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Glossary

Glossary

APA anticipatory postural adjustment

BG basal ganglia

DBS deep brain stimulation

EEG electroencephalography

EMG electromyography

fMRI functional magnetic resonance imaging
FOG freezing of gait

FOG-Q freezing of gait questionnaire

GPe external segment of the globus pallidus
GPi internal segment of the globus pallidus
LFP local field potential

M1 primary motor cortex

MEG magnetoencephalography

MLR mesencephalic locomotor region

PD Parkinson's disease

PIGD postural instability and gait difficulty
PMC premotor cortex

PMRF pontomedullary reticular formation
PPC posterior parietal cortex

PPN pedunculopontine nucleus

SMA supplementary motor area

STN subthalamic nucleus

SNc substantia nigra pars compacta

SNr substantia nigra pars reticulate

UPDRS Unified Parkinson’s Disease Rating Scale



Summary

Summary

Bicycling and walking are two highly automated movements based on oscillatory activity in a
distributed network comprising cortical and subcortical brain regions, spinal cord, and muscles.
Alterations in the communication between these regions are observed in Parkinson’s disease (PD),
a neurodegenerative disorder associated with pathological synchronization of oscillatory activity in
the basal ganglia (BG). Consequently, gait impairments are a hallmark of PD. These are even more
pronounced in PD patients suffering from freezing of gait (FOG), a puzzling phenomenon
characterized by the sudden inability of forward progression. Although accumulating evidence
suggests FOG to be associated with deficient movement automaticity, executive dysfunctions, and
altered communication between cortical and subcortical regions, the exact underlying mechanism
remains elusive so far. As bicycling ability is surprisingly retained in this patient population,
comparing neural control of bicycling and walking offers a unique starting point for understanding
the complex pathophysiology of FOG. Importantly, bicycling was also shown to be effective

ameliorating PD symptoms, raising the question about its effect on brain activity.

This thesis contrasted modulation of neural oscillations by bicycling and walking in healthy subjects
and PD patients in order to provide insight into both cortical and subcortical control of movement.
Its ambition was to contribute to the understanding of the paradoxical bicycling capacity in patients

with FOG, thereby revealing oscillatory signatures related to freezing susceptibility.

Two studies were performed based on the same experimental paradigm including initiation,
execution, and termination of bicycling on a stationary bicycle as well as walking. Brain activity was
concurrently recorded together with electromyography of the leg muscles and movement

parameters including the knee angle and the pedal position.

Since not much is known about how bicycling differs from walking with respect to motor cortex
activity, study 1 acquired electroencephalography in healthy participants to scrutinize modulation of
alpha (8-12 Hz) and beta (13-35 Hz) rhythms that are known to be crucial for movement control.
Interestingly, bicycling and walking were found to be accompanied by different oscillatory dynamics.
Bicycling resulted in stronger sustained modulations of high beta band (23-35 Hz) activity but weaker
alpha band activity relative to walking. At the same time, walking was characterized by stronger
power modulations in the 24-40 Hz range as a function of the movement cycle. Apart from
identifying frequency specific aspects of cortical motor control, these results suggest that bicycling
involves stronger overall cortical activation while walking demands more cortical monitoring of

ongoing movement.



Summary

Study 2 aimed at characterizing modulation of oscillatory activity in the BG of PD patients by
recording local field potentials from electrodes implanted in the subthalamic nucleus (STN) for deep
brain stimulation (DBS). Especially synchronization in the beta band was scrutinized as this is closely
associated with the pathophysiology of PD. Study 2 revealed stronger STN beta power suppression
during bicycling relative to walking. Crucially, patients with FOG showed an abnormal ~18 Hz
oscillation during walking that was alleviated in bicycling. This suggests synchronization at ~18 Hz as
an oscillatory signature for freezing susceptibility with freezing episodes being the consequence of a

movement-inhibiting signal in a subcortical network.

The presented studies elucidate functional differences in the motor network subserving bicycling and
walking, providing a key piece of the mechanism explaining how bicycling ability can remain
preserved in patients with FOG. Results highlight the pivotal role of different specific beta rhythms in
this context. Bicycling was accompanied by stronger beta power suppression in the striato-thalamo-
cortical network, likely arising from its more continuous nature entailing low computational load on
the motor system. Walking, on the other hand, is computationally more demanding and thus
susceptible to excessive synchronization in the BG. This might finally result in ‘overloading’ the
network involved in locomotion. This thesis thus provides important groundwork for future research
clarifying the mechanism behind FOG. It may enlarge the therapeutic options for treating PD

symptoms by including new DBS stimulation strategies and cycling protocols.
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Zusammenfassung

Fahrradfahren und Gehen sind zwei hoch automatisierte Bewegungsabldufe. Sie basieren auf einer
feinabgestimmten Modulation neuronaler oszillatorischer Aktivitat in einem motorischen Netzwerk.
Dieses umfasst sowohl kortikale und subkortikale Gehirnregionen, als auch Rickenmark und

Muskeln.

Die Kommunikation im motorischen Netzwerk ist bei Morbus Parkinson gestort. Bei dieser
neurodegenerativen Erkrankung der Basalganglien, die mit pathologisch veranderter oszillatorischer
Aktivitat assoziiert wird. Damit verbunden sind erhebliche Beeintrachtigungen beim Gehen.
Diese sind noch schwerwiegender bei Patienten mit dem sogenannten ,Freezing-Phanomen”, was
durch ein plotzliches ,Einfrieren” der Bewegung charakterisiert ist. Zahlreiche Studien lieferten
Hinweise darauf, dass ,Freezing” mit einer gestorten Kontrolle automatisierter Bewegungen,
exekutiven Defiziten und einer beeintrachtigten Kommunikation zwischen kortikalen und
subkortikalen Gehirnregionen einhergeht. Dennoch ist der genaue Pathomechanismus bisher
unerkannt. Im Rahmen dieser Studien wurde auferdem die erstaunliche Beobachtung gemacht, dass
Parkinson-Patienten, die unter dem ,Freezing-Phdanomen” leiden, nahezu immer ohne Probleme
Fahrradfahren koénnen. Dies bietet einen vielversprechenden Ansatzpunkt, um den komplexen
Pathomechanismus des ,Freezing-Phdanomens” zu erforschen. Darliber hinaus wurde eine positive
Wirkung von Fahrradfahren auf die Symptome der Parkinson-Krankheit gezeigt, was die Frage nach

den zugrundeliegenden neuronalen Prozessen mit sich zieht.

Diese Doktorarbeit befasste sich mit der Modulation neuronaler oszillatorischer Aktivitdt beim
Fahrradfahren und Gehen. Es wurden sowohl die kortikale Gehirnaktivitdt gesunder Probanden als
auch die subkortikale Gehirnaktivitdat von Parkinson-Patienten untersucht. Ziel war es, durch den
Vergleich bewegungsspezifischer Gehirnaktivitdt Riickschliisse auf neuronale Bewegungssteuerung

und neuronale Korrelate des ,Freezing-Phanomens” zu ziehen.

In diesem Sinne wurden zwei Studien basierend auf einem einheitlichen Paradigma durchgefihrt.
Dabei wurden Gehirn- und Muskelaktivitdt beim Initiieren, Ausiiben und Terminieren von
Fahrradfahren auf einem Ergometer und Gehen gemessen. Zusatzlich wurden Bewegungsparameter

wie der Kniewinkel und die Pedalposition simultan aufgezeichnet.

Studie 1 erforschte die bewegungsspezifische Modulation oszillatorischer Aktivitdt im
sensomotorischen Kortex bei gesunden Probanden mithilfe der Elektroenzephalographie. Der Fokus
lag dabei auf dem Alpha- (8-12 Hz) und Beta-Band (13-35 Hz), entscheidende Frequenzbander im

Rahmen der Bewegungskontrolle. Wahrend Fahrradfahren zu einer anhaltenden Verminderung von
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Aktivitat im oberen Beta-Band (23-35 Hz) fiihrte, war Gehen mit einer Verminderung von Aktivitat im
Alpha-Band assoziiert. Zudem zeigte sich eine ausgepragte Modulation der Aktivitat im 24-40 Hz
Band beim Gehen, die an spezifische Phasen des Bewegungszyklus gekoppelt war. Diese Ergebnisse
legen eine differenzierte, frequenzabhiangige kortikale Kontrolle von komplexen Bewegungsabldufen
nahe. Sie deuten auf eine starkere allgemeine kortikale Aktivierung beim Fahrradfahren hin, die mit

einem reduzierten Bedarf an kortikaler Kontrolle augenblicklicher Bewegungsablaufe einhergeht.

Studie 2 beschaftigte sich mit der Modulation von Hirnaktivitat der Basalganglien von Parkinson-
Patienten durch Bewegung. Dabei ermoglichte die chirurgische Implantation von Elektroden zur
therapeutischen Tiefenhirnstimulation die Aufzeichnung lokaler Feldpotentiale aus dem Nucleus
subthalamicus (STN). Der Fokus lag insbesondere auf Beta Oszillationen, die bekanntermallen ein
pathologisches Korrelat der Parkinson-Erkrankung darstellen. Es zeigte sich eine starkere
Unterdriickung der Aktivitat im Beta-Band beim Fahrradfahren. Zudem konnte erstmalig gezeigt
werden, dass Parkinson-Patienten mit dem ,Freezing-Phdanomen” abweichende oszillatorische
Aktivitdt um 18 Hz beim Gehen, nicht jedoch beim Fahrradfahren, aufweisen. Diese stellt vermutlich
ein neurophysiologisches Korrelat fiir die Anfalligkeit fir ,Freezing” dar. Das legt den Schluss nahe,
dass ,Freezing-Episoden” die Konsequenz eines bewegungshemmenden Signals in subkortikalen

Netzwerken sind.

Die vorliegenden Studien tragen wesentlich zum Verstiandnis funktionaler Unterschiede im
motorischen Netzwerk beim Fahrradfahren und Gehen bei. Die Ergebnisse betonen in diesem
Zusammenhang die herausragende Rolle verschiedener frequenzspezifischer Beta Oszillationen.
Fahrradfahren ging mit einer Minderung von Beta Oszillationen im motorischen Netzwerk einher.
Dies ist wahrscheinlich auf den kontinuierlichen Bewegungsablauf zurlickzufiihren, der mit einer
niedrigen Belastung des motorischen Systems einhergeht. Die mit dem Gehen verbundene erhohte
Belastung des motorischen Systems ist stattdessen mit einer Anfalligkeit fiir erhdhte STN Aktivitat
um 18 Hz bei Patienten mit , Freezing-Phdnomen* assoziiert. Das kann eventuell in einer Uberlastung
des motorischen Systems enden, einem Einfrieren der Bewegung. Die Ergebnisse bieten somit
wichtige Ansatzpunkte, um den Pathomechanismus des ,Freezing-Phdnomens” genauer zu
untersuchen und die bisherigen Therapieoptionen bei Parkinson durch neue Stimulationsstrategien

und Radfahrprotokolle zu bereichern.



Introduction

1 Introduction

Both bicycling and walking are complex coordinated movements. Nevertheless, pedaling and walking
without effort is commonly taken for granted and can be executed with a high degree of
automaticity. Furthermore, the movement pattern can be easily adapted to environmental
requirements, e.g. when the surface is getting uneven or the traffic light is suddenly changing to red.
Once learned, both types of movement can be mostly carried out without the need for conscious
control. However, having in mind the effort and time children spend learning how to walk or to bike,
one can imagine that locomotion is more difficult than we usually think. It is the result of a complex
interplay between different brain regions, spinal cord, and muscles. In this regard, neural oscillations,
periodic fluctuations in the membrane potential of a neuronal population, serve as an important
mechanism of communication between these brain regions (reviewed by Schnitzler and Gross, 2005).
As in an orchestra, timing and scaling of movement is crucial to enable smooth output. But what if
the conductor, the striato-thalamo-cortical loop, is no longer able to perform its job satisfactorily?
This might be the case in patients with freezing of gait (FOG), a common symptom in advanced
Parkinson’s disease (PD). FOG is an episodic lack of intended forward progression, characterized
by the feeling of the feet being glued on the floor (reviewed by Nutt et al., 2011a). Although
numerous theoretical models have been developed, each focusing on specific aspects of FOG,
a comprehensive model is still missing. It has been postulated that freezing is not limited to gait but
the result of a core motor control problem affecting different kinds of movement (reviewed by
Vercruysse et al., 2014). Surprisingly, bicycling abilities are apparently preserved in patients with FOG
(Snijders and Bloem, 2010; Snijders et al., 2011b, 2012b). This is puzzling with respect to our
understanding of the human motor system and strongly suggests that, despite the similarity in their
rhythm and involved muscle groups (Raasch and Zajac, 1999), bicycling and walking may involve the

motor network in different ways.

This thesis aimed to contrast neural oscillations underlying bicycling and walking in healthy subjects
and PD patients in order to provide insight into both cortical and subcortical control of movement

and how this is related to the preserved bicycling ability in PD patients.
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Introduction

1.1 Neural control of locomotion

Locomotion is an integral part of our everyday life and based on the temporally precisely coordinated
activation and inhibition of muscles, multisensory integration, and postural control. Besides
descending motor commands, afferent feedback is an indispensable aspect of locomotor control as it
serves the regulation of ongoing movements with respect to changing environmental conditions

(Nielsen and Sinkjaer, 2002).

In order to move safely in our environment, a fine-tuned, hierarchically organized system has
developed that enables efficient, fast and flexible control of locomotion (reviewed by Jahn et al.,
2008a; Nutt et al., 2011b; Takakusaki, 2013). Cortical locomotor commands are primarily transmitted
via the basal ganglia (BG) and the mesencephalic locomotor region (MLR) to lower level brainstem
regions such as the pontomedullary reticular formation (PMRF), and spinal cord. Descending motor

commands are modulated by further input from the cerebellum (Fig. 1).

Motor Cortex

Thalamus

Basal /
Ganglia

Cerebellum

PMRF

[

Spinal Cord

4

Figure 1: The locomotor network. Simplified schematic illustration of the most important brain
regions involved in supraspinal control of human locomotion. Hierarchically organized locomotor
control from the cortex to the spinal cord is mainly exerted via the basal ganglia and modulated by the
cerebellum. Information is integrated at the level of the mesencephalic locomotor region (MLR) and
the pontomedullary reticular formation (PMRF) and conveyed to the spinal cord. Adapted and
modified from Jahn et al. (2008a); Nutt et al. (2011b) and Takakusaki (2013).
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Introduction

1.1.1 Cerebral cortex

Cortical motor areas exert the highest level of locomotor control and enable the dynamical and
volitional adaptation of complex, coordinated movements. In this regard, activation of an extensive
network has been shown including the premotor cortex (PMC), supplementary motor area (SMA),

sensorimotor cortex, and the parietal cortex (reviewed by Swinnen, 2002).

The primary motor cortex (M1) is especially associated with movement execution while the SMA
is particularly dedicated to planning, initiation, and coordination of voluntary movements
(Christensen et al., 2000; Miyai et al., 2001; Sahyoun et al., 2004; la Fougere et al., 2010). In this
regard, neuroimaging studies including positron emission tomography or functional near infrared
spectroscopy revealed pronounced SMA activity during more complex locomotor tasks, such as

avoiding obstacles (Malouin et al., 2003) and backwards walking (Kurz et al., 2012).

An important dissociation exists with respect to cortical involvement in internally and externally
guided movements. The SMA is part of the striato-thalamo-cortical loop connecting BG, thalamus,
and cortex and associated with internally generated movements. Externally triggered movements are
thought to rely on the cerebello-thalamo-cortical loop connecting the cerebellum with frontoparietal
areas including the PMC and parietal cortex (Debaere et al., 2003; Taniwaki et al., 2006). In line with
this it was shown that walking in a virtual reality guided by interactive feedback elicited increased
activity in PMC and parietal cortex as measured with electroencephalography (EEG; Wagner et al.,,
2014). The posterior parietal cortex (PPC) was observed to react to auditory pacing cues during
treadmill walking (Wagner et al., 2016). This supports the general assumption of multisensory
integration and matching of anticipated and real sensorimotor feedback being a hallmark of PPC

functioning (Buneo and Andersen, 2006).

1.1.2 Basal ganglia

The BG are a key hub in the motor system. They consist of highly interconnected nuclei, i.e., the
striatum, the external and internal segment of the globus pallidus (GPe and GPi), the subthalamic
nucleus (STN), and the compact and reticular compartment of the substantia nigra (SNc and SNr).
The most outstanding feature of the BG is that they form segregated, parallel loops with the cortex
(Alexander et al., 1986). These striato-thalamo-cortical loops convey information from different
domains, e.g. limbic, motor, and associative information, depending on the involved cortical region.
Due to this unique architecture, the BG are suited to integrate information from multiple modalities
and thus contribute to a variety of functions ranging from movement selection and inhibition

(Mink, 1996) to learning and habit formation (reviewed by Ashby et al., 2010). As they are thought to
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mediate both automatic and volitional control of movements (reviewed by Redgrave et al., 2010),

gait impairments are closely linked to BG dysfunctions (reviewed by Takakusaki et al., 2008).

In addition to the parallel loop architecture, the intrinsic connections of the BG are organized in form
of a direct and indirect pathway (Albin et al., 1989; DelLong, 1990). Cortical input enters the BG
primarily via the striatum, whereas GPi and SNr are the main output nuclei. Information is either
conveyed directly or indirectly via GPe and STN. This architecture enables precise and flexible
adjustment of the tonic inhibitory control over thalamus and brainstem. Activity in the direct
pathway inhibits the BG output structures, leading to a decrease of the thalamic inhibition.
Conversely, activity in the indirect pathway excites the BG output structures via inhibition of the
GPe and subsequent disinhibition of the STN, thus thalamic inhibition is increased. Although this
model is simplified, it provides a generally accepted framework for investigation function and

disorders of the BG.

The STN deserves special attention. It is the only glutamatergic nucleus in the system and the primary
target for therapeutic deep brain stimulation (DBS) in PD patients. The surgical procedure for DBS
permits to record pathological alterations of STN activity in PD. This was also done in study 2 of the
thesis at hand. The STN receives direct cortical projections from cortical motor areas via the so-called
hyperdirect pathway (Nambu et al., 1996). The pivotal role of this pathway in PD pathophysiology is
becoming increasingly more recognized (de Hemptinne et al., 2013; Oswal et al., 2016). It is suitable
to control response inhibition and switching of behavior due to environmental changes, especially in

the presence of conflict (Aron and Poldrack, 2006; Frank, 2006; Cavanagh and Frank, 2013).

1.1.3 Mesencephalic locomotor region

The MLR is one of the most important locomotor centers located in the brainstem. It consists of the
cuneiform and subcuneiform nuclei, and the pedunculopontine nucleus (PPN). Especially the latter
has gained much attention with regard to normal and pathological gait (reviewed by Jenkinson et al.,
2009). The PPN is a heterogeneous structure that contains cholinergic and glutamatergic neurons
and has tight reciprocal connections with the BG, cerebellum, and lower brainstem regions (reviewed
by Martinez-Gonzalez et al., 2011). The PPN is considered to be involved in balance, postural control,
initiation, and maintenance of gait (Jahn et al., 2008b; Karachi et al., 2010; Tattersall et al., 2014).
Evidence has accumulated that it is more than a simple relay station between BG and brainstem but
is involved in motor planning and information integration via descending and ascending pathways

(Tattersall et al., 2014; Lau et al., 2015).
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1.1.4 Cerebellum

A further important player in the control of locomotion is the cerebellum. It is primarily involved in
motor adaptation based on sensory prediction errors (Tseng et al., 2007; Schlerf et al., 2012) with
cerebellar damage leading to e.g. impaired predictive locomotor adaption during walking on a split-
belt treadmill (Morton and Bastian, 2006). The cerebellum is further involved in coordination
(Debaere et al., 2004) and control of posture and balance (reviewed by Morton and Bastian, 2004).
It has direct reciprocal connections with the BG (reviewed by Bostan et al.,, 2013). Yet, BG and
cerebellum were shown to form distinct loops with the cortex, i.e. the cerebello-thalamo-cortical and

the striato-thalamo-cortical loops (reviewed by Middleton and Strick, 2000).

1.2 Neural oscillations

Exchange of information within the distributed locomotor network is essential for successful motor
performance. Oscillatory activity is an important mechanism suited for local and long-range

communication between brain areas (reviewed by Varela et al., 2001; Schnitzler and Gross, 2005).

1.2.1 Measurement of neural oscillations

Neural oscillations are periodic voltage fluctuations in the membrane potential of neuronal
populations. As such, they can be identified at different scales using non-invasive and invasive

electrophysiological techniques (Fig. 2). Both have been applied in the current thesis.

wFpzlV VN W

wF7 T

:i: P e Figure 2: Electrophysiological techniques to

vFd measure oscillatory activity. Rhythmic variations

:2 in the electrical activity of the brain (upper panel)

wC3 can be measured in form of EEG and local field
potential (LFP) signals. EEG signals are recorded

with an electrode cap covering the scalp with the
7777777 underlying cerebral cortex (lower left panel). LFP
o signals can be recorded from DBS electrodes that
are implanted for subsequent therapeutic
stimulation of subcortical brain regions (lower
right panel). The number of electrode contacts
depends on the manufacturer. Electrodes with 8

contacts were used in study 2.

EEG is an established non-invasive method to measure electrical potentials from outside the skull.
Although EEG provides great temporal resolution, it lacks spatial resolution and is more suitable for
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cortical activity. Oscillatory activity can also be observed in local field potentials (LFPs) recorded from
deep brain structures such as the BG. This is done during or immediately after the therapeutic
implantation of electrodes for DBS in the context of neurological diseases such as PD. Such a DBS
electrode is depicted in Fig. 2 (lower right panel). This way, LFPs can be assessed that encompass all
transmembrane currents but mainly represent extracellularly-recorded synaptic activities of a

neuronal population (reviewed by Buzsaki et al., 2012).

1.2.2 Analysis of neural oscillations

Oscillatory activity can be analyzed by transforming the recorded electrophysiological signal into the
frequency domain by means of Fourier transformation. This results in information about phase and
amplitude as a function of frequency. Importantly, all three parameters provide information about

the communication within and between brain networks.

Spectral power is defined as squared amplitude at a given frequency. It is assumed to reflect the
degree of synchronization within a neuronal population but is also affected by the number of
neurons that engage in this rhythmic activity. The latter may also be related to the oscillation
frequency. Low frequency oscillations are associated with large neuronal populations, whereas high
frequency oscillations likely originate from more focal populations. Traditionally, oscillation
frequencies are divided into five frequency bands: delta (<4 Hz), theta (4-7 Hz), alpha (8-12 Hz), beta
(13-30 Hz), and gamma (>30 Hz). Research has revealed even faster oscillatory activity in deep brain
structures, the so-called high-frequency oscillations (HFOs >200 Hz) (Foffani et al., 2003; Ozkurt et al.,
2011; Wang et al., 2014). Interestingly, oscillations at different frequencies do interact with each
other. For example, the amplitude of HFOs was shown to be coupled to the phase of beta oscillations

in PD patients (Lépez-Azcérate et al., 2010; Ozkurt et al., 2011; Yang et al., 2014; Storzer et al., 2015).

Notably, these frequency bands are associated with specific functions and disease states. While e.g.
activity in the gamma band has been related to attention and memory (reviewed by Jensen et al.,

2007), beta oscillations are tightly linked to sensorimotor functions.

1.2.3 Modulation of beta oscillations by movement

Investigating oscillatory dynamics in the context of movement has led to the finding of a stable
oscillatory pattern in the motor network that has been extensively studied since then. Power in the
alpha and beta band is suppressed immediately before and during movement execution and
increases above baseline level after movement termination (reviewed by Pfurtscheller and Lopes da
Silva, 1999). These dynamics have traditionally been labeled event-related desynchronization and

event-related synchronization referring to the assumed underlying neural processes. For the sake of
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brevity, this section will focus on cortical beta power changes, while subcortical beta power changes

will be elucidated in the section dedicated to PD (section 1.3.2).

