark the cortical
regions of interests (ROls) selected for further analysis based on the strongest relative change in power (a) and the
strongest absolute change in coherence (b). (c) All patients’ deep brain stimulation (DBS) electrodes, localized with
Lead-DBS.

than reaction times to unpredictable start (M=0.840, SD = 0.160) and stop (M=.889, SD = 0.233) cues
(start: t=—3.469, one-sided p=0.001, d=-0.776, stop: t=—2.213, one-sided p=0.020, d=-0.495). Thus,
starting and stopping were not performed at different speeds across conditions, but were initialized
earlier in the predictable condition.

Power

Modulations of beta power associated with starting and stopping

In order to assess whether beta power modulations associated with reversals were distinct from beta
suppression and rebound (research aim 1), we centered the trials on movement initiation, reversal,
and termination, respectively, and assessed beta power dynamics. Besides the STN, this was done for
two motor cortical regions of interest (ROls): primary motor cortex (M1, hand knob region) and medial
sensorimotor cortex (MSMC). This choice was based on the strongest movement-related modula-
tions of beta power and coherence (Figure 2, see Regions of interest in the Methods section for
further detail). For comparison, we also present group average time-frequency spectra for the gamma
frequency band.

As expected, starting to turn the wheel was associated with a prominent beta suppression (contra-
lateral STN: tyusierum = =2128.9, p<0.001; ipsilateral STN: t.sersum = —2062.8, p<0.001; contralateral M1:
tustersum = —8434.8, p<0.001, ipsilateral M1: tyugersum = =8199.5, p<0.001), whereas stopping resulted
in a beta rebound (contralateral STN: tersum = 2843.0, p<0.001; ipsilateral STN: tyugersum = 1488.8,
p=0.003; contralateral M1: tygeeum = 5958.9, p<0.001, ipsilateral M1: tyugereum = 3834.7, p<0.001) in
both motor cortex and STN (Figures 3a, 4a and b). The beta suppression occurred bilaterally while
the beta rebound was more lateralized to the hemisphere contralateral to movement, as corrobo-
rated by a statistical analysis of the lateralization index (Figure 4c and Supplementary file 2). Power
changes in MSMC were generally similar to those in M1.

Modulations of gamma power associated with starting and stopping
Significant increases in gamma power at movement start were only observed in the contralateral STN
(tustersum = 2216.5, p=0.003, Figure 3a). At movement stop, there was a decrease in gamma power
in contralateral STN (t stersum = —734.8, p=0.016, Figure 3a) and contralateral M1 (t.stersum = —1447.4,
p=0.002, Figure 4b). However, changes in gamma power were overall much smaller in magnitude
compared to the beta suppression and rebound.

Modulation of STN beta power associated with reversals

Modulations of beta oscillations associated with reversals of movement direction were of particular
interest to this study (research aim 1). When reversing, one first needs to stop the ongoing movement
before accelerating again in the opposite direction. Stopping is followed by the beta rebound, whereas
starting is preceded by beta suppression. To the best of our knowledge, no study has investigated the
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Figure 3. Movement-related beta power modulations in the subthalamic nucleus (STN). (a) Time-frequency
spectra of start, reversal, and stop trials for the STN (group average, trials averaged across predictability
conditions). Time 0 marks the moment turning began, was reversed in direction, and halted (red lines). The black
line in each plot represents the average wheel turning speed (scale: 0-600 deg/s). Power was baseline-corrected
(baseline: —=1.6-0 s). Hatched lines within black contours indicate significant changes relative to baseline. N=20.
(b) Six examples of individual patients at reversal and stop. Power was baseline-corrected (baseline: =1.6-0's). Time
0 marks the brief pause of movement occurring during reversals, and movement stop, respectively (red lines).
The black line in each plot represents each patient’s trial-average wheel turning speed (scale: 0-600 deg/s; for
patient 21, the scale was adapted to 0-750 deg/s). Patient 10: contralateral, predictable; Patient 1: contralateral,
unpredictable, Patient 2: contralateral, predictable; Patient é: ipsilateral, unpredictable; Patient 21: contralateral,
unpredictable; Patient 22; ipsilateral, unpredictable.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. Cue-aligned beta power modulations in the subthalamic nucleus (STN).

neural signals underlying acceleration that immediately follows stopping. In the STN, reversals were
associated with a brief modulation of beta power, which was weak in the group-average spectrum and
did not reach significance (Figure 3a). Reversal-related beta power modulations of individual patients
were variable. Some patients revealed brief increases, whereas others showed decreases in STN beta
power upon reaching the turning point (Figure 3b). Reversal-related increases of beta power differed
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Figure 4. Movement-related beta power modulations in M1. N=20. (a) Source-localized movement-related
modulation of beta power at movement start, reversal, and stop (Montreal Neurological Institute, MNI space,
group average, trials averaged across predictability conditions). The hemisphere contralateral to movement is on
the left. (b) Time-frequency spectra of start, reversal, and stop trials for M1. Time 0 marks the time point turning
began, was reversed in direction, and halted (red lines). The black line in each plot represents the average wheel
turning speed (scale: 0-600 deg/s). Power was baseline-corrected (baseline: —=1.6-0 s). Hatched lines within black
contours indicate significant changes relative to baseline. (c) Lateralization index for M1. LI = 0 corresponds

to no lateralization; positive values refer to a contralateral lateralization and negative values to an ipsilateral
lateralization. Blue: beta suppression; red: beta rebound.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Cue-aligned beta power modulations in M1.

from the beta rebound, as occurring after termination of the movement sequence, with respect to
amplitude and spectral content, often lacking the low-beta component of the beta rebound (Figure 3b).
These findings demonstrate distinct processing of brief pauses of action vs. a complete halt of action.

Modulation of cortical beta power associated with reversals
With respect to cortical beta power dynamics during reversals (research aim 1), we observed that rever-
sals were associated with a brief suppression of alpha and beta power in motor cortex, particularly
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Figure 5. Pre- and post-event beta power. N=20. (a) Source-localized modulation of beta power before and after
movement start, reversal, and stop (—1-0 and 0-1 s with respect to the movement of interest; baseline: power
averaged over all time points and movement types). Plots are group-averages in Montreal Neurological Institute
(MNI) space, trials were averaged across predictability conditions. (b) Relative change with respect to whole
recording average baseline, of ipsilateral and contralateral beta power for pre-reversal and post-reversal time
windows.

in M1 (contralateral M1: tyugersum = —1492.7, p<0.001; ipsilateral M1: tersum = —3326.2, p<0.001;
Figure 4a and b). The suppression occurred after the turning point had been reached (Figure 4b) and
was stronger in the hemisphere ipsilateral to movement, as demonstrated by a significant ROI*move-
ment interaction effect on baseline-corrected beta power (Frormovement(10,6)=4.444, DPeormoduation =
0.041, np®=0.881, refer to Supplementary file 3 for the full results of the ANOVA). Post-hoc t-tests
confirmed that beta power was at a lower level in ipsilateral M1 (M=-0.047, SD = 0.033) compared to
contralateral M1 (M=-0.021, SD = 0.023) during reversal of movement direction (t=4.454, one-sided
p<0.001, d=0.996).

To test whether the ipsilateral lateralization was related to pre-event baseline levels (i.e. pre-
reversal, pre-start, and pre-stop), we re-computed the modulations using a whole recording average
baseline (power averaged over all time points and movement types), thereby omitting the pre- vs.
post-event contrast. Figure 5a illustrates that movement-related power modulations were generally
stronger in the hemisphere contralateral to movement, with the exception of acceleration, which was
associated with bilateral suppression of beta power (compare the bilateral beta power suppression at
post-start and post-reversal to the contralateral beta power modulations in all other plots). The second
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Figure 6. Event-related modulations of subthalamic nucleus (STN)-cortex coherence and the effect of
predictability. N=20 (a) Baseline-corrected group average time-frequency representations of STN-cortex coherence
(averaged over regions of interests, ROIs) during start, reversal, and stop for both the predictable and the
unpredictable trials (baseline: —=1.6-0's). Time 0 marks the moment turning began, was reversed in direction, and
was halted, respectively (red line). The black line in each plot represents the average wheel turing speed (scale:
0-600 deg/s). Hatched lines within black contours indicate significant changes relative to baseline. (b) Group
average coherence difference between the unpredictable and predictable conditions. Left: Contrast of time-
frequency representations. TFRs were averaged over ROls. Right: Contrast of source-localized, event-related
coherence modulations in the beta band.

The online version of this article includes the following figure supplement(s) for figure 6:

Figure supplement 1. Cue-aligned modulations of subthalamic nucleus (STN)-cortex coherence and the effect of
predictability.
Figure supplement 2. Directionality of M1-subthalamic nucleus (STN) and MSMC-STN coupling.

before reversing, beta-power was at an intermediate level in the hemisphere ipsilateral to movement
(Figure 5a). Thus, we observed a suppression relative to the pre-event baseline (Figure 4a-b). In the
contralateral hemisphere, in contrast, beta power could not be suppressed much further because it
was already close to floor level prior to reversing (Figure 5b). The lack of a pre-reversal increase of
beta power is remarkable, because the second prior to reversing contained the deacceleration of the
moving hand, which does not appear to involve an increase of beta power in primary motor cortex.

Effects of predictability on power

With respect to the effect of predictability of movement instructions on beta power dynamics (research
aim 2), we observed an interaction between movement type and condition (F.ongmev (2,14)=4.206,
Peondrmov = 0.037, 7p?=0.375), such that the beta power suppression at movement start was generally
stronger in the predictable (M=-0.170, SD = 0.065) than in the unpredictable (M=-0.154, SD = 0.070)
condition across ROlIs (t=—1.888, one-sided p=0.037, d=-0.422). We did not observe any modulation
of gamma power by the predictability of movement instructions (F.ong (1,15)=0.792, peons = 0.388,
np®=0.050, Supplementary file 5).