Beta oscillations have been assumed to be an indicator of sensorimotor cortex activity (reviewed by
Neuper and Pfurtscheller, 2001). Along these lines, the increase of beta power after movement
termination, the so-called beta rebound, was thought to reflect the shift from an active to an idling
state or even inhibited state of the motor cortex (Pfurtscheller et al., 1996; Solis-Escalante et al.,
2012). However, evidence indicates beta power modulation to be more than a simple by-product of
movement execution. For example, beta power modulation can also be elicited in the absence of real
movement during passive and imagined movements (Alegre et al., 2002; Miiller-Putz et al., 2007),

and tactile stimulation (van Ede and Maris, 2013).

What is the functional role of beta oscillations? Engel and Fries (2010) proposed beta power to
represent maintenance of the current motor state. Deviating from the traditional perspective, the
authors reasoned beta oscillations to reflect an active process that promotes the existing motor state
at the expense of new voluntary movement. Based on this widely accepted model, beta power
suppression has been further related to the likelihood of a subsequent movement (Jenkinson and
Brown, 2011) and to the control of computational capacity within the striato-thalamo-cortical

network (reviewed by Brittain et al., 2014).

1.2.4 Oscillatory activity underlying bicycling and walking

Given the importance of locomotion for our everyday life, relatively little is known about oscillatory
dynamics subserving locomotion. Hitherto, previous studies have consistently shown that
sensorimotor alpha and beta power are suppressed during a diversity of walking tasks (e.g. Presacco
et al., 2011; Wagner et al., 2012; Seeber et al., 2014). Strikingly, natural overground walking has not
yet been investigated with EEG. It was already demonstrated that behavioral and cortical activity is
affected by differences in the experimental setup as by using a treadmill or a robotic gait orthosis
(Bulea et al., 2015; Knaepen et al., 2015a). This emphasizes the need for investigating locomotor

control in the most natural setting for the sake of a high external validity.

Generally, increasing sensorimotor demands during walking resulted in a stronger sensorimotor
alpha and beta power suppression (Presacco et al., 2011; Wagner et al., 2012, 2014; Sipp et
al., 2013). Thus, stronger power suppression might reflect increased cortical engagement during
more complex tasks. In addition to the sustained movement-related alpha and beta power
suppression, Gwin et al. (2011) were the first to demonstrate that cortical power is dynamically
modulated relative to the phase of the gait cycle, i.e., the interval between two consecutive right

heel strikes. Although initially suspected to reflect artifacts rather than real cortical processing,
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gait cycle-dependent sensorimotor power modulation in the 24-40 Hz range has been consistently
replicated by different groups (Wagner et al., 2012; Seeber et al., 2014; Bulea et al., 2015). As can be
derived from Fig. 3, power in the 24-40 Hz range decreases and subsequently increases twice in the
gait cycle. Similarly, positive and negative movement-related potentials have been shown to be
locked to the gait cycle (Wieser et al., 2010; Knaepen et al., 2015b). Seeber and colleagues (2014)
nicely illustrated that movement-related beta power suppression and gait cycle-dependent power
modulation are separate but superimposed phenomena, prompting the hypothesis that they reflect
different neuronal processes. While beta power suppression likely reflects a sustained active state of
the sensorimotor cortex during walking, gait cycle-dependent modulation can be related both to

motor planning and subsequent sensorimotor processing (Wagner et al., 2012; Seeber et al., 2014).
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Evidence for cortical involvement in locomotion is more abundant in walking. However, Jain et al.
(2013) investigated cortical activity underlying recumbent bicycling on a stationary bicycle. They
were able to confirm previous findings in the context of walking by demonstrating sustained
sensorimotor beta power suppression and alternating negative and positive cortical potentials that
are locked to the pedal cycle. Moreover, they demonstrated sensorimotor activity to be correlated
with electromyographic (EMG) activity of the leg muscles. These results are not unexpected given the
vast similarity between bicycling and walking in their rhythm and involved muscle groups (Raasch
and Zajac, 1999). Yet, active walking was accompanied by stronger gait cycle-dependent power
modulations (Wagner et al., 2012), while active bicycling was found to lead to an attenuation of
pedal cycle-dependent cortical potentials (Jain et al., 2013). It was assumed that the corticospinal
drive in bicycling led to gating of sensory input (Duysens et al., 2013; Jain et al., 2013). These results

emphasize movement specific differences in the cortical control of locomotion.
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1.3 Parkinson’s disease

PD is a progressive neurodegenerative disease that was first described by James Parkinson in 1817
(Parkinson, 1817). It is the second most common neurodegenerative disorder after Alzheimer’s
disease (reviewed by de Lau and Breteler, 2006) and characterized by a spectrum of motor as well as

non-motor symptoms.

1.3.1 Clinical characteristics

PD is primarily associated with a combination of the cardinal motor symptoms: bradykinesia, rest
tremor, rigidity, and postural instability. These symptoms are especially relevant for clinical diagnosis
but secondary motor symptoms such as dysarthria and FOG and non-motor symptoms such as
cognitive and behavioral problems coexist with the cardinal symptoms (reviewed by Jankovic, 2008).
Motor symptom severity is clinically rated according to the motor section of the Unified Parkinson’s
Disease Rating Scale (UPDRS Ill; Goetz et al., 2008). Progression of PD is further classified by means of
the Hoehn and Yahr scale with stage 1 covering the initial symptom lateralization and stage 5

characterizing patients’ complete immobility (Hoehn and Yahr, 1967).

PD is a heterogeneous disease that can be divided into two clinical subtypes, i.e., the tremor-
dominant and akinetic-rigid or postural instability and gait difficulty (PIGD) subtype, respectively
(reviewed by Thenganatt and Jankovic, 2014). The tremor-dominant subtype suffers predominantly
from rest tremor and has a relative good prognosis with slow progression. Opposed to this, the PIGD
subtype is mainly affected by bradykinesia and rigidity and has a rather rapid progression.
This subtype is also more closely related to continuous gait difficulties, a hallmark of PD. It has been
shown that PD gait disturbances are evident in five domains: pace, rhythm, variability, asymmetry,

and postural control (Galna et al., 2015).

To sum up, PD patients walk slowly, with a high temporal and spatial variability and asymmetry, and

they have poor postural control.

1.3.2 Pathophysiology

PD symptoms result from a progressive death of dopaminergic cells which is most prominent in the
SNc. The cause of this cell death remains to be clarified; yet, a complicated interplay of genetic and
environmental factors was suggested (reviewed by Kalia and Lang, 2015). Lewy bodies that are
aggregates of abnormally folded proteins are especially associated with the pathophysiology of PD.
As an example for a genetic factor, mutation of the a-synuclein encoding gene causes accumulation

of Lewy bodies in the brain, spinal cord, and peripheral nervous system.
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Loss of dopaminergic neurons in the SNc disrupts the functionality of the BG. According to the
classical rate model of PD, dysfunctions are the result of imbalance between the direct and indirect
pathway within the basal ganglia-cortical loop (Albin et al., 1989; DelLong, 1990). Dopamine depletion
leads to less activity within the direct pathway mediated by D1 dopamine receptors, while activity
increases in the indirect pathway mediated by D2 dopamine receptors. As a consequence, thalamic
inhibition is increased which leads to decreased feedback to the cortex. Many of the basic
assumptions of the classical rate model have been experimentally confirmed. The model, however,
has its inconsistencies and is oversimplified. For example, it is likely that not only changes in neuronal
discharge rates but also changes in temporal discharge patterns and synchronization within
and beyond the BG network contribute to the pathophysiology of PD (reviewed by Nelson and
Kreitzer, 2014).

With regard to synchronization, oscillatory activity in the striato-thalamo-cortical loop is commonly
considered to be altered in Parkinson’s disease (reviewed by Schnitzler and Gross, 2005; Hammond
et al.,, 2007; Oswal et al., 2013). Research highlighted activity in the beta band to be abnormally
increased and linked to akinesia and rigidity (Kihn et al., 2006, 2009). A causal role between beta
oscillations and motor impairment was further illustrated by slowed movements as a consequence of
stimulating different nodes in the striatho-thalamo-cortical loop in the beta range (Chen et al., 2007;
Pogosyan et al., 2009). This is in line with the proposed functional role of beta oscillations
(section 1.2.1), i.e., maintaining the status-quo at the expense of voluntary movement (Engel and

Fries, 2010).

1.3.3 Treatment

Dopamine replacement and DBS are widely used therapeutic means for treating Parkinson’s disease
symptoms. In the early disease stages, dopamine agonists and levodopa, a dopamine precursor,
are the most effective treatment options. When pharmacological intervention starts to become
ineffective and even induces complications such as dyskinesia and hyperkinesia, DBS is considered
the therapy of choice (Deuschl et al., 2006). DBS involves implantation of electrodes preferentially in
GPi and STN and applying electrical current pulses typically at 130 Hz that are generated by
a subcutaneous stimulator. Although the exact mechanisms of DBS remain uncertain, DBS likely
affects neuronal firing, oscillations, and neurotransmitters (reviewed by Benabid et al., 2009).
Importantly, DBS was shown to alter beta band activity within the basal ganglia-cortical network

(Oswal et al., 2016).

Unfortunately, DBS effects on Parkinsonian gait and postural instability are rather variable, probably

due to the involvement of different functional pathways (reviewed by Fasano et al.,, 2015).
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To complement classical treatment options, exercise interventions might be used in PD patients to
improve balance and gait. Treadmill training, dancing, forced cycling, and even boxing have been

shown to improve motor and cognitive functions (reviewed by Petzinger et al., 2013).

1.3.4 Neural control of locomotion in Parkinson’s disease

It is assumed that every structure in the locomotor network (section 1.1) contributes to gait
impairments in PD (Fig. 4). More specifically, slowed gait, increased variability, and poor postural
control are thought to be independent features that may be attributed to partially distinct neural

networks (reviewed by Bohnen and Jahn, 2013; Peterson and Horak, 2016).
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Figure 4: Disturbances in the locomotor network in PD patients. Dopamine depletion leads to
increased inhibitory output from the BG to the thalamus and brainstem and thus reduced automatic
control of gait. Altered activity in the striato-thalamo-cortical loop is compensated for by increased
activity in the cerebello-thalamo-cortical loop as well as by increased cortical control of gait. These
alterations are associated with slowed gait, increased gait variability, and poor postural control.
Pathological changes are marked in red and compensatory changes in green. Underactive pathways
are indicated by dashed lines while the increase of BG output is highlighted by the thicker lines. MLR =
mesencephalic locomotor region; PMRF = pontomedullary reticular formation. Adapted and modified
from Bohnen and Jahn (2013) and Peterson and Horak (2016).
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Altered activity in the striato-thalamo-cortical loop might be related to gait slowness. Based on the
classical rate model (section 1.3.2), reduced levels of dopamine cause an increase in BG inhibitory
output to the thalamus and brainstem. This in turn might lead to insufficient facilitation of
movement especially at the level of the SMA. In line with this hypothesis, reduced activation of the
SMA has been observed during imagined gait in PD patients (Hanakawa et al., 1999). Additionally,
grey matter atrophy in the SMA was found to be associated with increased severity of postural
instability and gait difficulty (Rosenberg-Katz et al., 2013). Importantly, pace-related gait measures
could be markedly improved by levodopa (Curtze et al., 2015), which tallies with levodopa-related
normalization of SMA activation (Haslinger et al., 2001). Altered activity within the striato-thalamo-
cortical loop is also compensated for by a greater dependency on externally guided movements

mediated by the cerebello-thalamo-cortical loop (reviewed by Hallett, 2008).

Higher spatiotemporal gait variability might be the consequence of increased cortical control of
locomotion compensating for reduced automatic control of locomotion (striato-thalamo-cortical
loop). It is widely excepted that PD patients have problems concerning automatic motor control
(reviewed by Wu et al., 2015). Conversely, increased dual-task costs during walking hint towards
enhanced cortical involvement in locomotion (reviewed by Kelly et al.,, 2012). Yogev et al. (2005)
showed that regulation of gait rhythmicity and variability is an automatic process in healthy adults

that becomes attention-demanding in PD patients.

Postural instability has been related to cholinergic dysfunction at the level of the PPN. Lesioning the
cholinergic part of the PPN resulted in gait and postural deficits in monkeys (Karachi et al., 2010).
Intriguingly, the authors were also able to show that cholinergic neurons degenerated more in PD
patients with balance deficits. Consequently, the PPN is considered as an alternative DBS target if
gait disturbances are unresponsive to levodopa (reviewed by Collomb-Clerc and Welter, 2015).
Results of Weiss and colleagues (2015) even suggest STN-DBS to improve gait by modulating
PPN activity.

LFP recordings from electrodes that are implanted for DBS have provided valuable insights into
subcortical oscillatory dynamics in the recent past. This way, beta power suppression has been
shown in the GPi of dystonic patients (Singh et al., 2011) and the STN of PD patients (Singh et al.,
2013) during walking on a treadmill. Intriguingly, the latter study also observed STN low beta power

(12-22 Hz) to be paradoxically increased during walking solely in patients with FOG.

21



Introduction

1.4 Freezing of Gait

One of the most common, debilitating and also puzzling symptoms in PD is FOG. It is defined as the
brief, episodic absence or marked reduction of forward progression of the feet despite the intention
to walk (reviewed by Nutt et al., 2011a). About 50 % of PD patients suffer from FOG (Giladi et al.,
2001b) with up to 80 % experiencing FOG at the later disease stages (Hely et al., 2008; Tan et al.,
2011). The psychological strain of these patients is heavy as FOG is associated with an increased risk
of falling (Kerr et al., 2010) and imposes a high burden on mobility and quality of life (Moore et al.,
2007). Consequently, there is a compelling need for unrevealing the pathophysiological mechanisms

leading to FOG in order to develop adequate therapeutic treatments.

1.4.1 Clinical characteristics

FOG is associated with the PIGD rather than the tremor dominant type of PD (Giladi et al., 1992,
2001a). Nevertheless, FOG was shown to be an independent motor symptom (Giladi et al., 2001a;
Bartels et al., 2003) that has also been described in other diseases such as progressive supranuclear
palsy and normal pressure hydrocephalus (reviewed by Factor, 2008). Freezing is not restricted to
gait, but can also be observed during repetitive upper and lower limb movements as well as during
speech (reviewed by Vercruysse et al., 2014). Yet, it is still a matter of debate if the underlying

pathophysiology is the same (Barbe et al., 2014).

As an outstanding feature, freezing is an episodic phenomenon (reviewed by Nutt et al., 2011a).
It can be triggered by movement initiation, turning, narrow spaces, as well as by stressful, emotional,
and cognitively demanding situations (Schaafsma et al., 2003; Rahman et al., 2008; Spildooren et al.,
2010). On top of this, patients with FOG were found to exhibit spatiotemporal gait abnormalities in
between the transient freezing episodes (Nieuwboer et al., 2001; Hausdorff et al., 2003; Chee et al.,
2009). Another distinct feature of FOG is trembling of the lower limbs (Moore et al., 2008; Jacobs et
al., 2009), illustrating that FOG is characterized by abnormal and inefficient motor output rather than

its mere absence.

As an episodic phenomenon, identification of FOG is difficult in a clinical setting. In order to capture
patients with FOG, Snijders et al. (2012a) proposed a classification based on subjective reports of
patients and their caregivers and on objective confirmation during clinical assessment. The freezing
of gait questionnaire (FOG-Q; Giladi et al., 2000) is frequently used to assess subjective reports about
FOG. This should be complemented by objective test including rapid 360° turns in both directions

that proved to be most efficient to trigger freezing episodes.
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1.4.2 Treatment

Therapeutic approaches for the treatment of FOG encompass established treatments in PD such as
dopaminergic medication and DBS, as well as attentional and cueing strategies which have proven to
be beneficial in FOG (Rahman et al., 2008; Vercruysse et al., 2012). However, optimal treatment is
challenging, depending on individual patient characteristics such as symptom severity, circumstances
triggering freezing episodes, dopamine responsiveness and comorbidities (reviewed by Nonnekes et
al., 2015). Especially the relationship between dopaminergic treatment and FOG is complex with the
effect of levodopa ranging from attenuating freezing (Schaafsma et al., 2003; Ferraye et al., 2008) to
causing it (Espay et al., 2012). Moreover, FOG becomes less responsive to dopamine in the
progression of PD, indicating an extension to non-dopaminergic structures controlling locomotion
(reviewed by Nonnekes et al., 2015). In this regard, DBS of the PPN (Stefani et al., 2007; Ferraye et
al., 2010) or the SNr (Chastan et al., 2009; Weiss et al., 2013) have been considered as promising

means of treating FOG.

1.4.3 Pathophysiology

The pathophysiological models of FOG are as manifold as the freezing phenomenon itself. Its episodic
character, symptom heterogeneity, and the complexity of the locomotor network complicate the
development of a comprehensive model that can account for all facets of FOG. In the following, this
thesis will provide an overview over the most important approaches for the present research
guestion that each focus on different aspects of FOG and are not mutually exclusive (reviewed by

Nutt et al., 2011a; Shine et al., 2011a; Nieuwboer and Giladi, 2013).

Threshold model

Plotnik et al. (2012) proposed FOG to be the consequence of multiple gait impairments passing a
threshold above which functional gait is no longer possible. Indeed, the walking pattern of freezers is
characterized by deficits in the control of amplitude (Chee et al., 2009), cadence (Nieuwboer et al.,
2001), rhythm (Hausdorff et al., 2003), and coordination (Plotnik et al., 2008). Notably, exaggerating
gait impairments by imposing smaller steps or higher cadence reliably provokes freezing episodes
(Moreau et al., 2008). Contrary, ameliorating the walking pattern by unilateral STN stimulation led to

less frequent freezing episodes (Fasano et al., 2011).

Impaired automaticity and cognitive control model

Hypoactivation of the SMA has been shown during gait imagery in freezers (Snijders et al., 20113;
Peterson et al., 2014), suggesting FOG to be the result of impaired internally guided movements
mediated by the striato-thalamo-cortical loop (reviewed by Hallett, 2008). Likewise, patients with

FOG are also prone to impairments within the range of executive functions (reviewed by Heremans
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et al., 2013). As gait is highly dependent on attention and executive functions (reviewed by Yogev-
Seligmann et al., 2008), FOG may be related to altered cognitive control of gait. This is supported by
the higher occurrence of freezing episodes under cognitive load and computationally demanding
situations as turning (Spildooren et al., 2010). In this regard, FOG has been associated with a
disruption of the frontostriatal circuitry (reviewed by Bartels and Leenders, 2008; Shine et al., 2013c).
Structural and functional changes in the frontoparietal network have been observed in freezers
(Kostic et al., 2012; Tessitore et al., 2012; Herman et al., 2013; Brugger et al., 2015) as well as a loss
of functional connectivity between the BG and prefrontal and parietal areas during freezing in a
virtual reality paradigm (Shine et al., 2013b). The interplay between cortical and subcortical regions
might be strained in situations requiring a response decision (Vandenbossche et al., 2012).
More specifically, deficits in cognitive control will lead to insufficient compensation of the loss of

automaticity, and thus to a breakdown of the system.

Decoupling model

Anticipatory postural adjustments (APAs) comprising the preparatory weight shifts preceding the first
step were found to be abnormal with respect to timing and amplitude in patients with FOG
(reviewed by Delval et al., 2014). Jacobs et al. (2009) even observed multiple APAs preceding
stepping in freezers that coexisted with the characteristic knee trembling. The authors concluded
step initiation failure to be a consequence of a decoupling between preparatory programming and
subsequent release of the motor response. In support of the decoupling model, quick release of pre-
programmed motor responses at the brainstem level by loud auditory stimuli, known as the
StartReact effect, was shown to be missing in freezers but could be restored by PPN stimulation

(Thevathasan et al., 2011).

Common neural pathway model

This model attempts to satisfy all aspects of freezing by assuming over-inhibition of brainstem and
thalamic nuclei by exaggerated BG output to be the common neural pathway (Lewis and Barker,
2009; Lewis and Shine, 2016). According to the model, striatal dopamine depletion causes impaired
communication between the complementary yet competing BG circuits. Depending on the
dopaminergic reserve in combination with the exerted load on the BG, cross-talk might occur
between the circuits being associated with excessive synchronization within the major output nuclei
of the BG (GPi and SNr). This finally results in over-inhibition of the PPN and thalamus which in turn
causes movement cessation. A freezing episode can be further triggered by over-activity within the
STN in the presence of conflict. Importantly, the model predicts that movement can be re-

established by using preserved pathways involved in externally guided or goal-directed behavior.
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In a nutshell, the model allows for pathological impairments at multiple sites within the locomotor

network and combines cognitive, motor, and limbic aspects of FOG.

1.4.4 Bicycling ability in PD patients with FOG

Although freezing is a widespread phenomenon affecting different types of movement including
upper limb movements and speech (reviewed by Vercruysse et al., 2014), bicycling appears to be an
exception (Snijders and Bloem, 2010; Snijders et al., 2011b, 2012b). It has even been suggested that
loss of bicycling ability early in the progression of disease strongly supports a diagnosis of atypical
parkinsonism rather than PD (Aerts et al., 2011). While there are clear inherent differences between
walking and cycling, the pace, involved muscle groups, and cognitive goals are widely overlapping in
these two conditions. Hence, there must be some major inherent difference in the activity and
interplay of associated brain networks explaining why walking is impaired whereas cycling is

preserved.

Snijders and colleagues (2011b, 2012) have proposed several hypotheses why bicycling ability is
preserved in the context of impaired walking. First of all, the special conditions of bicycling with the
mechanically coupled pedals moving at fixed amplitude may prevent accumulation of spatiotemporal
deficits as it may happen during walking (Plotnik et al., 2012). Related to this, these constraints may
impose fewer burdens on the impaired striato-thalamo-cortical motor circuit, thereby sparing
sufficient resources for efficient motor output. Interestingly, unlocking the pedals of an adapted
bicycle ergometer revealed the occurrence of sudden movement cessations similar to a freezing

episode in PD patients (Abe et al., 2003).

A further explanatory approach focuses on the potential of bicycling to activate preserved pathways
bypassing the BG as it might happen during cueing (reviewed by Nieuwboer, 2008). In this sense, the
symmetrically moving pedals together with the constant resistance may provide tactile and auditory
cues that enable bicycling to become more externally than internally guided. This may be further
supported by the clear affordance of the bike, facilitating goal-directed behavior and hence preclude

excessive demands on the BG (Lewis and Barker, 2009).

Moreover, deficient coupling of posture with movement in freezers (Jacobs et al., 2009) might
impact both on movement initiation as well as on movement execution. Lateral weight shifts are an
integral part of walking, as the body weight needs to be shifted to unload the stepping leg (reviewed
by Winter, 1995). This complex sequence is not required in such a way during bicycling. Notably,
reducing the demand of postural control and lateral weight shifts during walking with the walk-

bicycle, i.e., a bicycle without pedals and a low seat, partly improved FOG (Stummer et al., 2015).
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As Snijders et al. (2011b, 2012) have already pointed out, part of the aforementioned aspects unfolds
its effect only during movement execution and hence cannot account for differences in movement
initiation. It is conceivable that multiple aspects contribute to preserved bicycling ability in FOG

which interact and vary in influence depending on the patient’s background and the situation.

Despite the wealth of explanatory approaches, brain activity related to bicycling and walking has
never been contrasted. Consequently, it is still an open question why both movements are so
differently impacted in FOG. Answering this question is of high relevance in the context of
rehabilitation because bicycling has been raised as effective therapy for PD, improving motor control
(Ridgel et al., 2009) and cognitive performance (Ridgel et al., 2011), as well as attenuating tremor
and bradykinesia (Ridgel et al., 2012). Strikingly, functional magnetic resonance imaging (fMRI)
studies revealed forced exercise on a stationary bicycle to lead to similar cortical and subcortical
activity as well as connectivity changes in PD patients as medication (Beall et al., 2013; reviewed by

Alberts et al., 2011).
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2 Aims

The purpose of this thesis was to contrast the modulation of cortical and subcortical oscillatory

activity by bicycling and walking in healthy participants and PD patients.

Study 1 aimed to examine cortical oscillatory dynamics related to bicycling and walking in healthy
participants. Recordings were performed during rest, bicycling on a stationary bicycle, and walking.
In particular, the study focused at identifying sensorimotor oscillatory changes locked to a change of
the movement state, i.e., from rest to move and vice versa. Furthermore, modulation of cortical

activity within the movement cycle as well as its relationship to muscular activity was explored.