Connectivity

Movement-related modulations of STN-cortex connectivity

Beyond the local changes in beta power, we intended to investigate the dynamics of oscillatory coupling
within the basal ganglia-cortex loop in the context of reversals of movement direction (research aim
1). The movement-related modulations of STN-cortex coherence were similar to modulations of
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power, including beta suppression (predictable start: tysersum = —489.4, p=0.002; unpredictable start:
tustersum = —930.1, p=0.003), beta rebound (predictable stop: tyusiersum = 802.0, p=0.002; unpredictable
Stop: tyustersum = 1252.2, p<0.001), and increases in the gamma band at movement start (predictable
start: tyusersom = 120.4, p=0.005; unpredictable start: tyugersum = 197.8, p<0.001). Unlike motor cortical
beta power, however, STN-cortex beta coherence did not decrease in the re-acceleration phase of
reversals. On a qualitative level, it even increased relative to baseline. Figure 6 depicts the movement-
related changes in coherence averaged across all ROls.

Effects of predictability on STN-cortex coherence

With respect to the effect of predictability of movement instructions on beta coherence (research aim
2), we found that the pre-post event differences were generally more positive in the unpredictable
condition (main effect of predictability: F.onq(1,15) = 8.684, p.ong = 0.010, np?=0.367; Supplementary
file 3), meaning that the suppression following movement start was diminished and the increases
following stop and reversal were enhanced in the unpredictable condition (Figure 6a). This effect
was most pronounced in the MSMC (Figure éb). When comparing region-average TFRs between the
unpredictable and the predictable condition, we observed a significant difference only for stopping
(taustersum = 142.8, p=0.023), suggesting that the predictability effect was mostly carried by increased
beta coherence following stops. When repeating the rmANCOVA for pre-event coherence, we did
not observe an effect of predictability (Fon(1,15) = 0.163, peong = 0.692, np?=0.011), i.e., the effect
was most likely not due to a shift of baseline levels. The increased tendency for upward modulations
and decreased tendency for downward modulations rather suggests that the inability to predict the
next cue prompted intensified event-related interaction between STN and cortex. STN-cortex gamma
coherence was not modulated by predictability (F.,nq(1,15) = 0.005, peong = 0.944, np?=0.000, Supple-
mentary file 5).

Granger causality

In general, cortex appeared to drive the STN in the beta band, regardless of the movement type and
predictability condition. This was reflected in a main effect of ROl on Granger causality estimates
(Froi(7,9) = 3.443, pgro = 0.044, np?=0.728; refer to Supplementary file 4 for the full results of the
ANOVA). In the hemisphere contralateral to movement, follow-up t-tests revealed significantly greater
Granger causality from M1 to the STN (t=3.609, one-sided p<0.001, d=0.807) and from MSMC to the
STN (t=2.051, one-sided p<0.027, d=0.459) than the other way around. The same picture emerged
in the hemisphere ipsilateral to movement (M1 to STN: t=3.082, one-sided p=0.003, d=0.689; MSMC
to STN: t=1.833, one-sided p<0.041, d=0.410). In the gamma band, we did not detect a significant
drive from one area to the other (Fzo(7,9) = 0.338, proi = 0.917, #p?=0.208, Supplementary file 6).
Figure 6—figure supplement 2 demonstrates the differences in Granger causality between original
and time-reversed data for the beta and gamma bands.

Discussion

Our study demonstrates that initiating, reversing, and stopping a continuous movement involves
modulation of local and long-range beta synchronization in basal ganglia-cortex loops. Accelerating,
stopping briefly, and coming to a complete halt have distinct and region-specific effects on beta
oscillations in the motor system. These effects are context-dependent, with event-related increases
of subcortico-cortical coupling intensifying when the upcoming movement instructions cannot be
anticipated.

The dynamics of STN-cortex coherence

Simultaneous measurements of subthalamic and cortical oscillations in a comparably complex motor
task allowed us to study the context-dependent dynamics of STN-cortex coupling. STN-M1 and STN-
MSMC beta coherence decreased at movement initiation and increased after movement termina-
tion, while gamma coherence increased at movement start, corresponding to similar power changes
in STN and motor cortex. A pre-movement suppression of beta coherence has been reported previ-
ously (Cassidy et al., 2002; Talakoub et al., 2016; van Wijk et al., 2017). Similarly, increases in
gamma coherence have been found for the performance of ballistic movements (Alegre et al., 2013,
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Litvak et al., 2012). Stopping a planned movement has been found to be linked with reduced
suppression of beta coherence (Alegre et al., 2013), but a post-movement increase of coherence
has thus far only been described for ballistic movements (Tan et al., 2014). Considering the timing
of the increase observed here, the STN's role in movement inhibition (Benis et al., 2014; Ray et al.,
2012) and the fact that frontal and prefrontal cortical areas are believed to drive subthalamic beta
activity via the hyperdirect pathway (Chen et al., 2020; Oswal et al., 2021) it seems plausible that
the increase of beta coherence reflects feedback of sensorimotor cortex to the STN in the course of
post-movement processing. In line with this idea, we observed a cortical drive of subthalamic activity
in the beta band.

Beta coherence and beta power are modulated by predictability

In the present paradigm, patients were presented with cues that were either temporally predictable
or unpredictable. We found that unpredictable movement prompts were associated with stronger
upward modulations and weaker downward modulations of STN-cortex beta coherence, likely
reflecting the patients adopting a more cautious approach, paying greater attention to instructive
cues. Enhanced STN-cortex interactions might indicate the recruitment of additional neural resources,
which might have allowed patients to maintain the same movement speed in both conditions.

The notion of beta oscillations reflecting motor and cognitive processes such as action selection,
clearing, and error-monitoring has gained growing support (Fonken et al., 2016; Schmidt et al.,
2019, Turner and Desmurget, 2010). Purely cognitive inhibition processes, such as inhibition of
thoughts, have been found to be associated with prefrontal beta power modulations (Castiglione
et al., 2019; Schmidt et al., 2019). Furthermore, the STN has been suggested to implement its
hold your horses function, reflected by beta-band synchronization, in situations of cognitive conflict
(Brittain et al., 2012). Simultaneous measurements of MEG and STN LFPs revealed that STN-
cortex beta coherence increases after conflict cues in an expanded judgment task (Patai et al.,
2022). Though the present paradigm did not involve any conflict as such, the context of unpredict-
able movement instructions possibly engaged similar cognitive processes in response to surprise/
uncertainty.

With respect to power, we observed reduced beta suppression in the unpredictable condition
at movement start, consistent with the effect on coherence, likely demonstrating a lower level of
motor preparation. This finding aligns with MEG research that found reduced beta suppression with
enhanced uncertainty in a motor task (Tzagarakis et al., 2010), and findings from an EEG study that
demonstrated reduced beta suppression in response to an unpredictable sequence of rhythmic stimuli
(Alegre et al., 2003). Although previous research has reported modulations of the beta rebound by
cognitive factors (Fischer et al., 2016; Tan et al., 2016, Zavala et al., 2018), we did not find an effect
of predictability on the beta power rebound here.

Acceleration involves the recruitment of ipsilateral M1

As expected, we found sustained beta suppression at movement start and a strong beta power
rebound at movement stop in STN, M1, and MSMC. During reversals, beta power was suppressed
briefly in M1, particularly in the ipsilateral hemisphere where beta was not fully desynchronized prior
to reversing. In contrast, the contralateral hemisphere revealed a floor effect: the ongoing movement
resulted in persistent beta power suppression that was only slightly intensified when reversing. Bilat-
eral modulation of beta power, as reported during reversals, was otherwise observed during the initi-
ation of movement, but not during ongoing movement or after movement termination, suggesting
that the recruitment of ipsilateral M1 may be selective to acceleration.

Our findings are consistent with prior studies that have demonstrated a bilateral (Alegre et al.,
2004; Zaepffel et al., 2013) and spatially diffuse (Jurkiewicz et al., 2006) beta suppression, and
more focal (Jurkiewicz et al., 2006) and predominantly contralateral (Espenhahn et al., 2017) topog-
raphy of the beta rebound. Furthermore, past research has posited a role of ipsilateral motor cortex in
motor control and preparation (Jurkiewicz et al., 2006; Olson et al., 2022). Beta suppression in the
ipsilateral hemisphere has been found to be related to increased corticospinal excitability, to facilitate
finger movements (Rau et al., 2003), and to have a role in higher order cortical processing of fine
motor programs (Chen et al., 1997).
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Brief pauses and complete stops have distinct effects on beta
oscillations

We did not find evidence of a beta rebound following the short pause of movement during reversals
in motor cortex. Instead, we observed a transient broadband beta power suppression in cortex, which
was likely related to re-acceleration in the opposite direction. In contrast, the STN exhibited increases
of high beta power in some patients, compatible with post-processing of the brief pause of move-
ment occurring during reversals. On an observational level, the spectral patterns of these increases
did not entirely match the individual stop-related beta pattern, lacking the low-beta component of
the beta rebound. Thus, STN low-beta oscillations might not re-emerge when stopping briefly within
a movement sequence, corroborating a dissociation of low- and high-beta oscillations, as proposed
previously (Chandrasekaran et al., 2019; Oswal et al., 2021, Patai et al., 2022). Given that the beta
rebound has been reported to slow reaction times (Muralidharan and Aron, 2021) and to reduce
corticospinal excitability (Wessel et al., 2016), and that beta power must decrease for movement to
start (Heinrichs-Graham and Wilson, 2016, Khanna and Carmena, 2017), it is likely that at least the
low-beta portion of the beta rebound needs to be avoided during changes of ongoing action because
it would slow down re-acceleration otherwise.