Study 2 investigated oscillatory changes in the BG of PD patients during bicycling and walking.
To this end, LFPs were recorded directly from electrodes implanted in the STN for therapeutic
stimulation. Special emphasis was put on activity within the beta band because of its high relevance
in the pathophysiology of PD. Thus, potential alterations of beta activity by bicycling and walking
were contrasted. Importantly, the study included patients with and without FOG. The aim was to

identify oscillatory signatures that are related to or predictive of freezing behavior.

Clarifying the mechanism through which PD patients suffering from FOG retain the ability to bicycle
has the potential to provide insight into the pathophysiology underlying FOG. The research question
is of high relevance for symptom treatment and rehabilitation. Identifying mechanisms leading to
FOG and the mechanism mediating the therapeutic benefits of bicycling may lead to improved
therapeutic treatments alleviating FOG. Furthermore, knowledge about the neural basis of cortical

control of bicycling and walking might be valuable for brain-machine interface based rehabilitation.
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3 Paradigm

The same experimental paradigm was used in both studies. It was designed to characterize the
oscillatory patterns as participants and patients initiated, sustained, and terminated pedaling. These

were compared to the corresponding patterns associated with free walking at about the same pace.

The experiment consisted of two conditions, i.e., bicycling and walking. The order of conditions was
pseudorandomized and counterbalanced across participants. Each condition started with a baseline
rest period of 2 min, i.e., sitting on the bike or standing, respectively. This was followed by an
alternating sequence containing 10 s of rest and 10 s of movement. Start and end of the movement
phase was indicated by an acoustic signal (beep of 500 ms duration with a frequency of 1000 Hz for
start and 1500 Hz for end), prompting participants to initiate and terminate pedaling and walking,
respectively. The sequence was repeated, with the number of repetitions depending on the
population under study. Healthy participants performed 50 repetitions. Patients solely performed 30
repetitions because of fatigue after surgery. The last part within each condition was moving

continuously for 2 min (Fig. 5A).
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Figure 5: Experimental setup. (A) Schematic illustration of the experimental paradigm. Each condition
started with a 2 min baseline rest period, i.e., sitting on the bicycle or standing, respectively. This was
followed by repeatedly alternating 10 s movement and 10 s rest with further 10 s of rest at the
beginning. This way, 30 or 50 instances of acoustically cued movement initiation and termination were
captured dependent on the population under study. Subsequently, data were recorded during
continuous walking or pedaling for 2 min. (B) The bicycle simulator consisted of a Dutch-style bicycle
frame mounted on an ergometer. Pedal position was recorded simultaneously with all
electrophysiological signals. Adapted and modified from Storzer et al. (2016).
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While the walking condition was conducted in a 50 m long hallway, bicycling took place on a custom-
made stationary bicycle (Fig. 5B). Originally developed to analyze bicycling performance parameters
(Dahmen et al., 2011), it was upgraded with sensors to record parameters such as pedal position
simultaneously with all electrophysiological signals. In addition, a computer-controlled brake to set
pedaling resistance was added (Appendix 5). Resistance was kept constant at 30 N at a target
cadence of 40 revolutions per minute. Participants were instructed to walk with the same cadence,
i.e., 40 strides per minute. The movement pattern was monitored with bilateral electronic
goniometers that continuously tracked the knee angle and with footswitches placed under both feet

during walking.

Electrophysiological data were recorded with a portable EEG/EMG amplifier (Porti amplifier, TMSi,
Enschede, The Netherlands) and controlled by a combination of the open source software packages
OpenBCl and Svarog (Durka et al., 2012). In both studies, EMG was recorded bilaterally from three
leg muscles (tibialis anterior, biceps femoris, and rectus femoris) by bipolar surface electrodes.
Whereas in study 1 cortical EEG was acquired in healthy participants with an 18-electrode cap, study
2 assessed LFPs from the STN in PD patients. The LFP signal was recorded by two bilaterally
implanted DBS electrodes with externalized leads. That is, recordings were performed in the 1 to 5
day interval between electrode and stimulator implantation in the OFF medication state.
Importantly, electrophysiological signals were recorded with actively shielded cables attenuating

movement artifacts.
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4 STUDY 1: Bicycling and Walking are Associated with Different Cortical

Oscillatory Dynamics

Study 1 (Appendix 1) investigated cortical oscillatory dynamics involved in bicycling and walking in
healthy participants. The aim was to clarify extent and aspects of cortical involvement in motor
control. In particular, functional differences in the motor network subserving bicycling and walking
were addressed. The comparison of these two distinct types of locomotion is especially interesting as
it may help to understand why PD patients with severe FOG retain the ability to bicycle, which was

investigated in the subsequent study 2.

4.1 Introduction

Previous work in this field has revealed sensorimotor alpha and beta power to be suppressed both
during bicycling (Jain et al., 2013) and during walking (Gwin et al., 2011; Wagner et al., 2012; Seeber
et al., 2014). These EEG studies further demonstrated modulation of cortical activity to be locked to
specific phases within the movement cycle during both types of movement. Notably, Jain et al.
(2013) found the alternating positive and negative cortical potentials in bicycling to be correlated
with EMG activity of the leg muscles. However, only one EEG study has investigated power during the
switch from standing to walking signifying a change of the movement state (Severens et al., 2012).

The corresponding change back, i.e., from walking to standing is still unexplored.

As a direct comparison of brain activity related to bicycling and walking has never been performed,
this study contrasted both movement state-dependent as well as movement phase-dependent EEG
power changes underlying bicycling and walking. In addition, a possible relation between cortical and

muscle activity was investigated.

4.2 Methods

15 healthy subjects participated in the study. EEG, EMG of the leg muscles, and movement
kinematics were recorded simultaneously. One participant was excluded from the analysis due to
severe movement and muscle artifacts. Data were recorded with the above described paradigm
(Fig. 1 of Appendix 1), in which participants were asked to initiate, sustain, and terminate bicycling
and walking after a baseline rest period, i.e., sitting and standing. Analysis was focused on the Cz
electrode overlying the leg area of both motor cortices and the SMA. The goniometer signal was used
to determine movement initiation and termination as well as the maximum knee flexion of the right
knee that defined the starting point of the movement cycle. Averaged and time resolved movement

state-related power changes were investigated with regard to three different frequency bands, i.e.,
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alpha (8-12 Hz), low beta (13-22 Hz), and high beta (23-35 Hz) based on previous studies (Lopez-
Azcérate et al., 2010; Singh et al., 2013; Toledo et al., 2014). Movement phase-dependent power

changes were compared between bicycling and walking with respect to phase and strength.

4.3 Results
4.3.1 Movement-related power changes

EEG data showed broadband power suppression during bicycling and walking relative to the baseline
rest conditions with distinctive peaks in the alpha, low beta, and high beta band (Fig. 2 of
Appendix 1). Frequencies of maximal suppression did not differ between conditions. However,
walking was accompanied by stronger alpha power suppression, whereas the power decrease in the
high beta band was stronger for bicycling. Regarding the time course of oscillatory activity (Fig. 3 of
Appendix 1), the same pattern of a stronger high beta power suppression starting shortly before
movement initiation in bicycling relative to walking could be observed. Opposed to this, walking was
marked by a prompter alpha power decrease upon movement initiation. Furthermore, bicycling and
walking differed significantly in the time course of the alpha power recovery after movement
termination, with only a gradual recovery in walking. In contrast, beta power increased relative to
the baseline rest condition immediately after movement termination in both conditions. This post-

movement beta rebound was more pronounced and prolonged in bicycling compared to walking.

4.3.2 Movement cycle locked power modulations

Movement cycle-dependent power modulation in the 24-40 Hz range was evident for bicycling and
walking (Fig. 4 of Appendix 1). Although, power modulation in the movement cycle followed a
sinusoidal pattern in both conditions, it was stronger in walking with a phase lag between conditions.
Power decreases occurred at 29.8 % and 79.1 % of the gait cycle and at 48.9 % and 92.1 % of the
pedal cycle, respectively. These phases coincided with movement transitions from stance to swing in
walking and flexion to extension in bicycling. Furthermore, these phase coincided with the maximum
EMG activity of the legs for both conditions. In general, EMG activity was stronger in walking than
bicycling. EEG and EMG activity within the movement cycle were found to be correlated for both

conditions.

4.4 Discussion

Study 1 aimed to describe oscillatory correlates of cortical control of bicycling and walking. The
present results revealed stronger movement state-dependent power modulations in the beta range

(13-35 Hz) in bicycling, whereas alpha power suppression was more pronounced in walking.
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Moreover, walking, as opposed to bicycling, expressed stronger movement phase-dependent power

modulations in the 24-40 Hz range.

Why is bicycling accompanied by stronger sustained modulations of beta band activity?
Generally speaking, sensorimotor beta power decrease has been related to an active state of the
sensorimotor cortex (Seeber et al., 2014) and to a change of the current motor state (Engel and Fries,
2010). Consequently, bicycling seems to promote the switch from a resting state to a dynamic state
and vice versa. A key difference between bicycling and walking that might be associated with the
stronger beta power suppression could be the more continuous nature of bicycling, which lacks the
stationary phases that are part of walking. Indeed, beta power was found to remain suppressed
during continuous movements (Erbil and Ungan, 2007; Gwin and Ferris, 2012), whereas it recovered
during isometric movements (Cassim et al., 2000; Gwin and Ferris, 2012). Along these lines, the
continuous motor output in bicycling might also result in stronger inhibition processes at movement

termination that are thought to be reflected by the beta rebound (Solis-Escalante et al., 2012).

As a further aspect, the present results indicated walking to be accompanied by a stronger alpha
power suppression compared to bicycling. This difference was evident at movement initiation and
especially after movement termination due to a slow alpha power recovery in walking. In line with
the association between alpha activity and attentional information processing (reviewed by
Klimesch, 2012), alpha power suppression was especially observed during walking with interactive
movement-related feedback (Wagner et al., 2014) or during precision walking (Presacco et al., 2011).
Thus, stronger alpha power suppression in walking than bicycling may reflect enhanced sensory and

attentional demands.

Higher computational load in walking relative to bicycling is also emphasized by the stronger
movement phase-dependent power modulation in the 24-40 Hz range. The current results contribute
to the growing evidence that oscillations in the 24-40 Hz range are closely connected to motor
planning and sensorimotor processing (Wagner et al., 2012, 2014, Seeber et al., 2014, 2015).
Irrespective of the movement type, power decreases occurred during movement transition phases,
i.e., transition between the stance and swing phase in walking and flexion and extension in bicycling.
Notably, EEG power and EMG activity were found to be correlated, with power decreases coinciding
with maximal recruitment of the tibialis anterior and biceps femoris. Related to this, Petersen et al.
(2012) demonstrated that cortical activity at the Cz electrode was leading muscular activity of the

tibialis anterior in the 24-40 Hz range.

The interesting finding of more pronounced power modulation suggests walking to be associated

with more extensive motor planning and sensory processing within the movement-cycle. There are
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two complementary explanations for the obtained result: The more continuous and more restricted
movement pattern in bicycling with pedals moving at fixed phase difference and circumference may
demand less motor planning within the pedal cycle. This is supported by higher dual-tasks costs
during walking than bicycling in PD patients (Yogev-Seligmann et al., 2013). Alternatively, integration
of sensory information into the motor command might be more pronounced during walking.
Almost identical activation patterns in passive and active bicycling and walking (Wagner et al., 2012;
Jain et al.,, 2013) highlight the huge contribution of sensory afferents to sensorimotor activity.
Indeed, sensory information might be less required in bicycling due to the predetermined movement
pattern. Efferent corticospinal output during bicycling might even lead to sensory gating, thus,

attenuation of within-cycle modulations (Duysens et al., 2013; Jain et al., 2013).

The current study may shed some light on the puzzling finding of preserved bicycling abilities in PD
patients suffering from FOG (Snijders and Bloem, 2010; Snijders et al., 2011b, 2012b). Abnormal
activity in the high beta band over central, parietal, and occipital regions has been shown to be
associated with gait initiation failure in PD patients (Ly et al.,, 2016), freezing during turning
(Handojoseno et al., 2015), and the transition from walking to freezing (Shine et al., 2014). It has to
be noted that the study at hand investigated oscillatory changes in healthy participants, and hence
revealed physiological processes that may or may not be altered in PD patients. Nevertheless, it is
tempting to reason that stronger cortical high beta power suppression is part of the reason why
bicycling is less prone to abnormal motor output relative to walking. This hypothesis was specifically

addressed in study 2.

The presence of muscle artifacts contaminating the EEG especially during walking is a major
drawback of the present study. These artifacts were found to be restricted to lower frequencies only
up to 10 Hz, and so could not influence the presented results in the higher beta frequency band.
Nevertheless, these artifacts precluded the analysis of theta band activity that has recently gained

attention in the context of FOG (Shine et al., 2014; Handojoseno et al., 2015; Scholten et al., 2016).

4.5 Conclusion

Study 1 revealed that bicycling and walking are associated with different cortical oscillatory
dynamics. Movement state-dependent high beta power modulation was more pronounced in
bicycling as opposed to walking. Conversely, movement phase-dependent power modulation in the
24-40 Hz range was found to be stronger in walking relative to bicycling. In conclusion, the results
suggest that, relative to walking, bicycling is characterized by a stronger sustained cortical activation

and less phase-dependent sensorimotor processing.
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5 STUDY 2: Stronger subthalamic beta power suppression in bicycling

relative to walking in Parkinson’s disease

In study 1, it was shown that bicycling is accompanied by stronger cortical beta power suppression
relative to walking. This is particularly interesting as abnormally increased beta band activity in the
striato-thalamo-cortical loop is related to motor impairment in PD patients (reviewed by Oswal et al.,
2013). This raises the question if and how beta band oscillations are modulated by bicycling relative
to walking in the BG of PD patients, especially in the context of FOG. Therefore, study 2 (Appendix 2)
aimed to characterize the relationship between both types of movement and deep brain activity to
clarify the mechanisms through which bicycling ability is less affected in Parkinson’s disease patients,

in particular in freezers.

5.1 Introduction

LFP recordings from implanted DBS electrodes in the BG have revealed that walking modulates beta
band oscillations (Singh et al., 2011, 2013). Notably, Singh et al. (2013) observed a broadband beta
power suppression in the STN of non-freezers during walking, while oscillatory activity was
specifically increased in the low beta band (12-22 Hz) in freezers. These results support the notion of
excessive synchronization in the BG to lead to paroxysmal movement cessation (Lewis and Barker,
2009). However, the physiological mechanism behind this oscillatory profile remains elusive. It might
even be the case that it is not specifically related to gait impairment in freezers but a general
signature of altered BG activity that distinguishes freezers from non-freezers. Thus, it is of high
relevance to investigate oscillatory activity subserving similar types of movement that provoke and
lack freezing, respectively, such as walking and bicycling. Moreover, preserved bicycling ability in
freezers implies that the associated brain networks in these patients somehow remain intact in
pedaling but are compromised when attempting to walk. However, to the best of my knowledge, no

study has recorded oscillatory activity of the BG during bicycling.

Therefore, this study compared oscillatory differences between bicycling and walking in PD patients
with DBS electrodes implanted in the STN, with the aim of revealing how each movement type is
associated with beta band modulations. We hypothesized that bicycling would attenuate

pathological beta oscillations within the basal ganglia as compared to walking.
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5.2 Methods

13 PD patients clinically selected for DBS participated in this study. Recordings took place 1-5 days
after electrode implantation in the OFF medication state (except for one patient who was recorded in
the ON medication state). STN LFPs, cortical EEG electrodes covering the sensorimotor cortex, and
EMG of bilateral leg muscles were recorded simultaneously while patients engaged in bicycling and
walking (Fig. 1 of Appendix 2). One patient did not complete the paradigm due to fatigue and hence
data of two STN were not included in the analysis. Additionally, four STNs of two patients and four
further STNs had to be excluded due to a non-functional extension or movement artifact
contamination. Thus, 16 STNs of 10 PD patients were included in the analysis (Table 1 of Appendix 2).
Analysis was focused on the bipolar STN channel showing the strongest beta power modulation

(pooled over conditions).

Effects of movement (‘rest’ vs. ‘move’) and posture (‘on bike’ vs. ‘on foot’) on beta power were
tested by repeated measures analysis of variance. Beta power changes were further analyzed locked
to movement initiation and termination. Analysis was conducted with respect to the patients’
classification as freezer or non-freezer based on the FOG-Q question #3: “Do you feel that your feet
get glued to the floor while walking, turning or when trying to initiate walking?”. This way, four

patients were classified as freezers, six patients as non-freezers.

5.3 Results
5.3.1 Effect of movement and posture on beta power

STN beta power was significantly decreased during movement irrespective of posture
(Fig. 2 of Appendix 2). The strongest beta power suppression was observed on average at 22.5 Hz
(SD = 6.1 Hz). Furthermore, the power decrease from sitting to pedaling was stronger as compared to

the power decrease from standing to walking.

5.3.2 Beta power changes locked to movement initiation and termination

Beta power relative to the baseline rest conditions was found to decrease upon the initiation of
bicycling and walking. Bicycling reduced broadband beta power (10-30 Hz) relative to walking in both
PD populations (Fig. 3 and 4 of Appendix 2). A high beta power increase occurring immediately after
movement termination was evident in both movement conditions and of similar magnitude. It has to
be noted that the baseline rest conditions, i.e., sitting and standing, were found to be significantly

different in the 19-28 Hz range with higher beta power during sitting relative to walking.
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5.3.3 Movement-related beta power changes in patients with freezing of gait

Patients with a history of FOG exhibited an abnormal narrowband power increase at ~18 Hz in the
STN that was not present in PD patients without FOG (Fig. 4 of Appendix 2). Importantly, this power
increase was observed in the absence of actual freezing episodes. This oscillation was clearly
intensified during walking, whereas it was of smaller amplitude at the initiation of bicycling and even
vanished after 2 seconds. Importantly, this ~18 Hz oscillation was anti-correlated with the remaining
beta band specifically during walking, and was particularly enhanced at initiation and termination of

walking (Fig. 5 of Appendix 2).

5.4 Discussion

While study 1 looked at cortical involvement in locomotor control, the present study is one of the
rare contributions to the investigation of BG oscillatory dynamics underlying bicycling and walking.
Implantation of electrodes for DBS therapy in PD patients provides the extraordinarily valuable
opportunity to examine neural activity from the BG, the primary brain structure implicated in PD.
Study 2 revealed bicycling to be marked by stronger suppression of beta oscillations in the STN of PD
patients compared to walking. Strikingly, results clearly indicated a relationship between a patient’s

susceptibility to freezing and an abnormal ~18 Hz oscillation.

Study 2 extends the findings of study 1 by demonstrating stronger beta power suppression during
bicycling compared to walking in the BG of PD patients. Unlike in study 1, STN beta rebound after
movement termination was of similar magnitude. Thus, the functional difference in BG activity
between bicycling and walking was specific to beta power suppression during movement.
A particularly intriguing possibility is that bicycling suppresses the pathological beta oscillations in the
BG. It is not unlikely that this is part of the reason why PD symptoms, especially freezing, are less
severe on a bike. Furthermore, this is plausibly explaining why bicycling has therapeutic effects

regarding both motor and cognitive functions (Ridgel et al., 2009, 2011, 2012).

What are the potential reasons for the difference in STN beta power suppression between bicycling
and walking? In this respect one might again consider the continuous nature of bicycling as opposed
to the alternating stance and swing phases in walking. A continuous movement pattern implicates a
higher likelihood of the subsequent movement which has been related to beta power suppression
(Jenkinson and Brown, 2011). This may be reinforced by the high predictability of bicycling with few
degrees of freedom due to the circular pedal trajectory. Consequently, stronger beta power
suppression in bicycling than walking might reflect the more continuous and more predictable

movement pattern in bicycling that is likely imposing a lower computational load on the motor
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system. This may also prevent ‘overloading’ the networks involved in locomotion which has been

related to FOG (Lewis and Barker, 2009; Lewis and Shine, 2016).

As the most outstanding finding in the present study, synchronized activity at about 18 Hz appears to
be a clear marker that identifies patients with freezing of gait. This abnormal oscillation is remarkably
intensified during walking whereas in bicycling, it is not only greatly reduced in amplitude but also
restricted to the first two seconds of pedaling initiation. One of the few previous studies recording
LFPs in patients with FOG also found a selective low beta STN power (12-22 Hz) increase during
walking (Singh et al., 2013). Moreover, Quinn et al. (2015) observed walking to be accompanied by a
power decrease in the STN, leaving a peak of about 18 Hz in akinetic-rigid patients. Crucially, the
abnormal ~18 Hz oscillation was anti-correlated with the remaining beta band specifically during

walking in the study at hand.

The mechanism behind the abnormal ~18 Hz oscillation remains to be clarified. First of all, the
synchronized activity during walking might reflect a movement-inhibiting signal in a subcortical
network. This is supported by the pathological significance of synchronization in the lower beta range
with respect to bradykinesia and rigidity (reviewed by Brown, 2007; Brittain and Brown, 2014).
Moreover, the STN is assumed to be part of a stopping network, in which frontal cortical areas exert
top-down control via the hyperdirect pathway, yielding inhibition of the motor output by the STN
(Aron and Poldrack, 2006; Frank, 2006; Cavanagh and Frank, 2013). Interestingly, Wagner et al.
(2016) found step shortening due to cued tempo shifts in healthy subjects to be associated with a
frontal narrowband low beta power increase, thought to reflect a top down motor inhibition signal.
Moreover, Scholten et al. (2016) found phase synchronization in the beta band over the left
prefrontal area to be associated with increased susceptibility to upper limb freezing. Thus, an
excessive cortically driven inhibitory signal might manifest as abnormal ~18 Hz oscillation in the STN

of freezing patients.

However, it has also been proposed that beta oscillations emerge from the interaction between STN
and GPe (Holgado et al., 2010). Simultaneous recordings from the STN, PPN, and M1 in
hemiparkinsonian rats support the STN as potential source of excessive beta activity during walking
as it was driving beta activity in both PPN and M1 (Li et al., 2016). Intriguingly, McCarthy et al. (2011)
found a 17 Hz oscillation originating in the striatum due to increased levels of cholinergic drive as a
consequence of dopamine depletion. In a follow-up study the authors further demonstrated that
optogenetic stimulation of striatal cholinergic interneurons in mice leads to elevated beta oscillations

in the striatum and M1, inducing hypokinetic motor deficits (Kondabolu et al., 2016).
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A point which warrants a comment in this discussion is that albeit patients defined as freezers
selectively displayed the abnormal ~18 Hz oscillation during walking, they did not freeze.
One possible explanation might be that this oscillatory signature reflects susceptibility to freezing
and might be boosted during actual freezing episodes. These might be potentially triggered by
response conflict or additional motor, cognitive, and limbic load on the striato-thalamo-cortical loop
(Lewis and Barker, 2009; Lewis and Shine, 2016). Alternatively, the ~18 Hz oscillation might be
reflective of a compensatory mechanism. It has been suggested that FOG might result from altered
brain activity and the inability to compensate for this alteration (reviewed by Snijders et al., 2016).
For example, Snijders et al., (2011a) reasoned increased activity of the PPN to compensate for
cortical alterations in freezers. As PPN stimulation is most effective in the beta range (Thevathasan et
al., 2010), especially for ameliorating FOG (Thevathasan et al., 2012a), the 18 Hz oscillation might
originate in the PPN. Yet, this is rather unlikely as PPN oscillations show different characteristics
regarding the dominant peak frequency, bandwidth, and timing of movement-related modulation

(Tsang et al., 2010; Thevathasan et al., 2012b).

Interpreting the results one has to keep in mind that patients were identified as freezers according to
the FOG-Q, i.e., based on subjective reports which is a shortcoming of the study. Future studies
should definitely include an objective examination of freezing behavior and include only patients
with definite acute FOG (Snijders et al., 2012a). Furthermore, due to the small sample sizes of the
present study we did not test for differences between freezers and non-freezers. Nevertheless,
our data are in line with previous research (Singh et al., 2013) and provide a promising starting point
for future studies. Such work should include a representative number of patients with and without

freezing of gait allowing adequate statistical testing.