In agreement with the current findings, previous research assessing STN- and cortical beta activity
reported no beta rebound around the time a movement changed (Alegre et al., 2004; London et al.,
2021), except for one study, which did report a cortical beta rebound between two successive move-
ments (Muralidharan and Aron, 2021). It should be noted, however, that the pauses were ~1-2 s long.
In our study, the beta rebound occurred only at the end of the movement sequence, when patients
were already in the process of stopping and movement had already slowed. This picture emerged
irrespective of whether power dynamics were analyzed in a movement- or cue-aligned fashion (see
Figure 3—figure supplement 1, Figure 4—figure supplement 1, Figure 6—figure supplement
1). A causal role of the beta rebound in stopping is, therefore, implausible. More likely, the rebound
serves as a post-movement feedback signal reflecting task-dependent contextual information used to
either confirm or update motor plans (Alegre et al., 2004; Cao and Hu, 2016). Alternatively, it might
indicate the clear-out of the entire motor program (Schmidt et al., 2019).

With respect to gamma activity, we observed increases in power at movement start in the contra-
lateral STN and decreases in power at movement termination in contralateral STN and M1. While
movement-related increases in gamma power are an established finding in the literature (Litvak et al.,
2012; Lofredi et al., 2018), there appears to be no consensus on its functional role during move-
ment stopping. Previous studies using auditory stop signals reported STN gamma power increases in
response to stop signals (Fischer et al., 2017; Ray et al., 2012). When assessed within a brief critical
window between the stop signal and the average time of the upcoming finger tap, gamma power
even correlated with stopping success, i.e., gamma was stronger when the downward movement was
stopped earlier (Fischer et al., 2017). Conversely, another study using visual stop signals reported
decreased STN gamma power (Alegre et al., 2013). We are unaware of studies that have assessed
gamma power changes when stopping a continuous movement in response to visual cues and, there-
fore, provide first evidence for a decrease in this scenario, although we cannot rule out that focusing
on different DBS contacts or using auditory stop signals and shorter event-locked analysis windows
might produce different results.

Limitations and future directions

Invasive measurements of STN activity are only possible in patients who are undergoing or have
undergone brain surgery. Studies drawing from this limited pool of candidate participants are typi-
cally limited in terms of sample size and cohort stratification, particularly when carried out in a peri-
operative setting. Here, we had a sample size of 20, which is rather high for a peri-operative MEG-LFP
study, but still low in terms of absolute numbers.

We further acknowledge that most of our participants were older than 60 y. To diminish any
confounding effects of age on movement-related modulations of neural oscillations, such as beta
suppression and rebound (Bardouille and Bailey, 2019; Espenhahn et al., 2019), we included age as
a covariate in the statistical analyses.

Furthermore, we cannot be sure to what extent the present study’s findings relate to PD pathology
rather than general motor processing. We suggest that our approach at least approximates healthy
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brain functioning as patients were on their usual dopaminergic medication. Dopaminergic medication
has been demonstrated to normalize power within the STN and globus pallidus internus, as well as
STN-globus pallidus internus and STN-cortex coherence (Brown et al., 2001; Hirschmann et al.,
2013). Additionally, several of our findings match observations made in other patient populations
and in healthy participants, who exhibit the same beta power dynamics at movement start and stop
(Alegre et al., 2004) that we observed here. Notably, our finding of enhanced cortical involvement
in face of uncertainty aligns well with established theories of cognitive processing, given the cortex'
prominent role in managing higher cognitive functions (Altamura et al., 2010). Yet, transferring
our approach and task to patients with different disorders, e.g., obsessive compulsive disorder, or
examining young and healthy participants solely at the cortical level, could contribute to elucidating
whether the synchronization dynamics reported here are indeed independent of PD and age. Addi-
tionally, future research could capitalize on sensing-capable devices to circumvent the necessity to
record brain activity peri-operatively, allowing for larger sample sizes and to circumvent the stun
effect, an immediate improvement in motor symptoms arising as a consequence of electrode implan-
tation (Mann et al., 2009). Lastly, given the present study's focus on understanding movement-related
rhythms, particularly in the beta range, future research could further explore the role of gamma oscil-
lations in continuous movement and their relation to action potentials in motor areas (Fischer et al.,
2020; Igarashi et al., 2013), which form the basis of movement encoding in the brain.

Due to the diversity of modulations across patients, we cannot provide a general description of
how the STN responds to reversals. The variability may result from the fact that the exact recording
site varied across patients, although all recording contacts were located in the dorsolateral STN.
Furthermore, stop processes, mediated by the hyperdirect and the indirect pathway as well as cortico-
striatal go processes, may emerge in the basal ganglia close in time (Muralidharan et al., 2022,

Table 1. Patient clinical characteristics.
Disease duration refers to the time since diagnosis. For patient 4, the time since first symptom manifestation is given. MoCa =
Montreal Cognitive Assessment Test.

ID Age sex Pre-surgical MDS-UPDRS lll ON Pre-surgical MoCa Used hand Disease duration (y) Motor subtype DBS Lead

1 70 m 20 27 R 3 tremor Abbott Infinity
2 67 m 31 27 R 32 mixed Abbott Infinity
3 44 M 23 25 R 6 akinetic-rigid Abbott Infinity
4 57 M 53 27 L 2 tremor Abbott Infinity
5 66 F 33 26 R 18 mixed Abbott Infinity
6 75 M 1 24 R 13 akinetic-rigid Abbott Infinity
7 66 M 10 27 R 13 mixed Abbott Infinity
8 83 F 7 25 R 13 tremor Abbott Infinity
68 F 15 20 L M akinetic-rigid Abbott Infinity
10 58 F 21 14 R 5 mixed Medtronic
1M1 69 M 17 27 L 12 mixed Abbott Infinity
122 73 F 17 28 L 9 mixed Abbott Infinity
13 65 M 28 21 L 13 mixed Abbott Infinity
14 65 M 12 20 R 4 tremor Abbott Infinity
15 64 M 25 23 R 17 mixed Medtronic
16 68 M 15 28 R 5 mixed Abbott Infinity
17 65 M 9 18 R 4 akinetic-rigid Abbott Infinity
18 50 M1 26 R 4 tremor Abbott Infinity
19 68 F 42 23 L 12 mixed Abbott Infinity
20 56 F 20 26 R 3 tremor Medtronic
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Schmidt and Berke, 2017), potentially overlapping. The sub-populations processing these signals in
the STN (Isoda and Hikosaka, 2008; Schmidt and Berke, 2017, Schmidt et al., 2013) might not be
resolvable with macro-electrode LFP recordings.

Conclusion

In conclusion, we have revealed distinct local and long-range synchronization dynamics of motor cortex
and STN during changes of ongoing action in different movement contexts. We found that stopping
briefly in the course of changing movement direction and terminating a movement sequence have
distinct oscillatory profiles. Moreover, movement scenarios that do not permit movement preparation
and require higher levels of caution appear to involve enhanced levels of subthalamo-cortical beta
synchronization, highlighting that long-range beta coherence plays an important role in coordinating
movements in response to unpredictable events.

Materials and methods

Patients

23 PD patients with a mean age of 66.13 y (+7.72 y) participated in the study (Table 1). DBS surgery
was performed by the Department of Functional Neurosurgery and Stereotaxy of the University
Hospital Dusseldorf under full anesthesia and according to standard procedures. 21 patients were
implanted with Abbott Infinity segmented leads (Abbott Laboratories, Chicago, lllinois, USA) and
three patients with Medtronic SenSight electrodes (Medtronic Inc, Minneapolis, MN, USA). DBS
surgery was performed in two steps, and the measurements took place in between the implantation of
the electrodes and the implantation of the pulse generator. Prior to participating, all patients provided
their written informed consent in agreement with the Declaration of Helsinki. The study was approved
by the Ethics Committee of the Medical Faculty of Heinrich Heine University Disseldorf. The medica-
tion schedule was not changed for this experiment (Med ON state). Three participants were excluded
from the analyses, two of whom were physically unable to perform the paradigm. The data of the third
patient were contaminated by excessive artifacts.

Recordings

Measurements took place the day after the implantation of DBS electrodes. Externalization of leads
allowed us to measure LFPs from the STN in combination with MEG. For LFP recordings, we used a
mastoid reference and re-referenced the signals using a bipolar montage post-measurement. MEG
signals were acquired simultaneously, using a 306-channel whole-head MEG system (VectorView,
MEGIN). Muscle and ocular activity were monitored via electromyography (EMG) and vertical and
horizontal electrooculography (EOG), respectively. EMG surface electrodes were placed on patients’
right and left forearms, referenced to the muscle tendons at the wrist. We first recorded 5 min of
resting-state data, followed by the motor task, which lasted for about 32 min in total. During the task,
patients were required to turn a wheel clockwise or counterclockwise, according to visual instructions
presented on a screen in front of them.

Experimental design
Patients were seated in the MEG scanner in a magnetically shielded room with a turning device (‘wheel,’
Figure 2b) placed on a table in front of them. The wheel (diameter = 14 cm, height = 6.5 cm) could be
turned into both directions and had indentations, allowing comfortable placement of one index finger
for turning. An MEG-compatible plastic fiber optic position sensor system (MR430 Series ZapFREE
Fiber Optic Absolute Encoder System, MICRONER Inc, Camarillo, CA, USA) was used to measure
wheel turning. The absolute angular position was continuously measured and updated at a frequency
of 1.2 kHz. Given its design, the sensing system did not introduce any magnetic interference.
Movement prompts were presented on a screen. The visual stimuli consisted of two curved arrows
pointing either clockwise or counterclockwise, respectively, and a stop sign with white font on a red
background (Figure 1a). Patients were instructed to turn the wheel with their index finger following
the direction of the arrows and to stop when a stop cue appeared. We did not impose requirements
on turning speed or body side, so that patients could use their less affected hand and adjust the
speed to their individual motor capabilities.
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The experiment was conducted in two distinct blocks, where stimuli differed in their order and
timing of presentation. In the predictable condition, trials consisted of a blue arrow cueing the
patients to start turning clockwise, followed by a cue to change the turning direction after 4 s, and a
stop cue after another 4 s. Each trial was followed by a pause lasting for 4 s. The condition was termed
predictable, as the fixed timing and the fixed order of cues allowed patients to easily predict and
prepare what they had to do next and when. In the unpredictable condition, the start cue was either
clockwise or counterclockwise and was followed by 0, 1, or 2 reversals before the stop cue appeared.
Each alternative occurred equally often (go, stop: 33%; go, reverse, stop: 33%; go, reverse, reverse,
stop: 33%,; clockwise and counterclockwise start directions were balanced). Additionally, the intervals
between the visual stimuli were unpredictable (ranging between 4-7 s), with 50% of all inter-stimulus
intervals kept at 4 s, as in the predictable condition. Hence, patients could not foresee the sequence
and the timing of instructions, calling for a more cautious/attentive monitoring of cues.