5.5 Conclusion

The study demonstrated bicycling to be accompanied by a stronger movement-related suppression
of pathological STN beta oscillations compared to walking. Moreover, the results strongly suggest
that FOG arises from a specific movement-inhibiting signal in subcortical networks that is lessened in
bicycling. It is likely that the continuous and computationally less demanding nature of bicycling

compared to walking lowers the susceptibility to ‘overloading’ the networks involved in locomotion.
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6 General Discussion

The present thesis focused on functional differences in the motor network controlling bicycling and
walking. The aim of this thesis was to contribute to understanding why bicycling and walking, two
similar types of movement, are differently affected in PD patients with FOG. For this purpose,
oscillatory activity subserving bicycling and walking was contrasted both at the cortical level in
healthy participants (study 1) and at the subcortical level in PD patients (study 2) using the same
paradigm. This way, this thesis revealed new insights into movement-specific brain dynamics at

different brain areas and in different populations.

The significance of oscillatory activity in the beta band subserving bicycling and walking was revealed
in study 1 and 2. More specifically, stronger beta power suppression in bicycling compared to walking
turned out to be the key functional difference in the motor network subserving both types of
movement. This is especially interesting as excessive synchronization in the beta band is a hallmark
of PD (reviewed by Oswal et al., 2013) and has been linked to FOG in particular (Singh et al., 2013;
Shine et al.,, 2014; Handojoseno et al.,, 2015; Ly et al., 2016; Scholten et al.,, 2016). Intriguingly,
the difference in beta power suppression was seen irrespective of the population under study, i.e.,
healthy participants, freezers, and non-freezers, and the recording site, i.e., cortex or BG. Thus, it can
be concluded that bicycling promotes a widespread attenuation of beta oscillations in the

striato-thalamo-cortical network.

Furthermore, the present work highlighted the role of various, distinct beta rhythms. On the one
side, study 1 showed that the difference in sensorimotor oscillatory activity between bicycling and
walking was evident in the high beta range. On the other side, study 2 demonstrated bicycling to be
accompanied by a broadband beta power decrease compared to walking in the parkinsonian STN.
However, a closer look at patients with FOG revealed an oscillatory signature in the low beta range

during walking signifying the susceptibility to freezing.

These observations are well in line with the current knowledge about beta oscillations and their
modulation by DBS. It was shown that DBS suppresses oscillatory activity in the STN in the low beta
range (Whitmer et al.,, 2012; Oswal et al., 2016) with the attenuation being maximal at 18 Hz
(Whitmer et al., 2012). Furthermore, DBS-related suppression of low beta band activity was found to
correlate with motor improvement (Oswal et al., 2016). However, functional coupling between the
STN and mesial cortical motor areas was typically observed in the high beta range with the cortex
driving the STN likely via the hyperdirect pathway (Hirschmann et al., 2011; Litvak et al., 2011; Oswal
et al.,, 2016). Increased activity within the hyperdirect pathway has even been proposed as a

prerequisite for excessive STN beta band synchronization (Holgado et al., 2010). Yet, DBS-related
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suppression of the coupling was not correlated with motor improvement (Oswal et al., 2016) which is
consistent with the assumption that the therapeutic effects of DBS are mediated by suppressing low
beta activity locally in the STN (reviewed by Eusebio et al., 2012). Thus, bicycling-related modulation
of spatially and spectrally distinct motor hubs could be one possible explanation why patients with

FOG remain able to bicycle effortlessly and why bicycling has a therapeutic effect.

The question is, why bicycling is accompanied by stronger beta power suppression, whereas walking
is prone to synchronization in the BG? Study 1 suggests a lower computational load for bicycling
compared to walking. Walking requires extensive motor planning and sensorimotor processing with
every step as it is indicated by the prominent 24-40 Hz modulation within the movement cycle.
Stronger alpha power suppression in walking that is associated with attention and information
processing (reviewed by Klimesch, 2012) supports the idea of a higher computational load in walking.
Conversely, the motor output in bicycling is more continuously and thereby more predictable once
pedaling has successfully commenced. These aspects have been linked to beta power suppression

(Engel and Fries, 2010; Jenkinson and Brown, 2011).

The current results add valuable information to the discussion about the paradoxical bicycling ability
in patients with FOG. The data suggest the lower computational load for bicycling as the
critical factor for the ability to bike. Therefore, this thesis supports the assumption of Snijders et al.
(2011b, 2012) that bicycling imposes fewer burdens on the impaired striato-thalamo-cortical loop,
thereby sparing sufficient resources for efficient motor output. The thesis extends this line of
thinking by underlining the pivotal role of BG synchronous oscillations. It can be hypothesized that
the low demands during bicycling decrease the risk of interference between the parallel but
separated cortico-BG circuits. According to the common neural pathway model (Lewis and Barker,
2009; Lewis and Shine, 2016), reduced interference should result in less pathological synchronization
in the BG. Indeed, this is exactly what study 2 revealed, namely smaller amplitude of the abnormal
18 Hz oscillation that even ceases during pedaling. Conversely, walking is susceptible to
synchronization in the BG because of its inherent high computational load. As such, walking is prone
to an ‘overload’ of the motor network involved in locomotion. This vulnerability may even be
intensified because of lower cognitive capacities in patients with FOG (reviewed by Heremans et al.,
2013) and accumulation of gait impairments reaching a saturation point triggering freezing episodes

(Plotnik et al., 2012).

However, it remains an open question why patients with FOG do not freeze when attempting to
initiate bicycling but walking. Lower computational load during bicycling is only effective once
pedaling has successfully begun. Furthermore, synchronization at ~18 Hz was also evident during the

first two seconds of bicycling, though to a smaller extent. One possible explanation is that movement
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initiation is in general a potential trigger for freezing episodes. Yet, initiation failure is more likely
during walking because of the required coupling of posture and gait (Jacobs et al., 2009).
Furthermore, it can be hypothesized that the tactile feedback of the pedals affects beta power
suppression (Cassim et al.,, 2001; van Ede and Maris, 2013). This in turn might enable to initiate
pedaling, or to use pathways involved in externally guided movements. Future studies are needed
to clarify if different mechanisms contribute to freezing during movement initiation and movement

execution.

Although the present thesis provided electrophysiological correlates of both motor control and the
risk of freezing, the conducted studies do not allow drawing causal conclusions. Bicycling and walking
differ in several aspects, e.g. sensorimotor input, postural control, and coordination. Based on
current theories, functional differences in the motor network underlying bicycling and walking have
been related to differences in the movement pattern. Yet, a causal link between movement
continuity and beta oscillations remains to be demonstrated. Moreover, both studies concentrated
on modulation of beta oscillations which is the most obvious frequency band involved in motor
control and PD pathophysiology. However, HFOs and their coupling to the phase of beta oscillations
have been suggested to be of clinical relevance (Foffani et al., 2003; Lépez-Azcérate et al., 2010;
Ozkurt et al., 2011; Yang et al., 2014; Hirschmann et al., 2016). It has even been argued that HFOs
might serve as a complementary electrophysiological marker to beta oscillations that might be used
for closed-loop DBS (Hirschmann et al., 2016). Consequently, investigating the modulation of HFO
activity by bicycling and walking might be a promising attempt to further clarify the questions why

freezers are able to bicycle.

In summary, this thesis made valuable contributions to research on neural oscillations underlying
bicycling and walking. Novel findings regarding cortical and subcortical control of bicycling were
demonstrated and the neural control of bicycling was contrasted with the neural control of walking.
In addition, an electrophysiological signature of freezing susceptibility was revealed. Together, this is
highly relevant in the context of therapy for PD. The more we know about physiological and

pathological brain activity, the more treatment options can be improved.
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7 Outlook

This thesis contributed to the understanding of functional differences in the motor network between

bicycling and walking and provides clear avenues for further research and potential therapies.

Neural control of locomotion is dependent on a distributed but tightly connected network
comprising cortical and subcortical brain regions. It is also assumed that FOG might be caused by
pathological impairments at multiple sites within the locomotor network including the PPN (reviewed
by Nutt et al., 2011a). This strongly emphasizes the need to record electrophysiological data from
cortical and subcortical brain regions simultaneously to reveal faulty motor network activity
associated with FOG. In this regard, investigating functional connectivity within the motor network
might provide valuable insight into the direction of information flow between the target brain
regions. It would be desirable to identify brain states associated with normal locomotion, the
transition to freezing, and actual freezing episodes to elucidate the exact mechanism behind the

paroxysmal movement cessation.

Simultaneous magnetoencephalography (MEG) and LFP recordings in PD patients selected for
therapeutic DBS have already been successfully performed (Hirschmann et al., 2011; Litvak et al.,
2011). MEG has a good spatial resolution and can be combined with state-of-the-art source
localization techniques that enable a satisfying localization of cortical sources. Investigating neural
activity while patients are moving is, however, not possible with MEG. This problem can be dealt with
by using MEG compatible pedaling and stepping devices similar to the ones used in previous fMRI
studies (Mehta et al.,, 2009; Shine et al.,, 2011b). Movements based on these devices would be
qualitatively different from actual bicycling and walking. Nevertheless, computational load would still
be different between bicycling and walking due to locked vs. unlocked pedals, respectively. As this
thesis suggests the lower computational load for bicycling as the critical factor for the ability to bike
these movements might be adequate surrogates. Likewise, freezing behavior might be investigated

using a finger tapping paradigm (Barbe et al., 2014; Scholten et al., 2016).

The effect of computational load on brain activity and freezing behavior can be further examined
using a virtual environment (Shine et al., 2011b). This allows for flexible manipulation of motor and
cognitive load by including e.g. obstacles or dual-task situations. Patients with FOG were
characterized by a deficient activation of cortical and subcortical brain regions in response to higher
cognitive load as measured with fMRI (Shine et al., 2013a). Yet, the blood-oxygen-level dependent
contrast is only an indirect measurement of brain activity while MEG signals are direct correlates of
neuronal activity. Examining brain activity by means of MEG allows to test the hypothesis that FOG is

linked to excessive synchronization in the BG of PD patients (Lewis and Barker, 2009; Lewis and
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Shine, 2016). Moreover, it might reveal differential oscillatory patterns in bicycling and walking
during the performance of simultaneous cognitive and motor functions that may be related to the

preserved bicycling ability in freezers.

The bicycle simulator that was used in the present studies is already equipped to play videos
synchronized to pedaling. This would be a great opportunity to investigate the effect of sensory
input, optic flow, and higher demand on motor control due to winding pathways or obstacles on
brain activity during pedaling on the bicycle simulator. The ability to record EEG and LFP data during
pedaling on the bicycle simulator was already exploited in the second study but without using the
video option. So far, EEG recordings are limited in the number of EEG channels due to head bandages
that patients still have the days after surgery. As a solution, DBS devices can be used that transmit
data recorded from deep brain electrodes via wireless data transfer (e.g. Medtronic Activa PC+S in
Quinn et al., 2015; Neumann et al., 2016). This way, data could be acquired month after DBS surgery
with a chronically implanted neurostimulator because physical access to the electrodes is no longer
needed. Usage of such a device would greatly expand opportunities such as simultaneous recording
of LFPs from the BG and cortical activity with high-density EEG covering the whole scalp. Using high-
density EEG would allow for more sophisticated artefact rejection approaches (Bulea et al., 2015;
Seeber et al., 2015; Wagner et al., 2016). This would permit to investigate modulation in the theta
range that has been linked to FOG (Shine et al., 2014) but is frequently contaminated by movement

artefacts.

As a further step, cortical brain activity can be modulated by means of transcranial magnetic
stimulation or transcranial direct/alternating current stimulation. This would allow causal
interferences about the functional role of cortical oscillatory activity in motor control and FOG.
Similarly, brain activity can be contrasted between DBS OFF and DBS ON using newly developed
artefact rejection methods (Abbasi et al., 2016). This way, the effect of stimulating different target
regions such as the STN, SNr, or PPN on oscillatory activity measured with MEG might be explored

and correlated with gait improvement.

Identifying mechanisms leading to FOG and oscillatory signatures indicative of freezing susceptibility
should lead to improved therapeutic treatments alleviating FOG. This line of research might be
complemented by recording oscillatory activity during different kinds of physical training, such as
treadmill walking, dancing, and bicycling. Although feasibility of physical activity as potential therapy
for PD patients is already being studied (reviewed by Petzinger et al., 2013), this is not yet combined
with investigating brain activity. With DBS devices that enable wireless data transfer patients will be
able to participate in more comprehensive experiments after they have recovered from the surgical

procedure. This way, oscillatory activity could be monitored during different cycling training regimen,
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such as during forced exercise (Ridgel et al., 2009; reviewed by Alberts et al., 2011) and could be

correlated with the therapeutic outcome.

Altogether, these future projects will enrich the therapeutic options for PD patients with and without
FOG. This is of high relevance as treatment of gait impairment is still challenging but indispensable

for improving mobility and quality of life of PD patients.
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Although bicycling and walking involve similar complex coordinated movements,
surprisingly Parkinson’s patients with freezing of gait typically remain able to bicycle
despite severe difficulties in walking. This observation suggests functional differences
in the motor networks subserving bicycling and walking. However, a direct comparison
of brain activity related to bicycling and walking has never been performed, neither in
healthy participants nor in patients. Such a comparison could potentially help elucidating
the cortical involvement in motor control and the mechanisms through which bicycling
ability may be preserved in patients with freezing of gait. The aim of this study was to
contrast the cortical oscillatory dynamics involved in bicycling and walking in healthy
participants. To this end, EEG and EMG data of 14 healthy participants were analyzed,
who cycled on a stationary bicycle at a slow cadence of 40 revolutions per minute (rpm)
and walked at 40 strides per minute (spm), respectively. Relative to walking, bicycling
was associated with a stronger power decrease in the high beta band (23-35 Hz)
during movement initiation and execution, followed by a stronger beta power increase
after movement termination. Walking, on the other hand, was characterized by a
stronger and persisting alpha power (8—-12 Hz) decrease. Both bicycling and walking
exhibited movement cycle-dependent power modulation in the 24-40 Hz range that
was correlated with EMG activity. This modulation was significantly stronger in walking.
The present findings reveal differential cortical oscillatory dynamics in motor control for
two types of complex coordinated motor behavior, i.e., bicycling and walking. Bicycling
was associated with a stronger sustained cortical activation as indicated by the stronger
high beta power decrease during movement execution and less cortical motor control
within the movement cycle. We speculate this to be due to the more continuous nature
of bicycling demanding less phase-dependent sensory processing and motor planning,
as opposed to walking.

Keywords: EEG, bicycling, walking, motor control, oscillations, sensorimotor cortex
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Oscillations During Bicycling and Walking

INTRODUCTION

Walking abilities are severely impaired in patients suffering
from freezing of gait, a common phenomenon in advanced
Parkinson’s disease (for a review, see Nutt et al., 2011).
Surprisingly, bicycling abilities are apparently preserved in the
very same patients (Snijders et al., 2011b, 2012). Moreover,
bicycling has been put forward as a therapy for Parkinson’s
disease, improving motor control, cognitive performance,
tremor, and bradykinesia (Ridgel et al., 2009, 2011, 2012).
Consequently, contrasting cortical activation during bicycling
and walking starting in healthy participants may offer valuable
insights into extent and aspects of cortical involvement in motor
control of these two distinct types of movement. In addition, it
may help to understand why Parkinsonian patients with severe
freezing of gait retain the ability to bicycle and it may lead to
improved therapeutic applications of bicycling in this patient
population.

Vertical ergometer bicycling and walking are characterized
by the alternating extension and flexion of the lower limbs
that are suggested to be controlled by a shared subset of co-
exited muscles (Raasch and Zajac, 1999). Moreover, both are
complex movements that recruit a network of motor associated
brain regions. Using near-infrared spectroscopy (NIRS; Miyai
et al,, 2001) and single-photon emission computed tomography
(SPECT; Fukuyama et al., 1997), walking was associated with
activity in sensorimotor regions, the supplementary motor area
(SMA), and cerebellum. Activity within these movement-related
brain areas was also reported during recumbent bicycling using
functional magnetic resonance imaging (fMRI; Mehta et al,
2009) and positron emission tomography (PET; Christensen
et al., 2000). Interestingly, imagination of bicycling compared
to rest led to activation in the SMA, while active bicycling
compared to passive bicycling was accompanied by a stronger
recruitment of the primary motor cortex (Christensen et al.,
2000). Furthermore, brain activity was shown to be influenced
by exercise intensity and preference (Christensen et al., 2000;
Brimmer et al, 2011ab). This illustrates that the specific
functional involvement of movement-related brain areas varies
substantially with the task. In this sense, we can expect bicycling
and walking to induce different cortical activities as both
movements differ, e.g., in the requirement of postural control
and coordination. In line with this, a behavioral study by
Yogev-Seligmann et al. (2013) indicated that walking depends
more on cognitive resources than bicycling. This was indicated
by higher interference caused by the additional demand of a
secondary task. It remains an open question, however, how
exactly walking and bicycling differ on the electrophysiological
level.

Previous work in this field using EEG has mainly focused on
investigating neural oscillations underlying walking movements
and resulted in two main findings.

First, alpha (8-12 Hz) and beta band (13-30 Hz) activity
over the sensorimotor cortex are decreased during active motor
execution compared to rest or passive movement (Wieser et al.,
2010; Presacco et al., 2011; Severens et al., 2012; Wagner et al,,
2012, 2014; Seeber et al., 2014). This tallies with previous findings

of power decrease during motor execution, preparation and
even during passive and imagined movements (Stancak and
Pfurtscheller, 1996; Alegre et al., 2002; Miiller-Putz et al., 2007).
The decrease is followed by a beta power increase (rebound) after
movement termination (Pfurtscheller et al., 1996; Parkes et al.,
2006; Solis-Escalante et al., 2012). In this sense, beta power is
modulated dependent on a change of the movement state, i.e., it
decreases during the switch from rest to movement and rebounds
after the reverse switch from movement to rest.

Second, power modulations are locked to the phase of the
gait cycle in the 24-40 Hz and 70-90 Hz range, respectively
(Wagner et al., 2012, 2014; Seeber et al., 2014, 2015). Gwin
et al. (2011) were the first to show that power is modulated in
a cyclic fashion during the gait cycle. Notably, Petersen et al.
(2012) found activity at the Cz electrode and the TA muscle to
be coherent in the 24-40 Hz range before the heel strike during
walking. Although sustained beta decrease and transient power
modulation in the 24-40 Hz range overlap in the frequency
domain, they are thought to be two separate phenomena (Seeber
etal.,2014). While sustained beta decrease is linked to a sustained
active state of the sensorimotor cortex (Seeber et al., 2014; for
a review, see Neuper and Pfurtscheller, 2001), phase-dependent
power modulation in the 24-40 Hz range is associated with
phasic gait cycle-dependent sensorimotor processing and motor
planning (Wagner et al., 2012, 2014; Seeber et al., 2014).

Notably, cortical involvement in motor control has also been
studied with EEG during recumbent bicycling on a stationary
bicycle (Jain et al., 2013). This approach revealed similar findings
to the results obtained in the context of walking studies. Active
lower leg movements as opposed to passive movements led to a
stronger power decrease in the beta band over the sensorimotor
cortex. Additionally, bicycling was associated with alternating
positive and negative cortical potentials, occurring twice in
the pedal cycle and correlated with EMG activity of the leg
muscles.

In the present study, we contrasted cortical activity underlying
bicycling and walking to address the extent and aspects
of cortical involvement in motor control. Furthermore, we
aimed to clarify which aspects differ across these two distinct
types of movement. We investigated movement state-dependent
EEG power changes, i.e., the switch from rest to movement
and back again. Moreover, we studied movement phase-
dependent EEG power changes, i.e., power modulations
that are locked to specific phases within the movement
cycle.

MATERIALS AND METHODS

Participants

Fifteen healthy right-handed volunteers participated in this
study. One participant was excluded from the analyses because
of severe contamination of the EEG by muscle artifacts. Thus,
data are presented from the remaining 14 participants (24.9 +
3.0 years, six females). The study was approved by the local
ethics committee of the Medical Faculty of the Heinrich Heine
University Diisseldorf (study number: 4294) and was performed
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in accordance with the Declaration of Helsinki. All participants
gave their prior written informed consent.

Experimental Design and Procedure
Participants started either in the bicycling or in the walking
condition (Figure 1A). The order of conditions
pseudorandomized and counterbalanced across subjects.
Each condition started with a baseline rest period of 2 min,
ie., sitting on the bicycle or standing, respectively. In order
to investigate movement initiation and termination, subjects
performed an alternating sequence containing 10 s of movement,
i.e., bicycling or walking, and 10 s of rest. The sequence was
repeated 50 times. Subjects started with one additional rest
phase before continuing with the alternating sequence to capture
each of the 50 initiations and terminations. Start and end of
the movement phase was indicated by an acoustic signal (beep
of 500 ms duration with a frequency of 1000 Hz for start
and 1500 Hz for end). Participants were allowed to start with
their preferred leg but asked to keep this constant across trials
and conditions. Finally, participants engaged in continuous
movement for 2 min. The definition of number of repetitions
and recording times was based on pilot recordings. Thus, we
could ensure to acquire a sufficient data quantity for power
analyses. Participants were instructed to bicycle or to walk at a
comfortable slow cadence of 40 revolutions per minute (rpm) or
strides per minute (spm), respectively. Prior to the experiment,
they were given a short trial period to get accustomed to the
intended cadence.

Bicycling took place on a basic version of the stationary
bicycle simulator originally developed to analyze bicycling
performance parameters (Dahmen et al., 2011; Figure 1B).
This simulator combines a common bicycle frame with a
commercial Cyclus 2 ergometer (RBM Elektronik-Automation

was

GmbH, Leipzig, Germany) based on an eddy current brake. The
brake force of the ergometer, controlled by custom-made PC-
based software, was kept constant over participants. Bicycling
with 40 rpm at a pedal force of 30 N resulted in a power of 23 W.
Furthermore, custom Arduino-based electronics and optical
sensors tracked pedal position that was recorded simultaneously
with all electrophysiological signals. The bicycle simulator was
the same for all participants with the saddle height adapted to the
individual body height, i.e., the fully stretched leg was matching
the distance from the saddle to the lowest pedal position. The
walking condition was conducted in a 50 m long hallway with no
obstacles or additional cues. Turnings made during continuous
walking for 2 min were excluded from the analysis.

Data Acquisition

Data were recorded with the maximum sampling rate of 2048 Hz
using a portable EEG amplifier (Porti amplifier, TMSi, Enschede,
Netherlands) and controlled by a combination of the open
source software packages OpenBCI and Svarog (Durka et al,
2012). EEG was acquired with an 18-electrode cap (TMSi,
Enschede, Netherlands) attached according to the international
10-20 system. EEG signals were referenced against an average
reference and a water-based ground electrode integrated in
a wristband was used. Bipolar surface EMG activity of three
leg muscles (TA, tibialis anterior; BF, biceps femoris; and
RF, rectus femoris) was recorded bilaterally using the EEG
amplifier and disposable Ag/AgCl electrodes (Covidien, Dublin,
Ireland). Electrodes were placed 2 c¢cm apart on the belly of
each muscle. Electrode placement was instructed by an expert
neurologist in line with the SENIAM guidelines (Hermens
et al,, 1999). EMG and scalp EEG were recorded with actively
shielded cables attenuating movement artifacts. The knee angle
was continuously tracked by bilateral electronic goniometers.

A Baseline
Sitting/Standing
2 min

\ 50x

) )

Rest Move Rest
(10's) (10 s) (10 s)
Movement

Bicycling/Walking

2 min

FIGURE 1 | Experimental setup. (A) Schematic illustration of the experimental paradigm. Each condition started with a baseline rest period of 2 min, i.e., sitting on
the bicycle or standing, respectively. After further 10 s of rest participants performed an alternating sequence containing 10 s of movement, i.e., bicycling or walking,
and 10 s of rest. This was repeated 50 times. Start and end of the movement phase were indicated by an acoustic signal. Finally, participants engaged in continuous
movement for 2 min. (B) The bicycle simulator compromises a Dutch-style bicycle frame mounted on an ergometer. Custom-made software electronics and optical
sensors tracked pedal position that was recorded simultaneously with all electrophysiological signals.
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Footswitches placed under both feet monitored stepping (TMSi,
Enschede, Netherlands).

Artifact Rejection

Data were analyzed with the Matlab-based FieldTrip toolbox
(Oostenveld et al.,, 2011) using Matlab R2014a (The Mathworks,
Natick, MA, USA). EEG signals were band-pass filtered offline
(1-100 Hz). A band-stop filter was applied (49-51 Hz) to remove
power line noise. To account for movement and muscle artifacts
contaminating the EEG, the following steps were taken: first,
data were visually inspected and times including artifacts such as
jumps or transient high frequency activity excluded from further
analysis. Second, data were decomposed using independent
component analysis (ICA) with the extended Infomax algorithm
implemented in the FieldTrip toolbox. The Infomax algorithm
has been shown to be superior to two other ICA algorithms,
SOBI and FastICA (Delorme et al., 2007). Components showing
the spatial or temporal signatures of eye blinks were rejected
(1.93 + 0.47 components per participant; range 1-3) and the
remaining components projected back to the scalp channels.
Finally, data were re-referenced against the common average
of nine central electrodes (F3, Fz, F4, C3, Cz, C4, P3, Pz, P4).
By restricting the average reference to these electrodes we were
able to minimize the influence of artifacts arising from neck
muscles.

Continuous Movement, Initiation, and

Termination of Movement

Power changes during continuous movement were expressed as
the relative power change in dB to the baseline rest condition, i.e.,
sitting and standing, respectively. This was assessed by dividing
data into 1 s segments with an overlap of 50% and calculating
the fast Fourier transform (FFT) for each segment. Subsequently,
spectra were averaged over segments.

The goniometer signal was used to determine movement
initiation and termination. The relevant events were defined
by the following procedure. First, goniometer amplitude range
during movement was determined and set to 100%. Next,
baseline levels were calculated for each 2 s period before the
acoustic signal which indicated start. A threshold was defined
at 2% above the respective baseline level. Movement initiation
was then defined as crossing of the predefined threshold. An
analogous threshold was defined for movement termination
based on the period from 3 to 5 s after the acoustic signal which
indicated stop. The accuracy of the selected initiations as well
as terminations were verified visually afterwards and adapted if
necessary (0% of initiations and 11.60% of terminations).

Movement initiation and termination were analyzed by
performing time-frequency decomposition with a sliding
Hanning window of 1 s duration and a step size of 0.05 s. Again,
power changes were expressed as the relative power change in dB
to the baseline rest condition. In order to draw conclusions about
differences in relative power between bicycling and walking we
checked that baselines were not significantly different using the
non-parametric cluster-based permutation test implemented in
the FieldTrip toolbox (Maris and Oostenveld, 2007).

Movement Cycle

The movement cycle was defined as the interval between
two consecutive maximum knee flexions of the right knee.
The maximum knee flexion is an event occurring both in
bicycling and in walking. Therefore, this approach facilitates the
comparison between the two types of movement. However, this
definition deviates from previous walking studies which used the
heel strike as the boundary of the gait cycle (Gwin et al., 2011;
Wagner et al., 2012; Seeber et al., 2014). The maximum knee
flexion occurs between toe off and heel strike. Power modulations
locked to the movement cycle based on the knee flexion precede
the ones based on the heel strike by approximately 30% of the
movement cycle.

To avoid confounds due to acceleration or deceleration,
we solely incorporated cycles deriving from the continuous
movement condition and from the period between 2 s after
movement start and 2 s before movement stop. This resulted in
an average of 202.1 &+ 22.2 movement cycles (range 160-240).
Time-frequency spectra were calculated per movement cycle
with a sliding Hanning window. The window had a length of
0.5 s and was moved in steps of 0.01 s. Individual spectra were
interpolated to the length of the longest cycle and subsequently
averaged. This procedure standardized the same time frame for
all subjects and conditions. Power within the movement cycle
was normalized by the temporal average of the entire cycle for
each frequency.

Rhythmicity of power modulations within the movement
cycle was quantified by the gait phase modulation measure
introduced by Seeber et al. (2014) and modified by Trenado
(2015). This index can take values between 0 and 1 reflecting
the similarity of the power modulation within the movement
cycle with a sinusoid. The calculation is based on two periods
of the sinusoid representing the modulation with every single
leg movement within the movement cycle. The frequency
and peak value of maximal sinusoidal modulation within the
24-40 Hz range was computed for every subject and condition.
The choice of the frequency range of interest was based on
prior studies (Wagner et al., 2012; Seeber et al., 2014). Peak
values of the modulation measure did not differ between
conditions, i.e., power modulation within the movement cycle
had the same similarity with a sinusoid in bicycling and
walking (Bicycling: M = 0.78, SD = 0.13, Walking: M = 0.83,
SD = 0.10, paired t-test, p > 0.05). The resulting frequency
was further used for fitting a sine wave to the corresponding
power modulation. Again, a two-period pattern of the sine
wave was assumed. This allowed comparing both phase and
amplitude of rhythmic power modulations between bicycling and
walking.

EMG Analysis

One of the 14 subjects had to be excluded from the EMG analysis
for all muscles and a further subject for one muscle (BF) due to
poor data quality. EMG data was band-pass filtered (20-450 Hz)
and full-wave rectified. These filter cut-off frequencies were
chosen in order to maintain the relevant information and
avoiding artifact contamination, especially at lower frequencies
(van Boxtel, 2001; De Luca et al., 2010). Average EMG activity
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was obtained by computing the sum per unit of time. As we
did not observe a power difference between body sides in any
of the muscles (Bicycling: TA_left M = 18.18, SD = 15.03,
TA_right M = 13.93, SD = 6.03, BF_left M = 19.77, SD = 8.34,
BF_right M = 18.42, SD = 8.21, RF_left M = 23.41, SD = 10.97,
RF_right M = 21.84, SD = 9.50, Walking: TA_left M = 49.04,
SD =15.26, TA_right M = 47.52, SD = 10.08, BF_left M = 30.70,
SD = 16.32, BF_right M = 31.34, SD = 13.32, RF_left M = 39.09,
SD = 23.70, RF_right M = 34.47, SD = 20.55; paired t-tests, all
p > 0.05; for bicycling TA and walking RF Wilcoxon signed-rank
test, all p > 0.05), we averaged EMG activity over sides.

Muscle activity within the movement cycle was analyzed as
described in Jain et al. (2013). EMG activity was smoothed
using a 4th order low-pass Butterworth filter with a cut-
off at 5 Hz. EMG activity was summed over left and right
muscles, yielding the composite EMG. In contrast to Jain
et al. (2013), we interpolated EMG cycles in line with the
EEG and computed grand average composite EMG as well
as EEG on z-score transformed EEG and EMG data. Z-score
transformed data were obtained by subtracting the mean and
dividing by the standard deviation in order to account for scaling
differences between subjects. Then, the correlation coefficient
was determined between EEG power and EMG activity within
the movement cycle.

Statistics

All analyses were focused on the Cz electrode overlying the
leg area of both motor cortices and the SMA. We restricted
the analysis to the Cz electrode as previous studies in the
context of bicycling and walking were able to demonstrate
movement-related activity especially in central sensorimotor
areas (Wieser et al., 2010; Gwin et al,, 2011; Wagner et al,
2012; Jain et al,, 2013; Seeber et al., 2014). Changes of spectral
power during continuous movement relative to the baseline
rest period were evaluated in three different frequency bands:
8-12 Hz (alpha), 13-22 Hz (low beta), and 23-35 Hz (high
beta) based on previous studies (Lopez-Azcarate et al., 2010;
Singh et al, 2013; Toledo et al, 2014). The frequency of
maximal decrease was obtained for each frequency band and
average power at the peak frequency (£1 Hz) compared between
bicycling and walking using paired-samples ¢-tests implemented
in IBM SPSS statistics, version 22 (IBM Deutschland GmbH,
Ehningen, Germany). Differences in time-frequency spectra
were evaluated by non-parametric cluster-based permutation
testing implemented in the FieldTrip toolbox (Maris and
Oostenveld, 2007). The calculation of mean and standard
deviation of phase values were performed using the circular
variants of these operations using the Circular Statistics Toolbox
(Berens, 2009). For evaluation of phase differences between
power modulations within the movement cycle we applied
a non-parametric permutation test based on Watson’s U?
statistic (Zar, 1999). All other variables were tested with
SPSS. We tested for normality using the Kolmogorov-Smirnov
test. Two-sided paired-samples t-tests were performed in
case of normally distributed data. Otherwise, we used the
non-parametric Wilcoxon signed-rank test. For all tests, the
significance level was set to 0.05. We corrected for multiple

comparisons using the adaptive Bonferroni correction (Holm,
1979).

RESULTS

Movement-Related Power Changes

The average cadence across participants was 40.9 rpm (SD = 1.72)
for bicycling and 41.5 spm (SD = 2.88) for walking. Both bicycling
and walking led to a broadband decrease of oscillatory activity
relative to the baseline rest condition with minima in the alpha
(8-12 Hz), low beta (13-22 Hz) and high beta band (23-35 Hz;
Figure 2). For bicycling relative to sitting, alpha power decreased
about 1.81 dB (SD = 1.99) at 10.00 Hz (SD = 1.30), low beta
power about 1.63 dB (SD = 1.27) at 18.21 Hz (SD = 2.49),
and high beta power about 3.58 dB (SD = 2.27) at 26.71 Hz
(SD = 2.13). For walking relative to standing, alpha power
decreased about 4.49 dB (SD = 4.06) at 10.14 Hz (SD = 1.29), low
beta power about 1.95 dB (SD = 1.98) at 17.71 Hz (SD = 1.98),
and high beta power about 2.30 dB (SD = 1.95) at 27.36 Hz
(SD = 2.84). Frequencies of maximal decrease in the alpha,
low and high beta range didn’t differ between bicycling and
walking (all p > 0.05), but the pattern of power decreases
during movement relative to baseline rest condition was different
between the two conditions. While alpha power decrease was
stronger for walking than for bicycling (p = 0.031), the power
decrease in the high beta band was stronger for bicycling
(p = 0.046).

Power decreases relative to the baseline rest condition
could be observed in the alpha, low, and high beta band at
movement initiation in bicycling and walking (Figure 3, upper
panel). Furthermore, theta power (4-7 Hz) increased both in
bicycling and walking relative to the baseline rest condition
before movement initiation. For the walking condition, this
was followed by a prompt alpha power decrease immediately
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FIGURE 2 | Power ratio. Grand average plot showing changes of spectral
power in dB during continuous movement relative to the baseline rest period.
Positive values indicate a power increase during movement relative to
baseline, whereas negative values indicate a power decrease. Alpha power
decrease was stronger in walking, whereas high beta power decrease was
stronger in bicycling as indicated by the asterisks.
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FIGURE 3 | Initiation and termination of movement. Grand average time-frequency representations of power changes locked to a change of the movement
state relative to the baseline rest period (in dB) for bicycling, walking, and the difference between both (non-significant differences masked). Upper row: Movement
initiation is at ¢ = 0. In both conditions power decreases (blue) occur in the alpha, low and high beta band, but with a stronger high beta power decrease in bicycling
and a stronger alpha power decrease in walking. Lower row: Movement termination is at t = 0. In both conditions power increase (red) occurs in the beta band.
Contrasting bicycling and walking revealed a difference in the temporal evolution both of the beta rebound and of the alpha power recovery.
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after movement initiation, whereas alpha power decreased
approximately 500 ms after movement initiation in the bicycling
condition. Contrasting relative power between bicycling and
walking revealed two significant clusters (Figure 3, upper right
panel). One cluster was found in the high beta band starting
approximately 110 ms before movement start and indicating
a stronger power decrease in bicycling compared to walking
(p = 0.044). Additionally, we observed a significant cluster in
the theta-alpha range (5-14 Hz, p = 0.003) during movement
initiation, reflecting a stronger theta power increase and weaker
subsequent alpha power decrease in bicycling compared to
walking.

Post-movement beta power increase relative to the baseline
rest condition could be observed in both conditions about 500
ms after movement termination covering the low and high
beta range (Figure 3, lower panel). Furthermore, relative alpha
power recovered immediately after movement stop in bicycling
whereas it recovered only gradually after walking. Contrasting
relative power between bicycling and walking (Figure 3,
lower right panel) showed the post-movement beta power
increase to be more pronounced and prolonged in bicycling
compared to walking (p < 0.001). Furthermore, we observed
two significant clusters in the alpha range (earlier cluster around
0-3.5 s, p = 0.036; later cluster around 4-8.5 s, p = 0.042)
reflecting the persistent post-movement alpha power decrease in
walking.

Movement-Cycle Locked Modulations
Time-frequency spectra clearly showed movement cycle-
dependent power modulation in the 24-40 Hz range for both
bicycling and walking, but with a phase lag between conditions
(Figure 4A). There was a significant difference in amplitude
(Bicycling: M = 0.42, SD = 0.17, Walking: M = 0.63, SD = 0.36,
p = 0.026) and phase (Bicycling: M = —1.09 rad, SD = 0.74,
Walking: M = 1.55 rad, SD = 1.06, p < 0.001) of the sine
wave fitted to the strongest power modulation within the
movement cycle (Figure 4B). Power decreases occurred at
29.80% (SD = 13.79) and 79.10% (SD = 9.71) of the gait cycle
when the leading foot was touching the ground and the trailing
foot was pushing off. Within the pedal cycle, power decreases
occurred shortly before top and bottom pedal positions at
48.87% (SD =12.92) and 92.12% (SD = 8.44) of the pedal cycle.
As can been seen in Figure 5, the time points of EEG
power decreases coincided with the maximum EMG activity for
both conditions. Testing a temporal relationship between the
grand average composite bilateral EMG and EEG revealed a
negative correlation for all muscles in the bicycling condition
(TA:r=-0.92, p < 0.001; RF: r = —0.95, p < 0.001; BF: r = —0.89,
p < 0.001). For the walking condition, the TA (r = —0.45,
p < 0.001) and the BF (r = —0.44, p < 0.001) were correlated
with the cortical power envelope. Walking relative to bicycling
was accompanied by a stronger average EMG activity of the TA
(Bicycling: M = 16.06, SD = 9.82, Walking: M = 48.28, SD = 11.40,
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p =0.006) and the BF (Bicycling: M = 19.10, SD = 7.76, Walking:
M = 31.02, SD = 12.43, p = 0.012). No difference was observed
for the average EMG activity of the RF (Bicycling: M = 22.62,
SD =9.91, Walking: M = 36.78, SD = 19.46, p > 0.05).

DISCUSSION

Our data demonstrate different cortical oscillatory dynamics
subserving bicycling and walking, giving rise to movement
specific aspects of cortical involvement in motor control.
Bicycling was marked by movement state-dependent power
modulations in the beta range (13-35 Hz), whereas walking
exhibited stronger movement phase-dependent power
modulations in the 24-40 Hz range.

Stronger Movement State-Dependent Beta

Power Modulation in Bicycling

Beta decrease during movement execution as well as beta
rebound at movement termination was stronger in bicycling than
in walking. This is particularly interesting as beta power decrease
is related to an active state of the sensorimotor cortex associated

with increased cortical excitability (Seeber et al., 2014; for a
review, see Neuper and Pfurtscheller, 2001), and beta rebound
to the shift from an active to an idling or even inhibited state of
the motor cortex (Pfurtscheller et al., 1996; Solis-Escalante et al.,
2012). Overall, beta activity is believed to represent maintenance
of the current motor state (Engel and Fries, 2010). In this sense,
the oscillatory profile of bicycling seems to be dominated by
the switch from a resting state to a dynamic state and vice
versa.

What are the potential reasons for the difference in beta
power between bicycling and walking? During bicycling, pedals
are locked to each other and hence, both legs are moving
continuously. In contrast, in walking, each leg is independent
with alternating stance and swing phases; i.e., the movement
is divided into short and distinct independent entities. In fact,
beta power was shown to remain suppressed during continuous
movements (Erbil and Ungan, 2007; Gwin and Ferris, 2012),
whereas it recovered during isometric and sustained movements
(Cassim et al., 2000; Gwin and Ferris, 2012). The more
continuous motor output in bicycling may therefore result in
the stronger beta power decrease during movement execution
and in a stronger inhibition process at movement termination.
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(upper panel) and walking (lower panel). The frequency was subject-specific, i.e., the frequency of maximal movement phase modulation in each individual. An
anti-phasic relationship between EEG and EMG can be seen, with EMG activity peaks coinciding with EEG power troughs.

Moreover, differences in sensory feedback accompanying motor
output might also affect movement state-dependent beta power
modulation in bicycling (Cassim et al., 2001; van Ede and Maris,
2013).

Alternatively, differences in movement kinematics could have
accounted for the difference in beta power decrease. Cadence
was kept constant across conditions. Still, we were not able to
control for differences in velocity, as walking velocity can change
at constant cadence by adapting step length. However, central
beta power decrease was found not to be affected by movement
velocity (Stantdk and Pfurtscheller, 1996; Bulea et al., 2015).
Investigations on the effect of muscular effort on brain activity
yielded inconsistent results (Stancdk et al., 1997; Christensen
et al., 2000; Gwin and Ferris, 2012; Pistohl et al., 2012). In
the present study, muscular effort of the TA and the BF were
stronger in walking while beta decrease was stronger in bicycling.
Accordingly, it is quite unlikely that the stronger beta decrease in
bicycling resulted from stronger muscular effort.

Alpha Power Modulations

Bicycling and walking were associated with different
oscillatory dynamics in the alpha band. Walking, as opposed
to bicycling, was associated with a stronger alpha power
decrease. Furthermore, alpha decrease occurred earlier during
initiation of walking, but it was also found to recover later

after movement termination. In line with this, Leocani et al.
(1997) investigated self-paced finger movements and found
cortical areas showing fast alpha suppression to be the ones
showing late recovery. Alpha decrease was shown to persist
after movement termination and localized to the postcentral
gyrus (Salmelin and Hari, 1994; Salmelin et al., 1995; Leocani
et al, 1997; Jurkiewicz et al, 2006). Consequently, alpha
decrease is assumed to be closely linked to somatosensory
processing. This tallies with the findings by Wagner et al.
(2012) who showed alpha power to decrease during active
compared to passive walking in the sensory cortex, probably
related to the increased sensory feedback from the muscles.
Interestingly, alpha power was also reported to decrease in
parietal areas during walking with interactive movement related
feedback compared to movement unrelated feedback (Wagner
et al, 2014). This difference in alpha power decrease was
suggested to be related to sensorimotor integration during
visually guided walking in a virtual environment. Moreover,
Presacco et al. (2011) found alpha power to decrease during
precision walking, i.e., when participants were required to
control their foot placement based on visual feedback. As
alpha band activity is generally associated with attention and
information processing (for a review, see Klimesch, 2012), this
may point to enhanced sensory and attentional demands in
walking.
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Stronger Movement Phase-Dependent
Power Modulation in the 24-40 Hz Range
in Walking

We report movement phase-dependent power modulation in the
24-40 Hz range for the first time in bicycling and overground
walking. Within-cycle power modulation in walking agrees with
previous results and has been related to motor planning and
sensorimotor processing (Wagner et al., 2012, 2014; Seeber et al.,
2014, 2015). However, the exact role remained elusive.

Here, we provide further evidence for cortical oscillatory
activity being involved in motor control. For both movement
types, power decreases occurred during movement transition
phases, i.e., transition between stance and swing phase in
walking and flexion and extension in bicycling. Since transition
phases occur at different time points in the movement
cycle in bicycling and walking if defined according to the
maximum right knee flexion (RKF), the corresponding power
modulation significantly differed between conditions. This adds
to previous results demonstrating strongest negative movement-
evoked potentials during transition phases in bicycling and
walking, emphasizing highest cortical control during changes
of movement direction (Wieser et al., 2010; Jain et al,
2013; Knaepen et al, 2015). In line with this idea, negative
potentials have been associated with activity in the cingulate
and prefrontal cortex and subsequent positive potentials with
activity in sensorimotor regions, thought to reflect processing
of afferent feedback (Knaepen et al, 2015). Interestingly,
Petersen et al. (2012) found corticomuscular coherence in the
24-40 Hz range between Cz and the TA muscle before the
heel strike during walking. Importantly, cortical activity was
leading muscular activity, as indicated by the negative sign of the
imaginary part of coherency. Together, this may indicate power
modulations in the 24-40 Hz range to reflect movement phase-
dependent planning processes as an aspect of cortical motor
control.

Although bicycling and walking both exhibited movement
phase-dependent power modulation with power decreases
occurring during movement transition phases, power
modulation was found to be stronger in walking. This suggests
that bicycling and walking differ in cortical involvement in
motor control within the movement cycle. Two factors may
contribute to this difference. First, the restricted movement
pattern in bicycling with symmetrically moving pedals at fixed
circumference may demand less motor planning within the pedal
cycle. This assumption is strengthened by the finding of higher
interference during walking compared to bicycling in a dual
task situation in Parkinson’s disease patients (Yogev-Seligmann
etal., 2013). The authors reasoned bilateral coordination making
movement vulnerable to cognitive load. Indeed, the SMA has
been shown to be involved in interlimb coordination and to
be affected in Parkinson’s disease (Wu et al., 2010). Hence, the
present difference in cortical activity recorded at the Cz electrode
might reflect differences in motor planning due to differing
coordination demands.

Second, stronger power modulation in walking might result
from stronger muscle recruitment or the integration of related

sensory feedback. We found EEG power and EMG activity
to be closely correlated in the present study with EEG power
decreases coinciding with maximal muscle recruitment of the
TA and BF. Notably, average EMG activity of the TA and BF
was stronger in walking compared to bicycling. This may be
directly related to the difference in cortical power modulation
between the two movement types. Moreover, afferent input of the
leg muscles was shown to affect cortical activation. Williamson
et al. (1997) found passive bicycling to lead to less activation
of the motor cortex as compared to active bicycling. However,
passive bicycling with additional electrical stimulation of the
leg muscles increased the cortical activation in the direction
of the level during active bicycling. Somatosensory integration
was also suggested to lead to phase specific power increases in
the 30-50 Hz range in posterior parietal areas during a speed
tracking task on a treadmill when participants had to drive the
treadmill speed by themselves, as opposed to a predetermined
treadmill speed (Bulea et al, 2015). In agreement with this,
integration of sensory information into the motor command
was proposed to shift the corticomuscular coherence from the
range of 15-30 Hz to higher frequencies, i.e., 30-35 Hz, during
dynamic movements (Omlor et al., 2007). Importantly, the huge
contribution of sensory afferents to sensorimotor activity was
also emphasized by almost identical activation patterns in passive
and active bicycling and walking (Wagner et al., 2012; Jain
et al, 2013). Interestingly, Wagner et al. (2012) observed a
trend for stronger power decreases in active compared to passive
walking, whereas Jain et al. (2013) found active compared to
passive bicycling to lead to an attenuation of the movement-
evoked potentials. They assumed this to be due to sensory
gating by efferent corticospinal output. Based on this, phasic
sensory input may be more inhibited in bicycling because of the
continuous movement pattern and stronger corticospinal drive,
respectively.

Methodological Considerations

Artifact contamination is a major issue in EEG studies on
movement (Gwin et al., 2011; Castermans et al., 2014; Kline
et al., 2015). Recently, several artifact rejection methods, e.g.,
ICA in combination with dipole analysis, have been applied
to study oscillatory activity during walking (Gwin et al., 2011;
Wagner et al., 2012). We decided to use ICA solely for rejecting
components clearly reflecting eye blinks and not components
potentially related to muscle artifacts. Due to the small number
of electrodes ICA cannot be expected to isolate muscle artifacts
completely, i.e., many of the components will be a mixture
of artifacts and brain activity, and should not be discarded.
Moreover, we restricted the average reference to the nine central
electrodes in order to minimize muscular artifact contamination
especially from the neck muscles which mostly affected the
lateral and occipital electrodes. However, we cannot rule out that
we thereby changed signal localization and power or artifacts
remaining in the data. Notably, the similarity between our
data and prior results suggests that our conservative procedure
yielded comparable data quality. This point is additionally
supported by intra-cycle power modulations occurring in a
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physiologically limited frequency band (24-40 Hz) and not as
broadband activity. This would be expected in case of movement
artifact contamination (Castermans et al., 2014) and in particular
muscular artifact contamination from the neck muscles (Gwin
etal., 2011; Severens et al., 2012).

Interpreting the differences in cortical activity underlying
bicycling and walking one has to keep in mind that several factors
as e.g., exercise intensity and preference influence brain activity
(Brimmer et al.,, 2011a,b). We controlled for a difference in
cadence as Christensen et al. (2000) have shown that cortical
activation correlates with cadence but not with pedal resistance
during recumbent bicycling. However, as we did not measure
heart beat or direct calorimetry, we cannot directly control the
influence of physiological load on the power difference between
bicycling and walking.