We recorded two blocks per condition, with 36 trials each, in a pseudo-randomized fashion. To
enhance compliance, we split each block in half, allowing for a short break, and also offered breaks
between blocks.

Materials availability statement
The code used for analyses is available at https://github.com/luciewinkler/Subthalamo-Cortical-
Synchronization (copy archived at Hirschmann and Winkler, 2025).

Data analysis

Data were analyzed using MATLAB R2019b (The Mathworks, Natick, Massachusetts, USA) and the
toolbox FieldTrip (Oostenveld et al., 2011). For statistical testing, we used IBM SPSS Statistics 28
(IBM Corporation, Somers, USA).

Preprocessing

The data were visually inspected to identify and tag noisy channels and subsequently cleaned using
temporal Signal Space Separation to remove artifacts originating from outside the MEG sensor array
(Taulu and Simola, 2006). Then, the data were downsampled to 500 Hz. We applied a high-pass finite
impulse response filter with a cut-off frequency of 1 Hz to remove low-frequency drifts and screened
the data for remaining artifacts.

We used custom MATLAB scripts for semi-automated detection of movement start, reversal, and
stop in the wheel data. This was achieved by applying an event-specific combination of amplitude and
duration thresholds to the first temporal derivative of the rotation angle measurements. To ensure that
events were correctly marked, all events were visually inspected and manually corrected if needed.
Then, we epoched MEG and LFP data with respect to the behavioral events. Trials were centered
around movement events of interest, i.e., start, stop, and reversal of movement, and encompassed
4 s. Movement-aligned angular speed was calculated within those time windows and averaged over
trials. Reaction times to cues were defined as the time from cue presentation until movement.

LFP Channel Selection

The positions of DBS electrodes were localized with the MATLAB toolbox Lead-DBS (Neudorfer
et al., 2023) using the patients’ pre-operative T1- and T2-weighted MRIs (Magnetom Trio MRI
scanner, Siemens, Erlangen, Germany) and postoperative CT scans (Figure 1b). In order to select one
LFP channel for each patient and hemisphere, we identified the bipolar LFP channel with the strongest
beta suppression and beta rebound, as previous research has demonstrated the presence of these
modulations in the dorsolateral motor STN (Benis et al., 2014; Wessel et al., 2016). Moreover, the
source of subthalamic beta oscillations has been localized to the dorsal STN (Tamir et al., 2020).

Regions of interest

Similarly, we selected cortical regions of interest (ROIs) by localizing the strongest event-related modu-
lations of beta power/beta coherence. For source localization, we first co-registered the pre-operative
T1-weighted MRI scans to the MEG coordinate system. Using the segmented MRIs, we prepared
forward models based on single-shell realistic head models (Nolte, 2003). Beamformer grids, speci-
fying the position of sources, covered the entire brain and were aligned to the Montreal Neurological
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Institute (MNI) space. Subsequently, we applied Dynamic Imaging of Coherent Sources (DICS) (Gross
et al., 2001) to beta-band LFP-MEG cross-spectral densities pooled across predictability conditions.
Next, we computed contrasts between post-event (0-2 s) and pre-event (-2-0 s) beta power/coher-
ence and averaged the absolute changes across patients and events (movement start, reversal, and
stop). This served to identify the regions with the strongest change in general, irrespective of sign,
event, and predictability condition.

The strongest beta power modulations localized to the hand knob area of primary motor cortex
(M1; Figure 1a) and the strongest changes in STN-cortex beta coherence to medial sensorimotor
cortex (MSMC; Figure 1b). Thus, we focused our analysis on bilateral STN, M1, and MSMC. For time-
frequency analysis, we represented each cortical ROI by the grid point of strongest modulation and
its six nearest neighbors and extracted a time-series for each grid point, using a linearly constrained
minimum variance spatial filter (Van Veen and Buckley, 1988).

Time-frequency analyses

While our main focus was the beta band, we also included other frequencies in our time-frequency
analyses to get a more complete picture of power and coherence changes. Specifically, we considered
the frequency ranges 5-45 Hz and 55-90 Hz, omitting the 50 Hz line noise artifact, and the time range
from -1.6-1.6 s with respect to the movement event. Fourier spectra were computed using a multi-
taper approach (four Slepian tapers for the low frequency range and seven Slepian tapers for the high
frequency range), a window size of 800 ms and a step size of 50 ms. Using the Fourier coefficients, we
computed power and STN-cortex across-trial coherence for each time-frequency bin.

For illustration, we applied baseline correction, using the mean of the pre-event time window
(=1.6-0 s) as baseline. In case of power, we expressed changes with respect to baseline in decibel. In
case of coherence, we subtracted the baseline values. Time-frequency spectra of cortical sources were
averaged over neighboring grid points belonging to the same ROI.

Granger causality analysis

We computed beta and gamma band non-parametric Granger causality (Dhamala et al., 2008)
between cortical ROIs and the STN for the post-event time windows (0-2 s with respect to start,
reversal, and stop). Because estimates of Granger causality are often biased, we compared the
original data to time-reversed data to suppress non-causal interactions. True directional influence is
reflected by a higher causality measure in the original data than in its time-reversed version, resulting
in a positive difference between the two, the opposite being the case for a signal that is ‘Granger-
caused’ by the other. Directionality is thus reflected by the sign of the estimate (Haufe et al., 2013).
Because rmANCOVA results indicated no significant effects for predictability and movement type,
and post-hoc tests did not show significant differences between hemispheres, we averaged Granger
causality estimates over movement types, hemispheres, and predictability conditions in Figure 6—
figure supplement 2.

Statistical analysis
Repeated measures analyses of (co)variance (rmANCOVA), implemented in SPSS, were our main tool
for statistical analysis. This approach provides a comprehensive, multi-factorial analysis, but requires
pre-selection of brain areas (see Regions of Interest), a frequency range, and a time range of interest
(see Power and coherence). The dependent variable was either the event-related change in power or
coherence, the hemispheric lateralization of the event-related power change (see Lateralization), or
Granger causality. The main independent variable of interest was predictability. Brain area and move-
ment type were also included as factors due to their clear effects on power and coherence, but their
main effects are not reported in the main paper. They can be found in the Supplementary material.
Because Mauchly's test indicated violations of the sphericity assumption, we report results from the
multivariate test (Rasch et al., 2021). To account for their potential influence on brain activity, we
added age, pre-operative UPDRS score, and disease duration as covariates to all ANOVAs. Covariates
were standardized by means of z-scoring.

The rmANCOVAs were complemented by cluster-based permutation tests for detecting signifi-
cant power/coherence modulations relative to baseline. These tests are mono-factorial but have the
advantage of not requiring any preselection of time or frequency ranges while providing correction
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for multiple comparisons. The cluster-defining and the cluster significance threshold was set to 0.05
(two-sided test). The cluster statistic was the sum of t-values within a cluster. We performed 1000
permutations per test.

Power and connectivity
To assess the effect of predictability on power, we conducted a repeated measures ANCOVA testing
the influence of the factors movement (start, stop, reversal), predictability (predictable, unpredictable)
and brain area (STN, M1, MSMC, ipsilateral, and contralateral to the moving hand), as well as interac-
tions between these factors, on the event-related modulation of beta power. Here, modulation refers
to the difference between post-event (0-1.6 s) and pre-event (—1.6-0 s) beta power in decibel (dB).
A similar rmANCOVA was computed for event-related modulations of STN-cortex beta coherence.
In this case, we considered the difference between pre- and post-event coherence. Here, the factor
brain area contained of the following pairs: contralateral M1-contralateral STN, contralateral MSMC-
contralateral STN, ipsilateral M1-ipsilateral STN, ipsilateral MSMC-ipsilateral STN, with the terms ipsi-
lateral and contralateral referring to the moving hand. In an additional rmANCOVA, we considered
post-event (0-2 s) Granger causality. The factor brain areaincluded these pairs: contralateral M1->con-
tralateral STN, contralateral STN->contralateral M1, contralateral MSMC->contralateral STN, contra-
lateral STN->contralateral MSMC, ipsilateral M1->ipsilateral STN, ipsilateral STN->ipsilateral M1,
ipsilateral MSMC-ipsilateral STN, ipsilateral STN->ipsilateral MSMC. This rmANCOVA was supple-
mented by t-tests assessing whether the difference in Granger causality between the reversed and the
original data differed from zero, indicating significant directionality.

Because beta power is known to correlate with movement speed (Lisi and Morimoto, 2015;
Lofredi et al., 2023; Pogosyan et al., 2009), we added standardized turning speed, averaged over
trials and timepoints, as an additional covariate to the above-mentioned rmANCOVAS.

Lateralization

We compared the beta power suppression and the beta power rebound with respect to their hemi-
spheric lateralization, using a rmANOVA with the factors brain area (STN, M1, MSMC), predictability
(predictable, unpredictable), and modulation type (beta suppression, beta rebound). Lateralization
was quantified by the lateralization index, defined as the difference between contralateral and ipsilat-
eral power, normalized by power summed over both hemispheres.

Behavior

To assess whether the predictability of movement prompts had an effect on the patients’ performance
in the task, we performed a rmANOVA with the factors predictability (predictable, unpredictable),
movement (start, stop, reversal) and their interaction on reaction times and movement-aligned wheel
turning speed, averaged over trials and time points, respectively. Epochs without movement (pre-start
and post-stop) were disregarded in this analysis.
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Cue-aligned beta power modulations in the subthalamic nucleus (STN).

Time-frequency spectra of cue-aligned start, reversal, and stop trials for the STN (group average,
trials averaged across predictability conditions). Time 0 marks the appearance of the cue to start,
reverse, or stop turning (red lines). The black line in each plot represents the average wheel turning
speed (scale: 0-600 deg/s). Power was baseline-corrected (baseline: -1.6-0 s). Hatched lines within
black contours indicate significant changes relative to baseline. N=20.
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Cue-aligned beta power modulations in M1.

Time-frequency spectra of cue-aligned start, reversal, and stop trials for M1. Time 0 marks the
appearance of the cue to start, reverse, or stop turning (red lines). The black line in each plot
represents the average wheel turning speed (scale: 0-600 deg/s). Power was baseline-corrected
(baseline: -1.6-0 s). Hatched lines within black contours indicate significant changes relative to
baseline. N=20.
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Cue-aligned modulations of subthalamic nucleus (STN)-cortex coherence and the effect of predictability.

Baseline-corrected group average of time-frequency representations of STN-cortex coherence
(averaged over regions of interest, ROIs) during start, reversal, and stop (cue-aligned) for both the
predictable and the unpredictable trials (baseline: -1.6-0 s). Time 0 marks the appearance of the
cue to start, reverse, or stop turning (red lines). The black line in each plot represents the average
wheel turning speed (scale: 0-600 deg/s). Hatched lines within black contours indicate significant
changes relative to baseline. N=20.
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Directionality of M1-subthalamic nucleus (STN) and MSMC-STN coupling.

Beta and gamma Granger causality estimates were averaged over predictability conditions,
movements, and hemispheres. Boxplots illustrate the differences in Granger causality between the
original data and the time-reversed data. Differences significantly deviating from zero indicate
significant directionality, as indicated by asterisks. Positive values suggest a given area drives the
other. N=20.



Supplementary File 1: Behavioral effects. (A) Effects of condition (predictable, unpredictable) and

movement (start, reverse, stop) on movement-aligned speed, controlling for age, pre-operative UPDRS

score and disease duration. (B) Effects of condition (predictable, unpredictable) and movement (start,

reverse, stop) on reaction times to cues, controlling for age, pre-operative UPDRS score and disease

duration.

Factor

Condition

Condition*age

Condition*UPDRS

Condition*disease duration

Movement

Movement*age

Movement*UPDRS

Movement*disease duration

Condition*movement

Condition*movement*age

Condition*movement*UPDRS

Condition*movement*disease

duration

Wilk’s

Lambda

0.998

0.974

1,000

0.894

0.412

0.987

0.971

0.992

0.762

0.983

0.848

0.939

F

0.037

0.425

0.002

1.897

10.695

0.098

0.223

0.059

2.345

0.129

1.344

0.483

Hypothesis

df

Error

df

16

16

16

16

15

15

15

15

15

15

15

15

Sig.

0.850

0.524

0.966

0.187

0.001

0.908

0.803

0.943

0.130

0.880

0.291

0.626

Np?

0.002

0.026

0,000

0.106

0.588

0.013

0.029

0.008

0.238

0.017

0.152

0.061



Condition

Condition*age

Condition*UPDRS

Condition*disease duration

Movement

Movement*age

Movement*UPDRS

Movement*disease duration

Condition*movement

Condition*movement*age

Condition*movement*

UPDRS

Condition*movement*

disease duration

0.705

0.987

0.967

0.998

0.278

0.968

0.906

0.815

0.604

0.828

0.881

0.900

6.698

0.205

0.544

0.031

19.482

0.251

0.780

1.708

4.916

1.556

1.015

0.832

16

16

16

16

15

15

15

15

15

15

15

15

0.020

0.657

0.472

0.862

<0.001

0.781

0.476

0.215

0.023

0.243

0.386

0.454

0.295

0.013

0.033

0.002

0.722

0.032

0.094

0.185

0.396

0.172

0.119

0.100



Supplementary File 2: Effects on lateralization. Effects of modulation type (beta suppression, beta

rebound), condition (predictable, unpredictable) and ROI (STN, M1, MSMC) on lateralization index,

controlling for age, pre-operative UPDRS score and disease duration.

Factor

Modulation type

Modulation type*age

Modulation

type*UPDRS

Modulation

type*disease duration

ROI

RO*age

ROI*UPDRS

ROI*disease duration

Condition

Condition*age

Condition*UPDRS

Condition*disease

duration

ROI*condition

Wilk’s

Lambda

0.467

0.989

0.987

0.892

0.597

0.960

0.861

0.921

0.950

0.998

0.919

0.975

0.849

F

18.233

0.185

0.213

1.931

5.071

0.313

1.210

0.639

0.836

0.035

1.411

0.407

1.332

Hypothesis Error

df df
1 16
1 16
1 16
1 16
2 15
2 15
2 15
2 15
1 16
1 16
1 16
1 16
2 15

Sig.

<0.001

0.673

0.651

0.184

0.021

0.736

0.326

0.542

0.374

0.854

0.252

0.532

0.294

Np?

0.533

0.011

0.013

0.108

0.403

0.040

0.139

0.079

0.050

0.002

0.081

0.025

0.151



ROI*condition*age

ROI*condition*UPDRS

ROI*condition*disease

duration

ROI*modulation type

ROI*modulation

type*age

ROI*modulation

type*UPDRS

ROI*modulation

type*disease duration

Modulation type

type*condition

Modulation type

type*condition*age

Modulation type

type*condition*UPDRS

Modulation type
type*condition*disease

duration

ROI*condition*

modulation type

0.816

0.895

0.994

0.372

0.963

0.821

0.888

0.990

0.998

0.968

0.919

0.770

1.689

0.876

0.043

12.648

0.292

1.636

0.949

0.161

0.028

0.524

1.411

2.237

15

15

15

15

15

15

15

16

16

16

16

15

0.218

0.437

0.958

<0.001

0.751

0.228

0.409

0.693

0.870

0.480

0.252

0.141

0.184

0.105

0.006

0.628

0.037

0.179

0.112

0.010

0.002

0.032

0.081

0.230



ROI*condition* 0.712 3.035

modulation type*age

ROI*condition* 0.970 0.231
modulation

type*UPDRS

ROI*condition* 0.770 2.239
modulation

type*disease

duration

15

15

15

0.078

0.796

0.141

0.288

0.030

0.230



Supplementary File 3: Effects on beta power and coherence. (A) Effects of condition (predictable,
unpredictable), movement (start, reverse, stop) and ROI (contralateral and ipsilateral STN, M1, MSMC) on
normalized power, controlling for movement speed, age, pre-operative UPDRS score and disease
duration. (B) Effects of condition (predictable, unpredictable), movement (start, reverse, stop) and ROI
(contralateral STN-M1, contralateral STN-MSMC, ipsilateral STN-M1, ipsilateral STN-MSMC) on

coherence modulation, controlling for movement speed, age, pre-operative UPDRS score and disease

duration.

A
Factor Wilk’s F Hypothesis Error Sig. ne?

Lambda df df

Condition 0.938 0.992 1 15 0.335 0.062
Condition*speed 0.936 1.034 1 15 0.325 0.064
Condition*age 0.938 0.991 1 15 0.335 0.062
Condition*UPDRS 0.960 0.632 1 15 0.439 0.040
Condition*disease duration 0.951 0.777 1 15 0.392 0.049
ROI 0.239 6.988 5 11 0.004 0.761
ROI*speed 0.595 1.500 5 11 0.267 0.405
ROIl*age 0.900 0.245 5 11 0.934 0.100
ROI*UPDRS 0.740 0.773 5 11 0.589 0.260
ROI*disease duration 0.898 0.250 5 11 0.931 0.102
Movement 0.111 56.281 2 14 <0.001 0.889