Furthermore, participants had to bicycle and walk with a
predetermined cadence of 40 rpm and 40 spm, respectively.
The imposed cadence might have deviated from the self-
preferred cadence which could have influenced brain activity
during both movements, especially cortical control within the
movement cycle. A relationship between cortical control and
walking cadence is suggested by the findings of slowed walking
cadence in the elderly under dual-task load (for a review, see Al-
Yahya et al., 2011). Not controlling for a difference in cadence,
however, would have caused an obvious mismatch in motor
output between bicycling and walking. Furthermore, Gwin et al.
(2011) did not find any significant difference comparing gait
phase-dependent EEG power modulation for 0.8 and 1.25 m/s
walking.

Implications for Freezing of Gait in

Parkinson’s Disease

The finding of different cortical oscillatory dynamics in bicycling
and walking may shed some light on the puzzling finding of
preserved bicycling abilities in Parkinson’s patients suffering
from severe freezing of gait (FOG; Snijders et al., 2011b, 2012).
FOG has been associated with impaired temporal and spatial gait
control (Nieuwboer et al., 2001; Hausdorff et al., 2003), decreased
activity of the SMA (Snijders et al, 2011a), and increased
resting state high beta power within the subthalamic nucleus
(Toledo et al,, 2014). Parkinson’s disease is generally associated
with abnormally increased beta band activity in the corticobasal
ganglia loop (for a review, see Oswal et al., 2013). Therefore,
one may speculate that bicycling may be less hampered in FOG
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STN modulation during bicycling and walking

Abstract

Freezing of gait is a poorly understood symptom in Parkinson’s disease, a neurodegenerative
disease compromising oscillatory activity in the basal ganglia. Surprisingly, bicycling ability
remains preserved in patients suffering from freezing of gait. Local field potential recordings from
the basal ganglia have demonstrated that walking modulates beta band oscillations. Here, we
present the first local field potential recordings directly comparing bicycling and walking in
Parkinsonian patients with electrodes implanted in the subthalamic nucleus for therapeutic
stimulation. The specific beta band modulations for each condition were studied during rest,
bicycling on a stationary bicycle, and walking.

Contrasting beta power (13-35 Hz) changes in 16 subthalamic nuclei of 10 Parkinson’s disease
patients (56.5 +/- 6.2 years, one female) revealed stronger beta power suppression in bicycling as
compared to walking. Notably, patients with freezing of gait exhibited an abnormal ~18 Hz
oscillation that intensified during walking but not during bicycling and was anti-correlated with the
remaining beta band.

This study provides important first insight into basal ganglia oscillatory dynamics underlying
bicycling and walking. Our results indicate that bicycling may facilitate suppression of ~18 Hz and
overall beta power, while walking is prone to exaggerated synchronization within the basal ganglia.
As beta band activity is suggested to be of antikinetic nature, these findings provide a promising
starting point for elucidating the mechanism that preserves bicycling ability in Parkinson’s disease.
We speculate this may be due to the more continuous nature of bicycling, which is more predictable,
computationally less demanding and less susceptible to interruptions than the alternating stance and
swing phases in walking. This may prevent exaggerated synchronization within the basal ganglia
which has been related to freezing of gait. These findings suggest a critical role of abnormal ~18 Hz
oscillations in the pathophysiology of freezing of gait and may lead to promising new therapeutic

stimulation strategies.

Keywords: freezing of gait, motor control, oscillatory activity, Parkinson’s disease,

subthalamic nucleus
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Abbreviations

BDI Becks Depression Inventory
DBS deep brain stimulation

FAB Frontal Assessment Battery
FOG-Q Freezing of Gait Questionnaire
LFP local field potential

MDRS Mattis Dementia Rating Scale
MNI Montreal Neurological Institute
PPN pedunculopontine nucleus

rpm revolutions per minute

spm strides per minute

STN subthalamic nucleus

UPDRS Unified Parkinson’s Disease Rating Scale
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1 Introduction

The basal ganglia are a key player in the locomotor network interacting with cortical motor,
cerebellar, and brainstem structures and consequently, gait impairments are a main problem in
Parkinson’s disease (Peterson and Horak, 2016). It is well-known that oscillatory activity in the
cortico-basal ganglia loop is altered in Parkinson’s disease (Schnitzler and Gross, 2005; Hammond
et al., 2007). In particular, research has focused on abnormally increased synchronization in the
beta band (13-35 Hz) that is a hallmark of Parkinson’s disease (Oswal et al., 2013). It has been
proposed that beta oscillations promote the maintenance of the motor state at the expense of
voluntary movement (Engel and Fries, 2010).

Walking abilities are especially affected in patients suffering from freezing of gait, a common
phenomenon in advanced Parkinson’s disease. It is defined by the episodic inability of forward
progression despite the intention to walk (Nutt e al., 2011). Patients with freezing of gait also show
an abnormal spatiotemporal gait pattern in between freezing episodes including smaller steps at
higher cadence (Nieuwboer et al., 2001; Hausdorff et al., 2003; Chee et al., 2009). Strikingly, most
Parkinson’s disease patients, with and without freezing of gait, were found to maintain the ability
to bicycle (Snijders and Bloem, 2010; Snijders et al., 2011; Snijders et al., 2012b). Moreover,
bicycling has been shown to be effective in ameliorating motor and cognitive deficits in
Parkinsonian patients (Ridgel et al., 2009, 2011, 2012). This is puzzling with respect to our
understanding of the human motor system and strongly suggests that, despite the similarity in their
rhythm and involved muscle groups (Raasch and Zajac, 1999), bicycling and walking may involve
cerebral structures including the basal ganglia in different ways.

There is evidence linking freezing of gait to excessive synchronization in the basal ganglia caused
by reduced levels of dopamine in combination with temporarily increased motor, cognitive, or
limbic load (Lewis and Barker, 2009; Lewis and Shine, 2016). In line with this, abnormally
synchronized basal ganglia oscillations, especially in the beta band, have been found in patients
with freezing of gait both during rest (Toledo et al., 2014) and during walking (Singh et al., 2013).
While non-freezers displayed the characteristic power reduction across the entire beta band in the
subthalamic nucleus (STN) during walking, oscillatory activity specifically in the low beta band
(12-22 Hz) was increased in freezers (Singh et al., 2013). These findings are consistent with the
assumed antikinetic nature of oscillatory activity in the beta band. Yet, the question remains how
exactly this difference in movement-related beta power changes is related to freezing of gait. Is this
difference specific to gait or is it rather a general signature of altered basal ganglia activity that
distinguishes freezers from non-freezers?

As no study to date has examined basal ganglia activity during bicycling, or how it may differ from

walking, potential mechanisms concerning how bicycling abilities are preserved in Parkinson’s
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disease have remained speculative. Thus, it is still not entirely clear if the basal ganglia are critically
involved in the control of bicycling at all, and if so, how the underlying oscillatory activity may be
modulated. Recently, our group demonstrated that healthy adults exhibit stronger sensorimotor high
beta power (23-35Hz) suppression in bicycling than in walking (Storzer et al., 2016).
We hypothesized that bicycling attenuates pathological oscillations also within the basal ganglia of
Parkinson’s disease patients as compared to walking. To test this hypothesis, we recruited
Parkinson’s patients with and without freezing of gait who had undergone implantation of
electrodes for deep brain stimulation (DBS) therapy. This approach provides the rare opportunity
to record local field potentials (LFPs) directly from the STNs while initiating, sustaining, and
terminating pedaling on a stationary bicycle or walking, respectively. Comparing beta oscillatory
activity in the STN between both conditions, we found stronger beta power suppression in bicycling
relative to walking. Conversely, patients with freezing of gait exhibited a narrow band low beta

power increase specifically during walking, reflecting the susceptibility to freezing.
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2 Methods

2.1 Patients and surgery

13 Parkinson’s disease patients clinically selected for bilateral DBS therapy participated in this
study. One patient terminated the recording after the bicycling task due to fatigue and hence, did
not perform the walking task. Data of two patients had to be excluded because of severe movement
artifact contamination of all STN channels. Thus, data are presented from the remaining 10 patients
(56.5 + 6.2 years, one female, Table 1). The study was approved by the local ethics committee of
the Medical Faculty of the Heinrich Heine University Diisseldorf (study number: 4294) in
accordance with the Declaration of Helsinki. All patients gave their prior written informed consent.
Motor state and history of freezing of gait were assessed preoperatively with part III of the Unified
Parkinson’s Disease Rating Scale (UPDRS), and the Freezing of Gait Questionnaire (FOG-Q;
Giladi et al., 2000). Cognitive and emotional states were assessed with the Mattis Dementia Rating
Scale (MDRS), the Frontal Assessment Battery (FAB), and the Becks Depression Inventory (BDI).
Four patients were classified as freezers because of a score >1 regarding the FOG-Q question #3:
“Do you feel that your feet get glued to the floor while walking, turning or when trying to initiate
walking?” Additionally, we observed freezing episodes in two out of these four patients during the
experiment. These episodes were excluded from the analysis.

Surgery was performed at the Department of Stereotaxy and Functional Neurosurgery of the
University Hospital Diisseldorf as described earlier (Ozkurt et al., 2011). Seven patients (#3-9)
were bilaterally implanted with a rechargeable Vercise™ DBS system by Boston Scientific
(model 2201, Boston Scientific, Marlborough, USA). Patient #11 was implanted with a Boston
Scientific Vercise PC stimulator and had segmented directional leads with eight contacts arranged
in two ring contacts and two 3-segment contacts (1-3-3-1, model 2202-DL). The remaining two
patients (#13-14) were implanted with the Infinity™ DBS system by St. Jude Medical (model 6170,
St. Jude Medical Inc., St. Paul, MN, USA), which is also equipped with segmented directional leads
(1-3-3-1).

2.2 Experimental design and procedure

Recordings took place 1-5 days after electrode implantation using externalized leads. Patients were
off oral dopaminergic medication for > 12h and off subcutaneous apomorphin administration for
> 2h. Data of patient #4 was obtained in the medication ON state. As movement-related beta power
changes were shown to be similar in the medication OFF and ON states (Alegre et al., 2005),
the data of this patient were included in the analyses.

Patients engaged in bicycling on a stationary bicycle simulator, overground walking, and the

respective baseline conditions, i.e., sitting and standing (Fig. 1). Patients started with a 120 s
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baseline rest period. This was followed by repeatedly alternating 10 s rest and 10 s movement. This
way, 30 episodes of acoustically cued movement initiation and termination were captured. At last,
patients engaged in 120 s continuous movement. Patients started either in the bicycling or in the
walking condition with the order of conditions being pseudorandomized and counterbalanced
across patients. For a more detailed description of the paradigm and the bicycle simulator see
Storzer et al. (2016). Patients were instructed to bicycle and to walk at their own comfortable
cadence as physical fitness was heterogeneous in the patients under study. Cadence was assessed
in bicycling and walking as revolutions per minute (rpm) and strides per minute (spm), respectively.

Patients were asked to keep cadence constant across conditions.

2.3 Data acquisition and analysis

LFPs from the STNs were recorded with a portable EEG amplifier at a sampling rate of 2048 Hz
(Porti amplifier, TMSi, Enschede, The Netherlands) using the open source software packages
OpenBCI and Svarog (Durka et al., 2012). In addition, EEG from a few cortical Ag/AgCl
electrodes, positioned over sensorimotor and parietal areas, and EMG of bilateral leg muscles
(tibialis anterior, biceps femoris, and rectus femoris) were assessed simultaneously. The water-
based ground electrode was integrated in a wristband and LFP and EEG data were recorded with
an average reference. LFP and EEG data were re-referenced offline with a bipolar montage
consisting of adjacent contacts in the vertical plane. This yielded seven and nine (in case of
directional leads) bipolar channels per STN, respectively. Data were obtained from 20 STNs.
Two STNs were excluded due to a malfunctional extension or connector. Two further STNs had to
be excluded because of severe movement artifact contamination affecting all channels.
Consequently, 16 STNs were included in the analysis.

Data were analyzed with the Matlab-based FieldTrip toolbox (Oostenveld et al., 2011) using Matlab
R2015b (The Mathworks, Natick, MA, USA). Analysis was focused on LFPs. First, data were band-
pass filtered offline (1-1000 Hz). Next, data were visually inspected for movement artifacts and

respective segments excluded from further analysis.

Spectral analysis

Power spectra were calculated for the baseline rest and continuous movement conditions. Data were
divided into 1 s segments with an overlap of 50 % and the fast Fourier transform was calculated for
each segment using a single Hanning taper. Afterwards, spectra were averaged over segments.
Furthermore, changes of spectral power during movement were expressed as relative power change
in dB to the baseline rest condition i.e., sitting or standing. Event-related modulations of LFP power

were analyzed by performing time-frequency decomposition locked to movement initiation and
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termination with a sliding Hanning window of 1 s length and a step size of 0.05 s. Likewise, power
changes were expressed as the relative power change in dB to the baseline rest condition.
The goniometer signal was used to define movement initiation and termination in line with Storzer
and colleagues (2016). Based on visual inspection, 2.0 % of the selected initiations and 4.1 % of

the selected terminations had to be adapted.

Channel selection

We selected one bipolar channel per STN for the analysis. Based on Litvak and colleagues (2012),
the channel with the strongest change of spectral power in the 13-35 Hz range (pooled over
conditions) was selected. We made sure that no spurious channels were detected by verifying that
the corresponding channels also showed a baseline beta peak. The selected channel was the same
for all movement conditions in order to prevent channel selection affecting the comparison between
bicycling and walking. Due to non-functional contacts in patient #13, the contact pair 2C-4 had to
be selected. Two bipolar channels had to be adapted due to movement artifact contamination in two
patients (#4 and #5). In these cases, the next possible channel with strong beta suppression was
selected instead.

Table 1 lists the selected channels for each STN together with the Montreal Neurological Institute
(MNI) coordinates and the probability p to be within the STN (Forstmann et al., 2012). Coordinates
were determined by registering the postoperative CT to the preoperative MRI using FSL (Jenkinson
etal.,2012). The most ventral and the most dorsal contact of each electrode were visually identified
(Hemm et al., 2009). The remaining contact coordinates were obtained by linear interpolation and
a mask image created containing the electrode contacts. MNI coordinates were estimated by
transforming the preoperative MRI and mask image into MNI space using ANTs (Avants et al.,
2008). Electrode localization was not possible for one patient due to movement artifacts

contaminating the CT.

2.4 Statistics

In line with the channel selection, the effect of movement and posture on beta power was evaluated
consistently at the frequency (1 Hz) showing the strongest individual beta power suppression
during continuous movement relative to the baseline rest period (pooled over conditions).
A two-way repeated measures ANOVA was conducted with the within-subject factors movement
(‘rest’ vs. ‘move’) and posture (‘on bike’ vs. ‘on foot’) as implemented in IBM SPSS statistics,
version 23 (IBM Deutschland GmbH, Ehningen, Germany). We ensured that data were normally
distributed based on the Kolmogorov-Smirnov test and corrected for multiple testing using the

adaptive Bonferroni correction (Holm, 1979). Further comparisons were made using two-sided
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paired-samples t-tests or Wilcoxon signed-rank tests depending on the data distribution.
The non-parametric Mann-Whitney-U-test was used to compare cadence during bicycling and
walking between freezers and non-freezers because of the small sample sizes. For all tests, the
significance level was set to 0.05. Differences in time-frequency and baseline spectra were
evaluated by non-parametric cluster-based permutation testing implemented in the FieldTrip

toolbox (Maris and Oostenveld, 2007).
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3  Results

The average cadence across patients was 39.7 rpm (SD = 5.6) for bicycling and 47.0 spm
(SD = 8.1) for walking and differed between conditions (#9) = -3.1, p = 0.01). This difference was
mainly driven by the high walking cadence of the four patients with freezing of gait. Walking
cadence was significantly different between freezers and non-freezers (Non-freezers: M = 42.9,
SD =3.5; Freezers: M =53.3,SD=9.5; U=0, p=0.02). In contrast, bicycling cadence was similar
between groups (Non-freezers: M = 38.5, SD = 6.9; Freezers: M=41.6, SD=2.8; U=5, p=0.17).

3.1 Effect of movement and posture on beta power

Bicycling and walking led to a power decrease relative to the baseline rest conditions, i.e., sitting
and standing, that was maximal at 22.5 Hz (SD = 6.1 Hz). Using a repeated measures analysis
of variance (ANOVA) to evaluate the effect of movement (‘rest’ vs. ‘move’) and posture
(‘on bike’ vs. ‘on foot’) on power at the individual beta frequency resulted in a significant main
effect of movement on power (F(1,15) = 44.9, p < 0.01). Beta power was significantly decreased
during movement irrespective of posture. Furthermore, the ANOVA revealed a significant
interaction between movement and posture (F(1,15) = 8.7, p <0.01). Fig. 2A illustrates that this was
due to a stronger power decrease from sitting to pedaling as compared to the power decrease from
standing to walking. Individual power changes and group data are depicted for bicycling in Fig. 2B
and for walking in Fig. 2C. Beta power suppression for bicycling and walking was consistently

observed across the patients under study.

3.2 Beta power changes locked to movement initiation and termination

Relative power changes locked to movement initiation were evident in the beta band both in
bicycling and in walking (Fig. 3, upper panel). For bicycling relative to the baseline rest condition,
power decreased in the low (13-20 Hz) and high (21-35 Hz) beta band starting around movement
initiation. These power changes could also be observed for the walking condition, however, to a
smaller extent. Further, these were accompanied by a power increase in a narrow frequency range
(17-20 Hz). Contrasting relative power between bicycling and walking revealed a significant cluster
in the beta band (10-32 Hz, p <0.01).

Time-frequency representations of LFP power locked to movement termination showed a high beta
power increase relative to the baseline rest condition for both bicycling and walking (Fig. 3, lower
panel). The magnitude of this beta rebound did not significantly differ between the movement
conditions (p = 0.42).

Further testing for a baseline difference between sitting and standing revealed a higher beta power

during sitting relative to standing (cluster 19-28 Hz, p < 0.01).
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Movement-related beta power changes in patients with freezing of gait

Looking at individual time-frequency representations of movement-related power changes revealed
that the narrow band (17-20 Hz) beta power increase locked to movement initiation in walking was
mainly driven by the four patients (7 STNs) with freezing of gait (Fig. 4, upper panel). While
bicycling was accompanied by a power reduction in the whole beta band or solely a slight power
increase around movement initiation, walking was accompanied by a distinctive and sustained
narrow band beta power increase at ~18 Hz. Contrasting relative power between bicycling and
walking in freezers revealed a significant cluster in the beta band (17-30 Hz, p = 0.02).

This abnormal ~18 Hz oscillation was not observable in non-freezers, apart from a soupgon of
power increase during walking (Fig. 4, lower panel). However, this power increase was not as
distinct and narrow-band as in freezers. Instead, beta power suppression was observed in both
conditions. The suppression was stronger in bicycling than in walking resulting in a significant
cluster in the beta band (10-30 Hz, p <0.01).

In order to further evaluate this abnormal oscillatory signature in patients with freezing of gait, LFP
data of each STN were bandpass filtered around the frequency (+2 Hz) showing the strongest
movement-related power increase. Next, envelopes of the filtered data were computed by taking
the Hilbert transform. Envelopes were filtered by a moving average filter of length 2500 samples
and correlated with the envelope of the remaining beta band. The ~18 Hz oscillation was found to
be anti-correlated with the remaining beta band specifically during walking but not during cycling,
and it was particularly enhanced at initiation and termination of walking (Fig. 5, upper panel). This
resulted in a significant difference in the correlation between the envelopes of the ~18 Hz oscillation

and the remaining beta band between bicycling and walking in freezers (¢ = 4.1, p <0.01).
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4  Discussion

We demonstrate for the first time that beta band activity in the Parkinsonian STN is modulated
substantially differently by bicycling compared to walking. We found greater beta power
suppression in bicycling relative to walking, while the beta rebound upon movement termination
was equally strong. Importantly, patients with freezing of gait exhibited a characteristic ~18 Hz
oscillation only during walking, a potential signature indicating the risk of freezing that has never

been described before.

4.1 Stronger beta power suppression in bicycling

We found bicycling and walking to be associated with a decrease of oscillatory activity in the beta
band relative to the respective baseline rest condition. This effect is not unexpected as activity in
the beta band is known to be suppressed during movement execution in the STN of Parkinsonian
patients (Cassidy et al., 2002; Litvak et al., 2012). Current knowledge about neural activity related
to bicycling was primarily based on non-invasive imaging techniques, i.e., functional MRI (Mehta
et al., 2009) and PET (Christensen et al., 2000) studies, which reported no basal ganglia
involvement. Therefore, the current study provides important first evidence of a direct involvement
of the basal ganglia in bicycling.

Interestingly, bicycling resulted in a stronger suppression of beta oscillations relative to walking,
in line with previous observations in the sensorimotor cortex of healthy participants (Storzer et al.,
2016). The effect was evident both at movement initiation and during continuous movement.
Beta rebound after movement termination was, however, of similar magnitude. Thus, the difference
in beta power modulation between bicycling and walking was specific to beta power suppression
during movement. These findings indicate that movement-related suppression of beta oscillations
in the basal ganglia is stronger in bicycling relative to walking. It is not unlikely that this is a crucial
part of the physiological mechanism explaining why bicycling ability is preserved in Parkinson’s
disease and more importantly, why bicycling has a therapeutic effect.

Some functional differences in the cerebral networks underlying bicycling and walking would be
expected as they differ in some aspects such as sensorimotor input, postural control, and
coordination. It remains to be clarified which of these differences may be associated with the
stronger beta power suppression. Postural control during standing is impaired in Parkinson’s
disease patients, with impairment and decline being more pronounced in freezers (Schlenstedt et
al.,2016; Vervoort et al., 2016). However, comparing beta power between the different movement
conditions, we did find a difference between sitting and standing, but found no main effect of

posture due to the stronger power decrease from sitting to pedaling exceeding the level of walking.
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Consequently, stronger beta power suppression during bicycling cannot be due to the reduced need
for postural control.

A key difference could be the more continuous nature of bicycling, which is associated with
persistent tactile feedback to both feet and lacks the stationary phases that are part of walking. Thus,
the likelihood of the subsequent movement is higher in bicycling which has been related to beta
power suppression (Jenkinson and Brown, 2011). Furthermore, leg movements in bicycling have
fewer degrees of freedom due to the circular pedal trajectory, regardless of the exact foot placement.
In consequence, the limb movements required for bicycling are less complex than for walking and
could impose a lower computational load on the motor system. In line with this interpretation, a
previous study of our group found stronger gait phase-dependent power modulations in walking
compared to bicycling in the sensorimotor cortex of healthy participants (Storzer et al., 2016),

which could be indicative of a reduced demand for cortical monitoring of ongoing movement.

4.2 Low beta power increase in patients with freezing of gait during walking

Patients with freezing of gait displayed an abnormal ~18 Hz oscillation in the STN that was
intensified during walking. It was not present in Parkinson’s disease patients without freezing of
gait. Notably, this is perfectly in line with a previous report about increased low beta STN power
(12-22 Hz) in freezers during walking (Singh ef al., 2013). Furthermore, akinetic-rigid patients
exhibited a pattern of beta modulation during walking that appears related, with walking resulting
in a decrease in power over approximately 5-16 Hz and 20-30 Hz, leaving a peak of about 18 Hz
(Quinn et al., 2015). Crucially, the abnormal ~18 Hz oscillation was anti-correlated with the
remaining beta band specifically during walking but not during cycling in the study at hand.

From where might this oscillation originate and what are its implications? Due to its predominance
in the OFF medication state and its corresponding reduction by both medication and DBS (Priori et
al., 2004; Lopez-Azcarate et al., 2010; Litvak ef al., 2011; Quinn et al., 2015; Oswal et al., 2016),
the lower beta range is assumed to be particularly associated with antikinetic symptoms. Thus, the
~18 Hz oscillation might reflect a movement-inhibiting signal throughout the motor network.
As the low beta power increase was seen irrespective of actual freezing episodes, it likely reflects
a predisposition to freeze during walking. It might be boosted by interference in the cortico-basal
ganglia loops due to additional response conflict or motor, cognitive or limbic load, thereby
triggering a freezing episode (Lewis and Barker, 2009; Lewis and Shine, 2016).