Movement*speed 0.832 1.414 2 14 0.276 0.168



Movement*age

Movement*UPDRS

Movement*disease duration

ROI*condition

ROI*condition*speed

ROI*condition*age

ROI*condition*UPDRS

ROI*condition*disease

duration

ROI*movement

ROI*movement*speed

ROI*movement*age

ROI*movement*UPDRS

ROI*movement*disease

duration

Condition*movement

Condition*movement*speed

Condition*movement*age

Condition*movement*UPDRS

Condition*movement*disease

duration

0.952

0.968

0.919

0.832

0.830

0.800

0.715

0.567

0.119

0.368

0.128

0.331

0.494

0.625

0.710

0.938

0.752

0.936

0.355

0.228

0.618

0.446

0.450

0.550

0.876

1.683

4.444

1.031

4.078

1.212

0.616

4.206

2.866

0.463

2.308

0.481

10

10

10

10

10

14

14

14

11

11

11

11

11

14

14

14

14

14

0.707

0.799

0.553

0.808

0.805

0.736

0.528

0.219

0.041

0.508

0.049

0.424

0.763

0.037

0.091

0.639

0.136

0.628

0.048

0.032

0.081

0.168

0.170

0.200

0.285

0.433

0.881

0.632

0.872

0.669

0.506

0.375

0.290

0.062

0.248

0.064



ROI*condition*movement

ROI*condition*movement*

speed

ROI*condition*movement*

age

ROI*condition*movement*

UPDRS

ROI*condition*movement*

disease duration

Condition

Condition*speed

Condition*age

Condition*UPDRS

Condition*disease duration

ROI

ROI*speed

ROIl*age

ROI*'UPDRS

ROI*disease duration

0.083

0.429

0.177

0.520

0.387

0.633

0.962

0.992

0.942

0.772

0.453

0.717

0.682

0.977

0.782

6.666

0.800

2.769

0.554

0.952

8.684

0.595

0.113

0.929

4.427

5.239

1.714

2.017

0.100

1.211

10

10

10

10

10

15

15

15

15

15

13

13

13

13

13

0.015

0.641

0.110

0.805

0.551

0.010

0.453

0.741

0.350

0.053

0.014

0.213

0.161

0.959

0.345

0.917

0.571

0.823

0.480

0.613

0.367

0.038

0.008

0.058

0.228

0.547

0.283

0.318

0.023

0.218



Movement

Movement*speed

Movement*age

Movement*UPDRS

Movement*disease duration

ROI*condition

ROI*condition*speed

ROI*condition*age

ROI*condition*UPDRS

ROI*condition*disease

duration

ROI*movement

ROI*movement*speed

ROI*movement*age

ROI*movement*UPDRS

ROI*movement*disease

duration

Condition*movement

Condition*movement

*speed

0.370

0.959

0.825

0.979

0.991

0.698

0.988

0.892

0.819

0.737

0.518

0.457

0.810

0.619

0.528

0.956

0.939

11.907

0.296

1.486

0.150

0.061

1.871

0.050

0.526

0.960

1.546

1.548

1.982

0.390

1.026

1.487

0.319

0.453

14

14

14

14

14

13

13

13

13

13

10

10

10

10

10

14

14

<0.001

0.749

0.260

0.862

0.941

0.184

0.984

0.672

0.441

0.250

0.258

0.162

0.870

0.462

0.276

0.732

0.644

0.630

0.041

0.175

0.021

0.009

0.302

0.012

0.108

0.181

0.263

0.482

0.543

0.190

0.381

0.472

0.044

0.061



Condition*movement*age

Condition*movement*UPDRS

Condition*movement*disease

duration

ROI*condition*movement

ROI*condition*movement

*speed

ROI*condition*movement*

age

ROI*condition*movement*

UPDRS

ROI*condition*movement*

disease duration

0.888

0.925

0.817

0.642

0.614

0.777

0.819

0.484

0.880

0.565

1.572

0.930

1.048

0.479

0.367

1.780

14

14

14

10

10

10

10

10

0.436

0.581

0.242

0.513

0.451

0.810

0.884

0.201

0.112

0.075

0.183

0.358

0.386

0.223

0.181

0.516



Supplementary File 4: Effects on beta granger causality. (A) Effects of condition (predictable,

unpredictable), movement (start, reverse, stop) and ROI (contralateral and ipsilateral M1->STN, STN-

>M1, MSMC->STN, STN->MSMC) on Granger causality, controlling for movement speed, age, pre-

operative UPDRS score and disease duration.

Factor

Condition

Condition*speed

Condition*age

Condition*UPDRS

Condition*disease duration

ROI

ROI*speed

ROI*age

ROI*UPDRS

ROIl*disease duration

Movement

Movement*speed

Movement*age

Movement*UPDRS

Wilk’s

Lambda

0.911

0.824

0.999

1.000

0.998

0.272

0.663

0.414

0.878

0.590

0.774

0.662

0.795

0.745

F

1.459

3.199

0.008

0.000

0.023

3.443

0.653

1.820

0.178

0.893

2.045

3.567

1.805

2.398

Hypothesis

df

Error

df

15

15

15

15

15

14

14

14

14

Sig.

0.246

0.094

0.931

0.999

0.881

0.044

0.707

0.198

0.983

0.549

0.166

0.056

0.201

0.127

Np

0.089

0.176

0.001

0.000

0.002

0.728

0.337

0.586

0.122

0.410

0.226

0.338

0.205

0.255



Movement*disease duration

ROI*condition

ROI*condition*speed

ROI*condition*age

ROI*condition*UPDRS

ROI*condition*disease

duration

ROI*movement

ROI*movement*speed

ROI*movement*age

ROI*movement*UPDRS

ROI*movement*disease

duration

Condition*movement

Condition*movement

*speed

Condition*movement*age

Condition*movement*UPDRS

Condition*movement*disease

duration

ROI*condition*movement

0.990

0.753

0.633

0.741

0.805

0.663

0.062

0.150

0.131

0.232

0.139

0.727

0.798

0.658

0.955

0.898

0.078

0.072

0.421

0.745

0.450

0.312

0.652

2.178

0.808

0.946

0.474

0.887

2.632

1.767

3.638

0.333

0.794

1.698

14

14

14

14

14

14

14

14

14

14

14

14

0.931

0.866

0.643

0.848

0.931

0.707

0.359

0.680

0.627

0.842

0.648

0.107

0.207

0.053

0.722

0.471

0.432

0.010

0.247

0.367

0.259

0.195

0.337

0.938

0.850

0.869

0.768

0.861

0.273

0.202

0.342

0.045

0.102

0.922



ROI*condition*movement

*speed

ROIl*condition*movement*

age

ROI*condition*movement*

UPDRS

ROIl*condition*movement*

disease duration

0.149

0.133

0.157

0.106

0.816

0.931

0.766

1.200

14

14

14

14

0.677

0.632

0.698

0.545

0.851

0.867

0.843

0.894



Supplementary File 5: Effects on gamma power and coherence. (A) Effects of condition (predictable,
unpredictable), movement (start, reverse, stop) and ROI (contralateral and ipsilateral STN, M1, MSMC) on
normalized power, controlling for movement speed, age, pre-operative UPDRS score and disease
duration. (B) Effects of condition (predictable, unpredictable), movement (start, reverse, stop) and ROI
(contralateral STN-M1, contralateral STN-MSMC, ipsilateral STN-M1, ipsilateral STN-MSMC) on

coherence modulation, controlling for movement speed, age, pre-operative UPDRS score and disease

duration.

A
Factor Wilk’s F Hypothesis Error Sig. ne?

Lambda df df

Condition 0.950 0.792 1 15 0.388  0.050
Condition*speed 0.849 2.667 1 15 0.123 0.151
Condition*age 0.998 0.032 1 15 0.861 0.002
Condition*UPDRS 0.904 1.592 1 15 0.226  0.096
Condition*disease duration 0.929 1.145 1 15 0.302 0.071
ROI 0.440 2.789 5 11 0.072  0.560
ROI*speed 0.593 1.510 5 11 0.264  0.407
ROIl*age 0.788 0.592 5 11 0.707  0.212
ROI*UPDRS 0.807 0.526 5 11 0.753  0.193
ROI*disease duration 0.290 5.276 5 11 0.010 0.710
Movement 0.607 4.537 2 14 0.030 0.393

Movement*speed 0.966 0.247 2 14 0.784 0.034



Movement*age

Movement*UPDRS

Movement*disease duration

ROI*condition

ROI*condition*speed

ROI*condition*age

ROI*condition*UPDRS

ROI*condition*disease

duration

ROI*movement

ROI*movement*speed

ROI*movement*age

ROI*movement*UPDRS

ROI*movement*disease
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Supplementary File 6: Effects on gamma granger causality. (A) Effects of condition (predictable,

unpredictable), movement (start, reverse, stop) and ROI (contralateral and ipsilateral M1->STN, STN-

>M1, MSMC->STN, STN->MSMC) on Granger causality, controlling for movement speed, age, pre-

operative UPDRS score and disease duration.
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Abstract

Deep brain stimulation (DBS)-responsive oscillations have been implicated in motor
symptoms of Parkinson’s disease (PD). Their role in non-movement disorders, such as
obsessive-compulsive disorder (OCD), is less clear. Here, we aimed to characterize the effect

of DBS on subthalamic and cortical oscillations in OCD.

Local field potential recordings from the subthalamic nucleus (STN) were combined with
magnetoencephalography in one OCD patient at rest (DBS OFF and ON) and in a Go/NoGo

task (DBS OFF). A PD patient completed the same task for comparison.

In the OCD patient, we observed right-lateralized beta peaks in STN power and STN-cortex
coherence. These were diminished by DBS. Task-related modulations of STN power occurred

in the theta band for the OCD patient, and in the beta band for the PD patient.

We conclude that resting-state, DBS-responsive beta oscillations are not necessarily a sign of
Parkinsonism. Task-related spectral modulations might be more disease-specific than resting-

state oscillations.

NOTE: This preprint reports new research that has not been certified by peer review and should not be used to guide clinical practice.
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Introduction

Beta oscillations within the subthalamic nucleus (STN) are central to understanding the
pathophysiology of Parkinson’s disease (PD) and the therapeutic mechanisms of deep brain
stimulation (DBS). In PD patients, beta activity is pathologically enhanced in the STN and other
structures of the cortico-basal ganglia loop 3, and is widely recognized to contribute to PD
motor symptoms such as bradykinesia and rigidity . DBS of the STN alleviates motor
symptoms, presumably by reducing excessive beta activity in the STN % and sensorimotor
cortex ®2. These findings suggest a causal role of subthalamic beta oscillations in motor

slowing. This notion, however, is mostly based on observations in PD patients.

Here, we examined a patient with obsessive-compulsive disorder (OCD), a psychiatric
condition marked by persistent thoughts and urges (obsessions), and repetitive actions or
mental operations (compulsions) 0. OCD is characterized by pathologically enhanced
overconnectivity in a network spanning limbic cortical regions, the striatum, and the STN -
15 Altered theta activity in the STN %17 and cortex 182° has been identified as a potential

biomarker of OCD pathology.

Importantly, OCD is a condition for which, despite the absence of motor slowing, DBS of the
STN is being applied as a therapeutic intervention. The therapeutic benefit possibly acts
through a reduction of theta oscillations in the fronto-basal ganglia pathway 21?2, The role of
beta oscillations in OCD has not been studied extensively, but some studies suggest that beta
activity is altered in cortex 22 and the STN '® and that DBS is associated with both increases %
and decreases 24 of beta activity in the stria terminalis/anterior limb of the internal capsule
and frontal cortex. However, while it has been demonstrated that beta oscillations are
present in the dorsal 17 and anteromedial STN ! in OCD, it remains unknown whether and
how DBS influences these oscillations. Therefore, we aimed to examine the effect of DBS in

OCD.
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Materials and methods

Patients

A female patient in her fifties suffering from severe OCD (first manifestation in the third
decade), marked by excessive washing of the hands, participated in the present study. She
was implanted with DBS electrodes (3389) 12 years before measurement, and received a new
stimulator one day before participating in the present study. DBS reduced her Yale-Brown
Compulsive Obsessive Scale score substantially, from 39/40 pre-operatively to 7 at the time
of measurement. The patient’s scores on the MDS-UPDRS Il were 3 and 4 in the DBS OFF and

ON setting, respectively. No medications were taken at the time of measurement.

For comparison, we present data from a female tremor-dominant idiopathic PD patient in her
sixties in the Med ON state (first disease manifestation approximately 8 years ago at the time
of participation; DBS system implanted 3 years ago; UPDRS Part Ill: Med OFF/DBS OFF: 51,
Med ON/DBS ON: 18, Med OFF/DBS ON: 42). Both patients were implanted with a Medtronic
Percept PC (Medtronic Inc., Minneapolis, MN, USA), capable of measuring local field
potentials (LFPs) from the implanted DBS leads. DBS surgery was performed at the
department of Functional Neurosurgery and Stereotaxy of the University Hospital Duisseldorf

in adherence to standard procedures.

Both patients gave their written informed consent to participate in the study, according to
the declaration of Helsinki. The study was approved by the Ethics Committee of the Medical

Faculty of Heinrich Heine University Disseldorf. Both patients consented to publication.

Recordings and stimulation

MEG was measured using a 306-channel MEG system (VectorView, MEGIN, Espoo, Finland)
with a sampling rate of 2 kHz. We additionally monitored horizontal and vertical ocular
activity using electrooculography (EOG). Muscular activity was recorded via
electromyography (EMG), with EMG surface electrodes placed on the patients’ right and left
forearms, referenced to EMG electrodes on the wrist. Additional surface electrodes were
placed on the left chest to track the electrocardiogram (ECG), above the implanted stimulator,

as well as on the neck above the subcutaneous extension to record the DBS artifact, with

3


https://doi.org/10.1101/2025.06.12.25329123
http://creativecommons.org/licenses/by/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.06.12.25329123; this version posted November 10, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in
perpetuity.
It is made available under a CC-BY 4.0 International license .

reference electrodes positioned over the cervical vertebrae. We performed a 5 min resting-
state recording in DBS OFF and subsequently applied monopolar, unilateral DBS using the
second ring from the bottom (ring 1) at 130 Hz for 5 min in each hemisphere (amplitude:
1.2 mA; pulse width: 60 ps). We recorded bipolar LFPs with the Percept system in the
BrainSense streaming mode from the rings above and below (0 and 2). Both patients
additionally participated in a Go/NoGo task (see below). No stimulation was applied during

the task.

Electrode localization

DBS electrode localizations (Fig. 1) were performed with the advanced processing pipeline
in Lead-DBS v3.1 (lead-dbs.org) 2°. Briefly, postoperative CT images were linearly co-
registered with pre-operative MRIs (T1 and T2) using advanced normalization tools ANTs;
stnava.github.io/ANTs/; 2°. If necessary, co-registrations were reviewed and refined. Brain
shift corrections were performed using Lead-DBS standard tools. We used all preoperative
volumes to estimate a precise multispectral normalization to ICBM 2009b NLIN asymmetric
(“MNI”) space %7 using the ANTs SyN Diffeomorphic Mapping 22 with the preset “effective:
low variance default + subcortical refinement.” The reconstruction of DBS contacts was
performed manually or using the PaCER method 2°. Atlas segmentations are based on the
DISTAL atlas 3°. Finally, using the Lead group toolbox, visualizations of the electrode

reconstructions were generated for both patients 3.
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Figure 1. Electrode localization. Left: front view. Right: top view. Subthalamic nucleus: orange, external
pallidum: blue, internal pallidum: green, red nucleus: red. The electrodes of the OCD patient are the ones that

are positioned more medial on the level of the STN.

Paradigm

Both patients completed a visually cued Go/NoGo task (OCD patient: 4 blocks; PD patient: 3
blocks; 120 trials per block) while seated in the MEG scanner (Fig. 2). Visual stimuli were
presented using the software PsychoPy (version 2023.2.3) in Python (3.12.0). Individual
reaction time was estimated at the beginning of the experiment through a sequence of Go
trials. In the main experiment, each trial began with a black fixation cross, lasting 500 ms,
and ended with feedback (on screen for 1 s). Following the fixation cross, we presented the
outlines of a bar in either horizontal or vertical orientation (cue). After 500 ms, the bar
acquired either an orange or a blue color fill, corresponding to the Go stimulus or the NoGo
stimulus, respectively. In case of Go, the patient had to press a button with the right index
finger as fast as possible (time limit: individual reaction time + 2 SD). In case of NoGo, the
patient was instructed to withhold any response. The NoGo stimulus was on screen for the
individual reaction time + 4 SD. The orientation of the bar predicted the upcoming stimulus
(Go or NoGo), i.e. each orientation was preferentially paired with a particular color, and this
preference needed to be learned on task. We refer to the more common pairing as congruent
trials, and to the less common pairing as incongruent trials. The distribution of trials was: 55%

congruent Go, 12.5% incongruent Go, 20% congruent NoGo and 12.5% incongruent NoGo.
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Figure 2. Cued Go/NoGo task. The association between bar orientation and expected instruction (here:
horizontal — likely Go, vertical — likely NoGo) and between colour fill and instruction (here: orange — Go,

blue — NoGo) was counterbalanced across subjects. Trial frequencies are noted below each trial type.

Data analysis

Data were analyzed using MATLAB R2019b (The Mathworks, Natick, Massachusetts, USA) and
the toolbox FieldTrip 32, as well as Python (Version 3.12) and the fitting oscillations and one

over F (FOOOF) toolbox 3.

Preprocessing

We first visually identified noisy channels and subsequently applied temporal Signal Space
Separation to the MEG data 3* The MEG data was downsampled to 250 Hz to match the
sampling rate of the LFP data. We then applied a high-pass finite impulse response filter with
a cut-off frequency of 1 Hz to remove low-frequency drifts and a low pass filter with a cut-off
frequency of 100 Hz to both the MEG and LFP data to ease the detection of cardiac artifacts

(see below).

We switched DBS on briefly at the beginning and at the end of each measurement, resulting
in DBS artifacts, which we used for temporal alignment of MEG and LFP signals 3. Given the
presence of strong cardiac artifacts in the resting-state STN LFP data when DBS was ON, this

initial alignment could be improved further in a second step based on the ECG. First, the ECG
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signal was z-scored over the entire recording. Then, the R-peaks, features of the prominent
QRS waveform in ECG signals, were identified using the Matlab function findpeaks() with two
criteria: the peak height exceeded the mean signal level by 2.5 standard deviations, and the
interval between successive peaks was at least 500 ms. Next, we defined epochs centered on
the R-peak and averaged the epochs to obtain a mean QRS waveform for both LFP and ECG.
Finally, we computed the cross-covariance between the two versions of the heartbeat and

finetuned the initial alignment by correcting any delay visible in the cross-correlogram.

Spectral analysis and time-frequency analysis

LFP power and LFP-MEG coherence were computed using Welch’s method in combination
with a Hanning taper 32. For LFP power, we isolated the oscillatory components from the

aperiodic background using the FOOOF toolbox 33.

For the Go/NoGo task data, we source-reconstructed the activity of left and right
primary motor cortices (M1, hand-knob) using Linearly Constrained Minimum Variance
beamforming 3°. Time-frequency spectra (2-45 Hz) were computed for STN and M1 bilaterally
using a Hanning taper. As baseline, we used power averaged over all trial types
(i.e. congruent/incongruent Go/NoGo trials) and all time points within those trials. In Fig. 4,

we pooled congruent and incongruent trials, as we did not observe any effect of congruency.

Source reconstruction

To localize the sources of STN-cortex beta coherence, we first co-registered the pre-operative
T1-weighted MRI scan with the MEG coordinate system. Using the segmented MR, a forward
model was generated based on a single-shell realistic head model 37. Beamformer grid points
covered the whole brain, with their coordinates standardized to Montreal Neurological
Institute (MNI) space. Dynamic Imaging of Coherent Sources (DICS) 38 was applied to beta-
band LFP-MEG cross-spectral densities (13-30 Hz). To contrast the DBS ON and OFF conditions
(Fig. 3), we averaged the source images for left and right stimulation and subtracted the DBS

off image from the average.
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Statistical analysis

Differences in power and coherence between DBS ON and OFF in resting-state, and power
differences between Go and NoGo trials were identified through cluster-based permutation
tests 3. We performed 1000 permutations, and used a cluster defining threshold of 0.05 (two-
sided test) and an alpha level of 0.025. The cluster statistic was defined as the sum of t-values

within a cluster.

Data availability

Data can be made available in anonymized form upon reasonable request.

Results

DBS reduced STN beta power and STN-cortex beta coherence in OCD

When analyzing the resting-state data of the OCD patient, we observed a prominent peak
in the beta-band for right STN power and for coherence between right STN and right
sensorimotor cortex (Fig. 3A). The beta power peak was reduced by stimulation of the left
(tetustersum < -10.775, p < 0.001) and particularly of the right (tcustersum <-95.168, p < 0.001) STN
(Fig. 3C). Similarly, the beta peak in STN-sensorimotor cortex coherence was suppressed by
DBS of the right (tcustersum < -14.258, p < 0.02) or left STN (tcustersum < -14.704, p < 0.002;

Fig. 3C, D). Detailed statistical results can be found in Supplemental Tables 1-2.
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Figure 3. DBS reduced beta power and beta coherence in the OCD patient. Logl0-transformed resting-state
power spectra (aperiodic fit subtracted) and topographies of beta (13-30 Hz) STN-MEG sensor coherence for the
right (A) and left (B) STN. (C; left) Log10-transformed resting-state power spectra (aperiodic fit subtracted) of
the right STN during DBS OFF and during right and left DBS ON. Significant differences for right DBS ON vs. OFF:
blue shade; left DBS ON vs. OFF: red shade; overlapping clusters: purple shade. (C; right) Topography of
coherence between the right STN and the MEG sensors during right DBS ON vs. OFF and left DBS ON vs. OFF.
Channels significantly modulated by right DBS are marked in black (left DBS: white, overlap: grey). (D) Source-
localized contrast between DBS ON and DBS OFF (left and right DBS averaged).
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Task-related modulations of subthalamic oscillations differed

between the OCD and the PD patient

Surprised by how closely the resting-state patterns of the OCD patient resembled those
reported for PD, we wondered whether we would find a more distinct oscillatory signature in
a task. Thus, we had the OCD patient perform a Go/NoGo task and compared the recordings

to a PD patient measured with the same setup.