Interestingly, phase synchronization in the beta band over the left prefrontal area was found to be
associated with increased susceptibility to upper limb freezing (Scholten et al., 2016). The STN
receives direct cortical projections from frontal areas via the hyperdirect pathway (Nambu et al.,

1996), which is assumed to mediate a top-down stopping signal (Aron and Poldrack, 2006; Frank,
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2006; Cavanagh and Frank, 2013). Thus, an excessive cortically driven inhibitory signal might
manifest as an abnormal ~18 Hz oscillation in the STN of freezing patients. Alternatively, the
~18 Hz oscillation might emerge from the interaction between STN and GPe (Holgado et al., 2010)
or originate in the striatum due to increased levels of cholinergic drive as a consequence
of dopamine depletion (McCarthy et al., 2011). Results of a recent study analyzing functional
interactions between the STN, motor cortex, and PPN during walking in hemiparkinsonian
rats suggest the STN as the potential source of increased beta oscillations at around 18 Hz

(Li et al., 2016).

Why are freezers able to bicycle?

Our present results add substantially to the clarification of this question by providing
electrophysiological correlates of the risk of freezing. We found that bicycling suppresses
broadband beta power and narrowband beta oscillations that appear specifically in freezers.
Hence, the effect of bicycling is reminiscent of the therapeutic effects of DBS and medication
(Kiihn et al., 2006, 2008, 2009; Quinn et al., 2015; Oswal et al., 2016). We explain the comparably
low level of beta power during bicycling by a comparably low computational load on the motor
system. This low load may decrease the risk of interference between the parallel but separated
cortico-basal ganglia loops, and thus the risk of freezing (Lewis and Barker, 2009; Lewis and Shine,
2016). If the movement sequence is made more complex, e.g., by uncoupling the pedals of the bike,
the load is increased and patients with freezing of gait are identifiable by irregular pedaling patterns
with the return of intermittent cessations (Abe et al., 2003). Likewise, freezing was found to
be partially alleviated by using a “walk-bicycle”, i.e., a bicycle without pedals and a low seat
(Stummer et al., 2015). Locomotion with the walk-bicycle still requires alternating stepping
movements of the legs but reduces the need for postural control and lateral weight shifts that were
shown to be abnormally coupled in patients with freezing of gait (Jacobs ef al., 2009). In summary,
we suggest that bicycling ability remains unaffected in most patients because it has a lower

computational load on motor networks (Snijders ef al., 2011; Snijders ef al., 2012b).

4.3 Methodological considerations

A methodological challenge in EEG studies on different types of movements lies in movement-
related artifacts. We carefully inspected our data and excluded contaminated data. Nevertheless,
movement artifacts were still present in our data to some extent and in particular in the walking
condition. These artifacts were found to be restricted to lower frequencies only up to 10 Hz, and so

could not influence the presented results in the higher beta frequency band.
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Furthermore, bicycling and walking differed in movement cadence and might have differed in other
movement kinematics, such as movement amplitude and velocity, as well. Previous research has
shown that STN beta power suppression is not directly related to movement kinematics (Anzak et
al., 2012; Joundi et al., 2012). Hence, it is unlikely that these factors have caused the observed
difference in beta power suppression between bicycling and walking. Furthermore, higher cadence
has been shown to be associated with stronger cortical activity (Christensen et al., 2000).
Nonetheless, we found cycling to be accompanied by stronger beta suppression while cadence was
higher during walking.

Due to the small sample sizes of the present study we did not test for differences between freezers
and non-freezers. Nevertheless, our data are in line with previous research (Singh et al., 2013) and
provide a promising starting point for future studies. Such work should include a representative
number of patients with and without freezing of gait allowing adequate statistical testing. Finally,
patients were identified as freezers according to the FOG-Q. Future studies should include an
objective examination of freezing of gait and include only patients with definite acute freezing of

gait (Snijders et al., 2012a).

S  Conclusion

Our study provides important first evidence for differences between bicycling and walking in the
oscillatory activity of the STN in Parkinson’s disease patients. Our results indicate that bicycling is
accompanied by a stronger movement-related suppression of pathological beta oscillations
compared to walking, with an influence on STN beta rhythms reminiscent of the effects of DBS.
Furthermore, freezers exhibited a selective and prolonged distinct and narrowband beta oscillation
locked to the initiation of walking at ~18 Hz. This oscillation was seen in walking irrespective of
actual freezing episodes, and was furthermore weaker and rather brief in duration upon initiation of
cycling, signifying that it likely reflects susceptibility to freezing. Bicycling not only facilitates
suppression of this oscillation along with overall beta power, but we speculate that due to its
continuous nature, it is also computationally less demanding than walking and thus less prone to

‘overloading’ the networks involved in locomotion.
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Figures
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Figure 1: Experimental setup. (A) Schematic illustration of the experimental paradigm adapted
from Storzer et al. (2016). Patients started with a 2 min baseline rest period, i.e., sitting on the bicycle
or standing, respectively. This was followed by repeatedly alternating 10 s movement and 10 s rest
with further 10 s of rest at the beginning. This way, 30 instances of acoustically cued movement
initiation and termination were captured. Subsequently, patients walked or pedaled continuously for
2 min. (B) The bicycle simulator consisted of a Dutch-style bicycle frame mounted on an ergometer.

Pedal position was recorded simultaneously with all electrophysiological signals.
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Figure 2: Effect of movement and posture on beta power. (A) Grand average plot showing the
modulation of STN beta power by movement (‘rest’ vs. ‘move’) and posture (‘on bike’ vs. ‘on foot”).
Results for ‘on bike’ are depicted in blue, results for ‘on foot’ are depicted in green. A repeated-
measures ANOVA showed a significant beta power decrease from rest to move irrespective of
posture. The beta power decrease from sitting to pedaling was stronger compared to the beta decrease
from standing to walking. Significant effects are indicated by asterisks. Error bars are mean +
standard error. Changes of beta power from sitting to pedaling (B) and standing to walking (C) are
depicted for the individual 16 STNs. Mean and standard error are indicated by black lines.
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Figure 3: Time-frequency representation of movement initiation and termination. Grand
average time-frequency plots of normalized STN power, locked to a change of the movement state
for bicycling, walking, and the difference between both (non-significant differences are masked).
Upper row: Movement initiation is at # = 0. Beta power decreases (blue) in both conditions, but
with a stronger beta power decrease in bicycling. Beta power increases (red) in a narrow frequency
range in the low beta band only in walking. Lower row: Movement termination is at ¢ = 0. Beta
power rebound upon movement termination is observable in both conditions and is of similar

magnitude.
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Figure 4: Beta power changes in freezers and non-freezers. Grand average time-frequency plots
showing power changes locked to movement initiation (¢ = 0) in freezers (7 STNs) and non-freezers
(9 STNs) for bicycling and walking, and the difference between both (non-significant differences
are masked). Upper row: Beta power decreases (blue) in both conditions in non-freezers, but with
a stronger beta power decrease in bicycling. Lower row: In freezers, bicycling is accompanied by a
broad-band beta power decrease and briefly by a slight power increase (red) in a narrow band around
18 Hz, following movement initiation. Opposed to this, walking is accompanied by a distinctive and

sustained power increase in this band.
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Figure 5: Modulation of the ~18 Hz oscillation and the remaining beta band. Two examples of
one patient with FOG (upper row) and one patient without FOG (lower row) illustrating the
envelopes of the filtered LFPs around 18 Hz (red) and the remaining beta band (blue). The grey
boxes represent periods of movement, i.e., bicycling and walking. Narrow- and broadband beta
envelopes are anti-correlated during walking but not during cycling in the patient with FOG.
Modulation of the ~18 Hz oscillation is increased at start and end of the movement phases.

Conversely, the two beta bands show the same rhythmic pattern in the patient without FOG.
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Table 1: Patient Demographics

STN modulation during bicycling and walking

Patient Age/  Disease Subtype UPDRSIII  Levodopa Most Selected MNI P Individual MDRS FAB BDI FOG-Q
atien Sex  duration OFF scores equivalent affected contacts coordinates beta
(years) dose Side of selected frequency
(mg/day) contact, (Hz)
X, Y, Z
3 61M 7 Hypokinetic- 15 980 R L5vs6 -12.5,-14.5,3 0% 15 138 17 7 3
rigid R4vs5 15.5,-14,-2 0% 16
4 61M 11 Hypokinetic- 40 1940 L L2vs3 -12,-17,-8.5 8% 27 134 16 5 5
rigid
5 46M 8 Hypokinetic- 20 930 R L2vs3 Not 34 144 18 4 4
rigid R2vs3 available 16
6* 62F 14 Hypokinetic- 15 1080 R L3vs4 -9.5,-15.5,-7 38% 27 142 17 4 7
rigid R3vs4 12,-14.5,-7.5 25% 20
7 52M 8 Equivalent 24 600 R L3vs4 -10.5,-15.5,-6  29% 24 140 18 3 4
8 56M 4 Tremor- Not 0 R L2vs3 -10,-14.5,-7.5  29% 27 143 17 5 2
dominant available R1vs2 12,-15,-7,5 25% 25
9 50M 2 Equivalent 30 960 L R2vs3 12,-15,-7 25% 29 142 17 3 5
11* 61M 9 Equivalent 36 1270 R L2vs5 -11,-14.5,-8 29% 14 143 18 6 13
R1vs2 12.5,-12.5,-9 21% 15
12* 64M 25 Hypokinetic- 46 1410 L L2Avs3A -11,-16,-7 17% 19 141 17 0 16
rigid
13* 52M 5 Hypokinetic- 33 850 + L L2Bvs3B  -11.5,-16.5,-7 12% 27 142 15 14 11
rigid Safinamide R2Cvs4 13.5,-16,-6 8% 25
50**

P, STN probability map entries for selected contacts. The atlas maximum is 0.46.
* Patient with freezing of gait according to score >1 at item 3 of the FOG-Q.

** Safinamide 50 mg is not included in the Levodopa equivalent dose as it is currently not included in the calculation

based on Tomlinson et al. (2010).
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Review of Yang et al.

Changes of oscillatory patterns in the basal
ganglia and in subcortico-cortical motor
loops are a hallmark of Parkinson’s disease
(PD; Hammond et al., 2007). However, the
neuronal mechanisms underlying these
spectral dynamics and how they contribute
to motor symptoms remain to be clarified.
A popular hypothesis s that beta oscillations
(13-30 Hz) in the subthalamic nucleus
(STN) are associated with impaired motor
performance, whereas gamma (60—90 Hz)
and high-frequency oscillations (HFOs;
200-500 Hz) are associated with normal
movement (Oswal et al., 2013). Notably,
there are cross-frequency interactions in the
parkinsonian STN. The amplitude of HFOs
is modulated by the phase of beta oscilla-
tions, and this phase—amplitude coupling is
increased when patients are in an unmedi-
cated (OFF) state (Lopéz-Azcarate et al.,
2010; Ozkurt et al., 2011). Furthermore, it
was observed that beta—HFO phase—ampli-
tude coupling correlates positively with mo-
tor symptom severity, whereas baseline
HFO power and modulation of HFO power
during movement are strongest in patients
with relatively good motor performance
(Lopéz-Azcarate et al., 2010; Wang et al,,
2014). Thus, it seems plausible that beta oscil-
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lations exert an adverse effect on HFOs, which
would otherwise facilitate movement.

Despite its potential importance for
motor control, the mechanisms generat-
ing beta—HFO phase—amplitude coupling
remain elusive. A recent study by Yang et
al. (2014) in The Journal of Neuroscience is
an important first step toward understand-
ing phase—amplitude coupling in PD. The
authors investigated whether beta—HFO
phase—amplitude coupling might emerge as
a consequence of beta spike-phase locking,
i.e., a tendency for spikes to occur at a spe-
cific phase within the beta cycle. Thus, this
interesting paper links neuronal oscillations
to spiking in the STN, which has been
shown to encode diverse aspects of motor
state, such as the type of movement (active
or passive) or the muscles involved (exten-
sor or flexor; Magarinos-Ascone et al.,
2000).

The data were recorded in PD patients
undergoing surgery for deep brain stimula-
tion (DBS). A combination of micro- and
macro-electrodes was gradually inserted
along the trajectory of the DBS electrode so
that recordings of both local field potentials
and spiking activity in and around the STN
could be obtained. The authors then ana-
lyzed the spectral and spatiotemporal char-
acteristics of phase—amplitude coupling and
spike-phase locking.

Yang and colleagues (2014) found both
the amplitude of HFOs and spiking to be
significantly coupled to the phase of beta os-
cillations, and both couplings showed a sim-
ilar spatial distribution. Phase—amplitude
coupling and spike-phase locking were

most pronounced near the dorsal border of
the STN. This was also the site most fre-
quently selected for DBS based on the ther-
apeutic window; i.e., the span between the
minimum voltage producing clinical im-
provement (window entry voltage) and the
minimum voltage producing side effects. In
addition, the authors found a negative cor-
relation between phase—amplitude coupling
strength for each electrode contact and its
therapeutic window entry voltage. This find-
ing suggests that phase—amplitude coupling is
strongest at the most efficient stimulation tar-
gets. These findings are remarkable because
they point to beta—HFO phase—amplitude
coupling as a spatial biomarker in DBS
target localization, emphasizing its clini-
cal relevance. Unfortunately, the direct
importance of beta—HFO phase—ampli-
tude coupling for PD symptoms remains
unclear, because the authors did not assess
correlations between phase—amplitude
coupling and clinical ratings of symptom
severity.

Intriguingly, the authors could not
find any spatiotemporal association be-
tween phase—amplitude coupling and
spike-phase locking, even though both
spikes and HFOs were locked to beta band
oscillations and had a similar topography.
Phase—amplitude coupling and spike-
phase locking were uncorrelated across
recording sites with respect to the per-
centage of occurrence and coupling
strength. Moreover, HFOs and spikes sig-
nificantly differed in their preferred beta
phase. HFOs tended to occur near beta
peaks, whereas spikes were more frequent
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near the troughs. Importantly, Yang and
colleagues (2014) further tested for a tem-
poral relationship between phase—ampli-
tude coupling and spike-phase locking.
HFO power did not increase around spike
times, and HFO activity did not systemat-
ically precede or follow spikes. Of course,
one has to keep in mind that absence of
proof is not proof of absence. Neverthe-
less, the experimental design and the
sound data analysis are compelling and
indicate that spike-phase locking and
phase—amplitude coupling might be un-
related phenomena in the parkinsonian
STN.

The finding that spike-phase locking
and beta—HFO phase—amplitude cou-
pling are uncorrelated is particularly in-
teresting with regard to the unknown
origins of HFOs. In fact, most researchers
intuitively suspect hypersynchronized spik-
ing to be the cause of HFOs. What other
process is both fast and strong enough to
produce a high-frequency, extracellular
potential that can be detected by the com-
parably large contacts of a DBS electrode?
Theoretically, hypersynchronized spiking
could be locked to a specific phase within
the beta cycle and thereby produce beta—HFO
phase—amplitude coupling. The results by
Yang and colleagues (2014), however, suggest
that phase—amplitude coupling and spik-
ing may not be two sides of the same coin.
Notably, this idea is supported by recent
data from other labs. Wang et al. (2014)
investigated subthalamic HFOs recorded
during DBS surgery and found no quali-
tative change in HFO characteristics after
removing spikes from the raw data traces.
Thus, local spiking does not seem to con-
tribute significantly to HFOs and their
coupling to beta oscillations.

Importantly, these observations do not
exclude the possibility that spiking is im-
portant for HFO generation on a larger
spatial scale. Because microelectrodes
sample only alimited anatomical area, it is
conceivable that they miss multiunit ac-
tivity related to HFOs and beta—HFO
phase—amplitude coupling. Ultimately,
this issue can only be resolved by record-
ing more cells, which is currently not fea-
sible in DBS surgery. High-density probes

used in animal recordings might be able to
provide an answer (Nicolelis et al., 2003),
but currently it is not even known whether
subthalamic HFOs and beta—HFO phase—
amplitude coupling exist in either rodent or
primate models of PD.

Despite these limitations, the lack of
association between spikes and subtha-
lamic HFOs remains striking, particularly
given recent literature on HFOs in epi-
lepsy. In the dentate gyrus of epileptic
mice, there seems to be a strong relation-
ship between synchronized discharge of
principal cells and pathological fast rip-
ples (Bragin etal., 2002). Itis important to
note, however, that hippocampal fast rip-
ples hardly resemble subthalamic HFOs in
terms of stability, frequency content, or
coupling to slower oscillations. Hence, it
seems reasonable to assume that subtha-
lamic and epilepsy-related HFOs reflect
different neuronal processes.

Another important issue related to the
origins of HFOs is the distribution of
HFO peak frequencies. Given the results
of previous studies, this distribution
might be bimodal. Two recent studies
demonstrated the existence of two distinct
high-frequency rhythms: a slow rhythm
of ~260 Hz and a fast rhythm of ~340 Hz
(L6pez-Azcarate et al., 2010; Ozkurt et al.,
2011). A similar distinction has been sug-
gested for the beta band (Priori et al.,
2004). The slow HFO rhythm dominates
under dopamine depletion while the fast
rhythm is enhanced under medication.
Since the relative strengths of these two
rhythms reflect the medication state very
reliably, they could turn out to be power-
ful biomarkers (Ozkurt et al., 2011). Cur-
rently, it remains unclear whether slow
and fast HFOs are produced by different
neuronal populations or by two different
processes co-occurring within the same
population of neurons.

In conclusion, the study by Yang et al.
(2014) provides valuable new informa-
tion for comprehending the complex dy-
namics of oscillatory activity in the
parkinsonian STN. To date, research con-
cerning the pathophysiology of PD has
concentrated on beta and gamma oscilla-
tions, whereas the role of HFOs has only

Storzer et al. @ Journal Club

recently been put into focus. The findings
of Yang and colleagues (2014) give further
support to the importance of HFOs and
provide a starting point for further inves-
tigation of their origin and functional
relevance.
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Abstract

Deep brain stimulation (DBS) of the subthalamic nucleus (STN) is a widely used treatment for the motor symptoms
of Parkinson’s disease (PD). DBS or pharmacological treatment is believed to modulate the tendency to, or
reverse, impulse control disorders. Several brain areas involved in impulsivity and reward valuation, such as the
prefrontal cortex and striatum, are linked to the STN, and activity in these areas might be affected by STN-DBS.
To investigate the effect of STN-DBS on one type of impulsive decision-making—delay discounting (i.e., the
devaluation of reward with increasing delay until its receipt)—we tested 40 human PD patients receiving STN-DBS
treatment and medication for at least 3 months. Patients were pseudo-randomly assigned to one of four groups
to test the effects of DBS on/off states as well as medication on/off states on delay discounting. The delay-
discounting task consisted of a series of choices among a smaller. sooner or a larger, later monetary reward.
Despite considerable effects of DBS on motor performance, patients receiving STN-DBS did not choose more or
less impulsively compared with those in the off-DBS group, as well as when controlling for risk attitude. Although
null results have to be interpreted with caution, our findings are of significance to other researchers studying the
effects of PD treatment on impulsive decision-making, and they are of clinical relevance for determining the
therapeutic benefits of using STN-DBS.

Key words: deep brain stimulation; intertemporal choice; Parkinson’s disease

Significance Statement

To improve the quality of life of patients with Parkinson’s disease, it is important to uncover the cognitive
side effects of deep brain stimulation of subthalamic nucleus. In this study, we show no effect of deep brain
stimulation on altered impulsive decision-making, measured with a financial delay-discounting paradigm.
Our study adds an important piece of information on the cognitive side effects of deep brain stimulation,
although further studies are needed to verify our results.
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Introduction

Parkinson’s disease (PD) is characterized by a cell loss
in substantia nigra and ventral tegmental area, leading to
a reduced level of the neurotransmitter dopamine and
abnormal functionality of the basal ganglia. The progres-
sive loss of dopamine results in impaired motor function-
ing, such as bradykinesia, muscle rigor, and/or resting
tremor, as well as in characteristic nonmotor symptoms,
including depression and memory deficits. Deep brain
stimulation (DBS) of the subthalamic nucleus (STN) is a
widely used treatment for the motor symptoms of PD.
STN-DBS is usually applied when conventional medica-
tion starts to become increasingly ineffective (Deuschl
et al., 2006). Although STN-DBS has major benefits in
reducing motor symptoms (Deuschl et al., 2006; Wich-
mann and DelLong, 2006), the side effects of STN-DBS on
cognition are often less clear (Demetriades et al., 2011).

Several studies indicate that DBS affects neural activity
in surrounding areas, thereby altering the activity of a
whole network of brain structures (Chang et al., 2007; Li
et al., 2007; McCracken and Grace, 2007; Montgomery
and Gale, 2007; Li et al., 2012). Since the STN is con-
nected to a number of basal ganglia nuclei as well as
cortical areas, STN-DBS can have widespread effects
that are not just limited to motor behavior. Not only motor
areas are found to be projecting to the STN, but also brain
areas involved in the valuation of choice options, such as
the medial/orbital cortex in rats (Maurice et al., 1998) and
monkeys (Haynes and Haber, 2013) via the so-called
hyperdirect pathway (Nambu et al., 2002), which links the
cortex with the basal ganglia via the STN. In addition, the
STN can be subdivided into several functional zones that
can, according to their structural connectivity, be identi-
fied as motor, associative, and limbic regions (Lambert
et al., 2012), which are part of corticobasal ganglia-
thalamo-cortical loops involved in emotion, movement,
and cognition (Parent and Hazrati, 1995a,b).

Patients have often undergone a long period of dopa-
minergic medical treatment before DBS is considered as
the therapy of choice. Dopaminergic treatment usually
consists of the intake of levodopa (L-dopa), a dopamine
precursor, and/or dopamine agonists. An increased ten-
dency for impulse control disorders (ICDs), which include
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pathological gambling, compulsive shopping, hypersexu-
ality, and hyperphagia (Weintraub, 2008), can develop in
PD patients. These ICDs are associated with dopaminer-
gic treatment, in particular with the use of dopamine
agonists (Voon and Fox, 2007; Voon et al., 2011a,b; Raja
and Bentivoglio, 2012) as well as L-dopa treatment (Zu-
rowski and O’Brien, 2015).

How STN-DBS affects impulsive behavior is unclear,
with reports of increases in both the severity of even the
new development of ICDs (Halbig et al., 2009; Lim et al.,
2009; Broen et al., 2011; Moum et al., 2012), as well as the
attenuation or disappearance of ICD symptoms after the
start of STN-DBS treatment (Witjas et al., 2005; Ardouin
et al., 2006; Bandini et al., 2007; Lim et al., 2009; Broen
et al., 2011). As the dopaminergic medication intake can
usually be decreased after the onset of STN-DBS treat-
ment, the reduction in ICD severity might be due to a
decrease in the medication dosage, but other factors,
such as electrode placement, stimulation parameters, or
patient history may underlie changes in ICD severity too
(Zurowski and O’Brien, 2015). Several brain areas con-
nected with the STN are involved in impulsive behavior,
including the orbitofrontal cortex and the nucleus accum-
bens (Cardinal et al., 2001; Kheramin et al., 2002; Kalen-
scher and Pennartz, 2008). Stimulation of the STN can
therefore affect impulsive choice in the following two
ways: either by directly altering STN functioning, and/or
via indirect moderation of activity in connected areas
known to be involved in impulsive decision-making.

Since (case study) reports concerning the effects of
therapeutic STN-DBS on ICDs are ambiguous, it is impor-
tant to uncover exactly how STN-DBS affects impulsive
behavior, and in particular impulsive choice. The study
presented here focuses on delay discounting (i.e., the
devaluation of a reward when its receipt is delayed to a
future point in time), which can be seen as a measure of
impulsive economic decision-making, and is often used to
assess impulsive decision-making (Bickel et al., 2012).
Although delay discounting captures only one of the many
facets of ICDs, reduced delay sensitivity lies at the heart
of most concepts of impulsive choice. To dissociate the
putative effects of STN-DBS from the effects of dopami-
nergic medication on delay discounting, we used a2 X 2
design for DBS (on/off) and medication state (L-dopa
on/off).