On the cortical level, the responses were rather similar (Fig. 4). In Go trials, we observed
movement-related beta suppression after the Go stimulus, followed by a beta rebound. In
NoGo trials, the suppression was interrupted by an early increase in beta power,
differentiating response inhibition from execution (OCD M1: tcjustersum = -561.202, p < 0.001;
PD M1: teustersum = -711.0559, p < 0.001). On the level of the STN, the beta-dominated pattern
seen in cortex repeated in the PD patient (tcustersum = -312.723, p < 0.001), but appeared to
be shifted in frequency in the OCD patient, with differences arising in the theta band in left
(Fig. 4) and right STN (Supplemental Fig. 1). Specifically, NoGo trials were associated with
higher theta power than Go trials (tciustersum =-333.027, p < 0.001; Fig. 4A). Details are reported

in Supplemental Tables 3-4.
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Figure 4. Modulations of left subthalamic power associated with response inhibition differed between the
OCD and the PD patient. Top: time-frequency power spectra, contrast between Go and NoGo trials (pooled over
cue types), for the OCD patient (A) and the PD patient (B). The difference between baseline-corrected Go trials
and baseline-corrected NoGo trials is color-coded. Significant differences are marked by hatched lines within

contours. Bottom: band-average power time course, for beta (13-30 Hz), and theta (3-8 Hz) frequencies.

Discussion

DBS in OCD is rare and its effects on neural oscillations and their synchronization across basal

ganglia cortex loops are underexplored. Here, we demonstrate the existence of prominent
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beta oscillations, synchronized across STN and motor cortex in the resting-state, in a single
OCD patient. Interestingly, DBS suppressed these oscillations, as reported previously for
PD patients 7>4° Notably, we did not observe any DBS-entrained gamma activity in the
OCD patient at half the stimulation frequency, in line with the idea that it is related to

dopaminergic medication intake %!,

By providing a non-movement disorder control, this paper makes an important contribution
to the discussion on the link between two major effects of DBS: the dampening of beta
oscillations and the concurrent improvement of motor symptoms. Our results clearly indicate
that these two effects can (but need not) dissociate, with beta-suppression occurring in the
absence of any changes in motor performance. We thus conclude that DBS-responsive beta
oscillations are not necessarily a sign of PD. The fact that they do occur in several diseases

suggests that they might relate to physiological functions 42

, such as somatosensory
processing, the integration of sensory feedback with existing knowledge %3, and the
maintenance of current motor/cognitive output #4. Alternatively, they might represent a
common feature of PD and OCD, such as a high level of inhibition, arising either as a
consequence of neurodegeneration (PD) or from volitional processes such as withstanding
compulsions (OCD). The STN is likely involved in either process, as it integrates cognitive,

limbic and motor processes #2, with beta oscillations occurring in both motor- 1 and non-

motor 4 regions.

In contrast to the resting-state recordings, the Go/NoGo task revealed an oscillatory pattern
not familiar from the PD literature, which emphasizes the involvement of beta oscillations 4.
In the OCD patient, however, we found the strongest responses in the theta band. This finding
aligns with previous research linking altered theta activity to OCD symptoms ¢/, such as
the inability to inhibit compulsive behaviors or deal with conflict, an established correlate of
theta activity 4. To ensure that the deviation was not due to the methodology applied here,
we repeated the experiment in a single PD patient. As expected, we observed marked
modulations of STN beta power, possibly reflecting the disease’s characteristic overactivity of
STN-cortical pathways. Notably, motor cortex exhibited task-related beta modulations in both
patients. This might have led to corresponding beta-band modulations of subthalamic activity

in PD only, due to insufficient shielding of the STN from motor cortical drive 3.
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Of course, these ideas need to be tested in group studies. Case studies are limited by design,
particularly when comparing DBS patients with different electrode placements (Fig. 1). We
cannot rule out that a more anteromedial vs. dorsolateral electrode placement explains the
spectral shift observed here (beta modulation in PD, theta modulation in OCD). Yet, both of
the subthalamic compartments sampled here feature both theta and beta oscillations 448,
suggesting that the spectral shift is due to the disease rather than the subthalamic

compartment.

In summary, this case study illustrates how a task may uncover disease-specific STN
oscillations that are not apparent in resting-state. This aligns with functional MRI research,
demonstrating that task-based connectivity patterns contain more behaviorally relevant
information than resting-state connectivity 4. Importantly, our study proves that DBS-
responsive beta oscillations exist in non-movement disorders, demonstrating that these

oscillations are not necessarily a sign of motor impairment.
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Supplemental Results

Supplemental Table 1: Effects of left hemispheric DBS on STN power.

Freq. start [Hz] Freg. end [Hz] cluster statistic p-value
36 49 -39.547 <0.001
22 28 -22.863 <0.001
52 55 -10.775 <0.001
5 6 7.3950 0.010

The results from the cluster-based permutation test describe the effects of left hemispheric DBS on right STN power
(spectral test). The cluster statistic refers to the sum of t-values within a cluster. The sign of the statistic indicates

whether STN power was increased or reduced by DBS. Only clusters significant in a two-sided test are listed.

Supplemental Table 2: Effects of right hemispheric DBS on STN power.

Freq. start [Hz] Freg. end [Hz] cluster statistic p-value
32 55 -130.335 <0.001
19 30 -95.168 <0.001

The results from the cluster-based permutation test describe the effects of right hemispheric DBS on right STN power
(spectral test). The cluster statistic refers to the sum of t-values within a cluster. The sign of the statistic indicates

whether STN power was increased or reduced by DBS. Only clusters significant in a two-sided test are listed.



Supplemental Table 3: Effects of left hemispheric DBS on STN-cortex coherence.

location cluster statistic p-value
Bilateral sensorimotor -14.704 0.002
cortices

The results from the cluster-based permutation test describe the effects of left hemispheric DBS on beta coherence

between right STN and cortex (spatial test, sensor level). The cluster statistic refers to the sum of t-values within a

cluster. The sign of the statistic indicates whether coherence was increased or reduced by DBS. Only clusters

significant in a two-sided test are listed.

Supplemental Table 4: Effects of right-hemispheric DBS on STN-cortex coherence.

location cluster statistic p-value

Left Sensorimotor cortex -104.829 <0.001
Left parietal cortex 60.482 <0.001
Right Sensorimotor cortex -24.462 0.004

The results from the cluster-based permutation test describe the effects of right hemispheric DBS on beta coherence

between right STN and cortex (spatial test, sensor level). The cluster statistic refers to the sum of t-values within a

cluster. The sign of the statistic indicates whether coherence was increased or reduced by DBS. Only clusters

significant in a two-sided test are listed.



Supplemental Table 5: Left M1 power during Go vs. NoGo trials in OCD.

frequencies [Hz] time points [s] cluster statistic p-value
7.568 - 28.809 0.052 —1.000 -561.202 <0.001
23.682-32.471 0.548 - 1.500 316.069 <0.001
8.789 - 18.799 1.100 - 1.500 221.342 <0.001

The results from cluster-based permutation test describe the effects of trial type (Go or NoGo) on time-resolved
power in the left M1 of the OCD patient (time-frequency test). The cluster statistic refers to the sum of t-values within
a cluster. The sign of the statistic indicates whether baseline-corrected power increased or decreased in Go compared

to NoGo trials. Only clusters significant in a two-sided test are listed.

Supplemental Table 6: Left STN power during Go vs. NoGo trials in OCD.

frequencies [Hz] time points [s] cluster statistic p-value

2.441 - 7.568 -0.048 - 1.152 -333.027 <0.001

The results from cluster-based permutation test describe the effects of trial type (Go or NoGo) on time-resolved
power in the left STN of the OCD patient (time-frequency test). The cluster statistic refers to the sum of t-values within
a cluster. The sign of the statistic indicates whether baseline-corrected power increased or decreased in Go compared

to NoGo trials. Only clusters significant in a two-sided test are listed.

Supplemental Table 7: Left M1 power during Go vs. NoGo trials in PD.

frequencies [Hz] time points [s] cluster statistic p-value

6.348 - 27.588 -0.148 - 0.800 -711.056 <0.001

The results from cluster-based permutation test describe the effects of trial type (Go or NoGo) on time-resolved
power in the left M1 of the PD patient (time-frequency test). The cluster statistic refers to the sum of t-values within
a cluster. The sign of the statistic indicates whether baseline-corrected power increased or decreased in Go compared

to NoGo trials. Only clusters significant in a two-sided test are listed.



Supplemental Table 8: Left STN power during Go vs. NoGo trials in PD.

13.672 - 28.809 0.152 - 0.800 -312.723 <0.001

18.799 - 26.367 1.200 - 1.500 81.775 0.004

The results from cluster-based permutation test describe the effects of trial type (Go or NoGo) on time-resolved
power in the left STN of the PD patient (time-frequency test). The cluster statistic refers to the sum of t-values within
a cluster. The sign of the statistic indicates whether baseline-corrected power increased or decreased in Go compared

to NoGo trials. Only clusters significant in a two-sided test are listed.
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Supplemental Figure 1: Modulations of right subthalamic power associated with response inhibition differed
between the OCD and the PD patient. Top: time-frequency power spectra, contrast between Go and NoGo trials
(pooled over cue types), for the OCD patient (A) and the PD patient (B). The difference between baseline-corrected
Go trials (% change) and baseline-corrected NoGo trials (% change) is color-coded. Significant differences are marked
by hatched lines within contours. Bottom: band-average power time course, for beta (13-30 Hz), and theta (3-8 Hz)

frequencies.
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