Materials and Methods

Participants

Fifty-four patients with bilaterally implanted stimulation
electrodes in the STN were recruited for a screening
session at the University Clinic Disseldorf (Center for
Movement Disorders and Neuromodulation, Department
of Neurology, Institute of Clinical Neuroscience and Med-
ical Psychology, Heinrich-Heine University Dusseldorf),
with the aim of identifying patients with no current severe
depression [Beck Depression Inventory (BDI), <20], no
indication of dementia [Mattis Dementia Rating Scale
(MDRS), >130], and inconspicuous performance in a
range of other cognitive and mnemonic tests (see below)
for inclusion in the experiment. Forty patients (16 female)
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between 42 and 78 years of age (mean, 62.7 years of age;
SD, 7.4 years of age) met the inclusion criteria. Further
inclusion criteria were bilateral DBS of the STN for a
period of at least 3 months and no preimplant history of
major depression.

DBS treatment consisted of bilateral 130 Hz stimula-
tion, except for two patients who received 174 Hz stimu-
lation in the right hemisphere and 130 Hz stimulation in
the left hemisphere, two patients who received bilateral
150 Hz stimulation, and one patient who received unilat-
eral (right) 130 Hz stimulation. Stimulation intensity was
either fixed on voltage (N = 26) or amperage (N = 14),
with voltages ranging between 1.2 and 4.0 V and amper-
age ranging between 1.1 and 3.4 mA. Pulse width was set
at 60 ws, with the exception of three patients receiving 62
us pulses and one patient receiving 65 us pulses. One
patient received 60 us in the left hemisphere and 90 us in
the right hemisphere. The average time since DBS implan-
tation was 30.0 months (SD, 23.7 months), with a mini-
mum of 3 months and a maximum of 85 months. All but
one patient received dopamine replacement therapy, with
an L-dopa equivalent dose (LED) ranging from 120 to 1975
(mean, 675; SD, 390). All participants were recruited
within a time period of 16 months, during their periodic
inpatient visits that lasted at least 2 nights. The year of
diagnosis ranged from 1989 until 2012. All participants
were instructed in detail about the experimental proce-
dure as well as the payment procedure before they pro-
vided written informed consent. The study was approved
by the local ethics committee of the Medical Faculty of the
Heinrich-Heine University Disseldorf.

Materials

During screening, patients performed a range of tests
designed to measure mood as well as cognitive and
mnemonic traits [MDRS, BDI-Il, Quick Delay Question-
naire (QDQ), Baratt Impulsiveness Scale (BIS), South
Oaks Gambling Screen (SOGS), and Ardouin Behavior
Scale (ABS); see below], along with a delay-discounting
task [intertemporal choice task (ICT)], risk attitude mea-
surements (Holt-Laury task), and motor skills assessment
[Unified Parkinson’s Disease Rating Scale (UPDRS)] dur-
ing testing sessions. We used the following tests.

Mattis Dementia Rating Scale

The MDRS was used to test for cognitive deficits
(Mattis, 1988). This test is commonly used in clinical
settings for older patients and can detect dementia dis-
orders such as Alzheimer’s disease. It is subdivided into
the following five categories: attention, verbal and motor
initiation and preservation, construction, conceptualiza-
tion, and memory (Lucas et al., 1998). Patients with
scores of <130 points (of a total of 144 points) were
excluded from further testing (Schmidt et al., 1994).

Beck Depression Inventory Il

The German version of the BDI-Il (Beck et al., 1996) was
used to assess depressive symptoms reported for the
previous 2 weeks. It consists of 21 items, and each item is
ranked from 0 to 3. The exclusion criterion was a count of
=20 points, which is indicative of severe depression.
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Quick Delay Questionnaire

The QDQ was administered to assess subjective delay
aversion and delay discounting (Clare et al., 2010). The
subjects have to rate five items on delay aversion and five
items on delay discounting on a 5-point Likert scale. This
questionnaire was added to obtain a baseline self-
reported measure of delay discounting/delay aversion.

Barratt Impulsiveness Scale

The BIS is often used as a measure of impulsivity, and
its short German version (BIS-15; Spinella, 2007) has
been used in the current study. Fifteen items assess
nonplanning, motor, or attention impulsivity (Spinella,
2007). Each item is rated on a 4-point Likert scale. This
questionnaire was added to obtain a baseline self-rep-
orted measure of impulsiveness.

South Oaks Gambling Screen

The SOGS (Lesieur and Blume, 1987) consists of 20
items and is commonly used to screen for pathological
gambling. In this test, a score of =5 is considered as
probable pathological gambling. This questionnaire was
added to identify and control for problem gambling or
gambling tendencies, respectively.

Ardouin Behavior Scale

This scale was designed to detect changes in mood
and behavior in PD patients (Ardouin et al., 2009). This
semi-structured interview entails 18 items and is rated in
5 points, from 0 (absent) to 4 (severe). The ABS was used
to identify potential addictive tendencies (regarding food
or medication intake) that might hint at an ICD.

Unified Parkinson’s Disease Rating Scale

Part Ill of the Movement Disorder Society-sponsored
revision of the UPDRS (MDS-UPDRS-IIl) was used to
assess the severity of motor impairment, as well as the
efficacy of the different treatment states. Patients had to
perform specific movements and were rated from 0 to 4
on each of 18 items covering tremor, rigidity, posture,
agility, and general movement (Goetz et al., 2008). The
MDS-UPDRS-IIl was used to assess differences in motor
symptoms between the respective on/off states during
sessions.

Intertemporal Choice Task

The ICT used in this study is a common and well
validated task with which to elicit time preferences and
measure delay discounting (Kirby and Marakovi¢, 1996;
Hardisty et al., 2013). The task consisted of a series of
binary choices between a smaller, sooner, and a larger,
later monetary reward. Choice items were arranged in six
blocks with 11 trials each, with an instruction screen after
each block to provide the opportunity to take a short
break. Within each block, the amount of the smaller,
sooner option varied over trials, while the larger, later
option remained constant across trials within a given
block. The delays used within each block were specified
in the instruction screen before each block. In three
blocks, the larger, later reward was fixed at €20, with the
smaller, sooner option ranging from €0 to €20 in steps of
€2, presented in randomized order. In the other three
blocks, the larger, later reward was fixed at €30, with the
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Figure 1. Screenshot of tasks. a, Intertemporal choice task. Participants chose between a smaller reward now or a larger reward later
by pressing the E or | key. When the choice was made, the chosen option was highlighted by a red frame. b, Holt-Laury task:
participants chose one of two gambles, one considered risky and one considered safer. Lotteries were depicted as wheels of fortune.

smaller, sooner option ranging from €0 to €30 in steps of
€3, presented in randomized order. The smaller, sooner
option was always immediate. For each of the two large
reward amounts, the delay was 3, 6, or 9 months, and the
order was randomized across blocks. The options were
presented simultaneously on the left and right sides of the
screen, and the side of presentation of each choice option
was randomized (Fig. 1a). Participants pressed the “E”
key to choose the left option and the “I” key to choose the
right option. There was no time limit for each choice. The
trials with either €0 “now” or €20/€30 now were consid-
ered catch trials, as the choices in these trials indicate
whether the participant paid attention or chose rationally.
The task was programmed and conducted using the
MATLAB (MathWorks) toolbox Cogent. One of the 66
trials was randomly chosen for payment after task perfor-
mance. Participants received the amount they had se-
lected with the corresponding delay. Both immediate and
delayed payment was accomplished by a check that was
given either right after the session (immediate payment) or
was sent by mail (delayed payment).

Holt-Laury task

The Holt-Laury task (Holt and Laury, 2002) is a short,
thoroughly validated 10-trial task to measure risk attitude
(Filippin and Crosetto, 2014). Here, we elicited risk atti-
tude as a control variable as time preference measures
may potentially be confounded with risk preference. In
each trial, participants chose between two lotteries. In
one of the lotteries, the payout was either €8.45 or €0.23
with variable probability (riskier lottery); in the other lot-
tery, the payout was either €4.50 or €3.60 with the same
variable probability (safer lottery). The probability of win-
ning the large reward of each lottery varied from 10% to
100% in steps of 10% across trials in randomized order.
Correspondingly, the probability of winning the small re-
ward was 100% — p(large reward). The probabilities of
large and small rewards were identical for both lotteries in
a given trial (Fig. 1b). After task performance, the com-
puter randomly picked one trial and played the lottery that
was chosen. The outcome was paid by check at the end
of the session.

March/April 2016, 3(2) e0019-16.2016

Procedure

PD patients were recruited and tested during their regular
visit to the clinic, which lasted at least 2 nights. After
patients were informed about the procedure of our exper-
iment and provided written informed consent, they under-
went the screening session in the afternoon on the day of
their arrival, or 1 d after, at the clinic. The screening
session involved the mood, memory, and cognition tests
outlined above, and lasted ~1 h. During screening, pa-
tients were always in their most optimal treatment state
(i.e., on-stimulation and on-medication).

To test the effect of DBS and L-dopa on delay discount-
ing, we used a between-subject 2 X 2 design with the
factors medication (medication on vs off) and STN-DBS
(on vs off). Forty patients were randomly assigned to one
of the four treatment groups (10 patients/group). The
testing procedures were as follows.

A regular visit included an ~16 h period in which patients
refrained from taking medication on either the first or the
second night of their stay, starting at about 8:00 P.M. If the
test session took place in the on-medication state, patients
received 1.5X their regular dose of L-dopa (but never more
than the maximum dosage of 200 mg), and/or other medi-
cation (dopamine agonists; see Table 4), on the morning of
the test session, 1 h before the start of the session, to ensure
a robust on-state during the whole procedure. Off-
medication testing was always performed in the morning
after spending a night without medication.

A test session (for overview, see Fig. 2) took place
between 9:00 A.M. and noon, and was conducted by two
experimenters, of whom only one knew the current DBS
state of the patient (passive experimenter), and the other
exclusively interacted with and guided the patient through
the session (active experimenter). The test sessions
started with switching the DBS state of the patient. To
ensure double blindness regarding the DBS state, the
stimulator was either turned off or left on by a nurse or
doctor who was informed by the passive experimenter,
without informing the patient about what was done. The
patient was aware that the stimulator would be either
turned off or remain on and was informed beforehand
about the necessity of the double-blind procedure. At
least 50 min after the switch, the MDS-UPDRS-III was
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Figure 2. Schematic overview of a session. If patients were tested in the on-medication condition, they received medication (1.5X
their regular L-dopa dose) 60 min before DBS was switched off or left on. Patients in the off-medication condition had not ingested
dopaminergic medication since the previous evening. At the end of a session, a second MDS-UPDRS-IIl assessment was conducted

in the opposite DBS state to confirm DBS effects within subjects.

conducted, followed by the delay-discounting task (ICT)
and subsequently the Holt-Laury risk attitude task. Each
patient received oral instructions before each task, and
was asked control questions to ensure that they under-
stood the tasks. The MDS-UPDRS-III, ICT, and Holt-Laury
tasks were completed in ~30—-40 min. Several trials in the
tasks were randomly selected for payout (see above). The
patient received feedback about the trials chosen for
payment immediately after completing the two tasks and
was paid accordingly by means of a check. Directly after,
the patient was asked about his/her strategy during the
choice tasks and was informed about the goal of the
experiment. Thirty minutes after changing the stimulation
state, a second motor assessment using the MDS-
UPDRS-IIl was conducted as a within-subjects control of
the DBS state. A within-subjects repetition of the ICT and
Holt-Laury task was not conducted because both tasks
were deemed to be unsuitable for repeated measures
within the short timeframe of one or two mornings.

Data analysis

We used a 2 X 2 between-subjects factorial design with
medication (on vs off) and DBS state (on vs off) as inde-
pendent factors, and choice parameters (see below) as a
dependent variable. To estimate discounting parameters
in the ICT, we used the following two different, well es-
tablished models: the hyperbolic discounting model (Ma-
zur, 1984); and the Laibson (1997) quasi-hyperbolic
discounting model (see below). In addition, we also used
the total number of choices of the smaller, sooner option
as a model-free measure of discounting (yielding a value
between 0 and 66), as well as a model-free measure of
present bias (i.e., the overweighting of immediate out-
comes, see below for details). For the Holt-Laury task, we
used the switching point [i.e., the probability at which the
participant was indifferent between the two gambles
(Holt-Laury task indifference points [HL-IPs])]. This mea-
sure was obtained using logistic regression. A higher
switching point indicated more risk aversion.

Fitting of discounting models

All mathematical procedures to determine the participants’
discount parameters were performed using MATLAB (Math-
Works). We first identified the individual IPs (the magnitude
of the smaller, sooner reward that renders it equally valuable
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to the larger, later reward) for each of the six blocks, using
logistic regression. This resulted in three values between 0
and 20 for the three blocks with €20 as maximum reward,
and three values between 0 and 30 for the three blocks with
€30 as the maximum reward.

We first fitted the standard hyperbolic model separately
to the IPs of blocks 1-3 and blocks 4-6, using the fol-
lowing equation (Mazur, 1984):

SVr = A/(1 + KT),

where SV is the subjective value of the reward at delay T
(in months), A is the monetary amount of the reward, and
k is the hyperbolic discount parameter describing the
steepness of the discount function. The amount was set
to A = 1 as the values were expressed as proportions of
the later reward. Larger k-values indicate a greater impact
of delay on value and therefore steeper discounting. The
resulting k-values for the €20 and €30 blocks were sub-
sequently log transformed and averaged to obtain one
k-value per individual (note that the correlation between
the two k-values for the €20 and €30 blocks was very
high; r = 0.96, p < 0.000).

Further, the Laibson quasi-hyperbolic B-6 model was
separately fitted to the indifference points of blocks 1-3
and 4-6 to obtain measures of present bias and patience,
as follows:

SVT:O = 1
SVi-o =B X 8"

SV, is the subjective value of a reward at time T. This
equation models the often observed initial rapid decline in
subjective value with small delays (present bias) sepa-
rately, represented by the parameter g (with 0 = 8 = 1).
The inverse of B can be interpreted as the extra weight
added to immediacy, thus smaller B values can be con-
strued as stronger present bias. The discount rate of the
discount function is log(1/8). Thus, the parameter & (with O
= 6 = 1) can be interpreted as a measure of patience, with
higher 6 values indicating higher patience. The resulting 8
and 6 parameters for the €20 and €30 blocks were
subsequently averaged to obtain one B and & value for
each participant [note that there was a strong correlation
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Table 1. Demographic, screening and questionnaire results per DBS/Med state

State (MED/DBS) Statistics
(1) On/On (2) On/Off (3) Off/On (4) Off/Off Post hoc test
(N = 8) N=17) (N =10) N=T7) F (p value) (Gabriel)
Age (years) 66.5 (1.4) 57.1 (1.4) 63.5 (2.6) 64.7 (2.9) 3.00 (0.047) Group 1 vs 2:
Year diagnosis 2001 (2.3) 2001 (2.0) 2000 (2.2) 2000 (2.0) 0.09 (0.963) p = 0.045x
Months receiving DBS 30 (8.6) 20 (5.1) 30 (8,6) 39 (10.0) 0.75 (0.534)
LED 594 (209.4) 671 (118.0) 623 (120.3) 642 (125.0) 0.04 (0.988)
MDRS 139 (1.2) 138 (1.6) 138 (1.1) 138 (1.3) 0.19 (0.902)
BDI 6.1 (1.4) 8.4 (1.5) 7.9 (1.2) 7.0 (1.0) 0.60 (0.620)
BIS-total 25.8 (1.7) 32.3 (1.9 32.5 (1.7) 25.0 (2.5) 4.34 (0.012)* Group 3 vs 4:
BIS-nonplanning 9.3 (1.0) 11.9 (0.5) 11.5 (1.2) 8.1 (1.1) 2.74 (0.062) p = 0.055
BIS-motor 8.9 (1.1) 10.0 (1.3) 11.1 (0.6) 8.4 (0.8) 1.66 (0.197)
BIS-attention 7.6 (0.9) 10.4 (1.0) 9.9 (0.6) 8.4 (0.8) 2.54 (0.076)
QDQ-total 22.9 (2.5) 24.9 (2.0) 26.0 (1.8) 20.3 (2.1) 1.40 (0.264)
QDQ-discounting 11.1 (1.4) 12.0 (1.1) 12.5 (1.0) 10.6 (1.5) 0.48 (0.698)
QDQ-Aversion 11.8 (1.3) 12.9 (1.5) 13.5 (1.6) 9.7 (1.3) 1.30 (0.294)
#p < 0.05.
between the B values of the €20 and €30 blocks (r = Results

0.83, p < 0.000) and the & values (r = 0.59, p < 0.000)].

The model fits were performed for each participant
individually, using a least-squares algorithm implemented
in MATLAB R2013a (MathWorks). The fitting parameters
k, B, and & were allowed to vary freely. We calculated the
Akaike Information Criterion (AIC) for each model per
participant to check the goodness of fit of each model.
We then averaged the scores across all participants, re-
sulting in one average AIC value for the hyperbolic model
and another AIC value for the Laibson quasi-hyperbolic
model. These AIC scores showed that, in general, the
data were better described by the quasi-hyperbolic model
(mean, —17.5) than the standard hyperbolic model (mean,
—10.1). However, when comparing individual AIC values,
the quasi-hyperbolic model had higher AIC values com-
pared with the hyperbolic model in 10 participants, indi-
cating a better fit of the hyperbolic model in these
participants.

To obtain an additional, model-free measure of present
bias, we used the following formula:

Present bias (PB) = (large reward — 3 months IP)/(6
months IP — 9 months IP). To obtain an overall measure,
we averaged the model-free present bias measure for the
€20 and €30 blocks (PB). A higher score indicated more
present bias.

Statistical analysis

The statistical analyses reported below were performed us-
ing the IBM software package SPSS Statistics 20. We
mainly used standard ANOVAs and ANCOVAs to investigate
the main effects of DBS and medication state, as well as
their interaction on the dependent variables described
above. When necessary, we selected the Gabriel pair-
wise comparisons test as the post hoc test, which is
robust against differences in group sample size. Fur-
thermore, we used Bayesian statistics (Wagenmakers,
2007; Masson, 2011) to calculate the evidence in favor
of the null hypothesis.

March/April 2016, 3(2) e0019-16.2016

Subject demographics and trait variables

Data from eight participants were excluded as they
chose the dominated alternative on >6 of the 12 catch
trials in the ICT (i.e., they selected €0 now over €20/
€30 later; or they selected €20/€30 later over the same
reward now; see above). In addition, two of these par-
ticipants scored =5 points on the SOGS, indicating
potential pathological gambling behavior. Our results
do not change when these subjects are included in our
analysis, except when explicitly mentioned below.
Table 1 shows the general descriptive statistics of the
remaining 32 patients. The DBS-on group consisted of
18 participants, of whom 8 were tested in the on-
medication state. The DBS-off group consisted of 14
participants, of whom 7 were tested in the on-
medication state. There was no significant difference in
any of the demographic parameters between DBS and
medlcatlon groups, except for age (F3 g = 3.00, p =
0.047, n® = 0.24; Table 1).

Table 1 shows the descriptive statistics of the screening
tasks and questionnaires. A one-way ANOVA showed a
significant difference between the groups in the self-
reported impulsiveness (BIS-total), F5,5 = 4.34, p =
0.012, »* = 0.317. However, Gabriel post hoc tests
showed no significant differences between groups: group
1 versus 2: mean difference = —6.54, p = 0.157; group
1 vs 3: mean difference = —6.75, p = 0.084; group 1 vs
4: mean difference = 0.75, p > 0.999; group 2 vs 3:
mean difference = —0.21, p > 0.999; group 2 vs 4:
mean difference = 7.50, p = 0.107; group 3 vs 4: mean
difference = 7.50, p = 0.055. Nevertheless, we in-
cluded BIS-total scores as a covariate in all subsequent
analyses to account for potential group differences in
impulsiveness. Note that all participants filled out the
questionnaires in their optimal (on-medication, on-
stimulation) state, so this difference in BIS-total scores
reflects a trait difference between groups, not the effect
of DBS on impulsiveness.
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show SEs.

Differential treatment effects on motor scores, but

UPDRS-III scores

not delay discounting

As expected, MDS-UPDRS-III scores were significantly
different between DBS/medication states, F 3,5 = 11.96,
p < 0.001, 2 = 0.56 (Fig. 3). Post hoc tests revealed a
significant difference between DBS states (group 1 vs 2,
0.002; group 3 vs 4, p =0.001), whereas no significant
difference was observed between medication states
(group 1 vs 3, p = 0.993; group 2 vs 4, p = 0.990). This is
likely due to relatively high interindividual differences in
motor scores obscuring the relatively small but often ben-
eficial effect of medication treatment within subjects.
Comparing the MDS-UPDRS-IIl scores within patients
(DBS on vs off only) also showed a significant improve-
ment of motor symptoms with stimulation, time X DBS
interaction (F 34y = 138.84, p < 0.001, 1? = 0.82). Over-
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Figure 3. MDS-UPDRS-IIl scores for each DBS and medication state. Higher scores indicate greater motor impairments. Error bars
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all, this indicates that DBS significantly improved motor
symptoms in our sample, while medication did not.

Table 2. Delay-discounting parameters and risk measure per DBS/Medication state

Table 2 shows the discounting parameters k, 3, and §,
the number of impulsive choices (NImp), the model-free
measure of PB, as well as the HL-IPs within each group.
We used a two-way ANOVA to test for the effects of DBS
and medication on discounting and risk parameters, as
well as on their interaction. We found no significant main
or interaction effects of DBS or medication on any of the
discounting parameters (Table 2). Figure 4, A and B,
shows the discounting curves for each medication/DBS
state for €20 and €30 blocks, respectively. Figure 4, C
and D, shows the median fits of the hyperbolic and quasi-
hyperbolic models, respectively, as well as the 25th and
75th percentile borders, for each DBS state. Figure 5
shows the total number of impulsive choices for each

Medication

Interaction

(0.08-1.0)

(0.83-1.0)

DBS
On
Ln(k) -1.67
(0.38)
Nimp 33.2
3.8)
Bb 0.70
&b 0.97
PB 9.19
(1.60)
HL-IPs 415
(7.5)

off
247
(0.34)
27.1
(3.6)
0.78
(0.35-0.98)
0.98
(0.78-1.0)
7.00
(1.34)
46.5
(11.4)

ANOVA
0.90
(0.352)
1.31
(0.262)
0.95
(0.338)
0.44
0.511)
1.20
(0.283)
0.22
(0.641)

ANCOVAa On

0.23 -1.90
(0.636) (0.33)
0.41 31.6
(0.526) “.2)
0.82 0.62
(0.374)c (0.08-0.97)
0.002 0.99
(0.967)c (0.83-1.0)
1.00 9.48
(0.325) (1.86)
49.3
(8.6)

Off
—1.88

(0.429)

29.5

(3.5)

0.80

(0.14-1.0)

0.97

(0.78-1.0)

7.13

(1.19)

38.7

9.5

ANOVA
0.003
(0.972)
0.17
(0.684)
1.25
(0.274)
1.19
(0.285)
1.14
(0.295)
1.24
(0.375)

ANCOVAa ANOVA
0.09 0.18
(0.767) (0.677)
0.46 0.053
(0.502) (0.820)
1.55 0.09
(0.223)c (0.765)
1.21 1.09
(0.282)c (0.306)
1.10 0.31
(0.303) (0.580)
5.29
(0.029)+

ANCOVAa
0.13
(0.725)
0.24
(0.625)
0.00
(0.999)c
1.66
(0.208)c
0.003
(0.956)

Values are reported as the mean (SE), unless otherwise indicated.
2Age and BIS-total scores were added as covariates.
PDue to violation of normality, median (range) is shown instead of mean (SE). The rank transform procedure was used to test for main effects and interac-

tions.

°A nonparametric equivalent of ANCOVA, as discussed in the study by Quade (1967), was used. Here the resulting F statistic and p value are shown.

#p < 0.05.
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Figure 4. A, B, Discounting curves per medication/DBS state subgroup for €20 (A) and €30 (B), based on the indifference point at
3, 6, and 9 months. Error bars show SEs. C, Plots of the hyperbolic model in the on-DBS and off-DBS states, based on the median
k-value. Shaded areas show the 25th and 75th percentile range. D, Plots of the quasi-hyperbolic model in the on-DBS and off-DBS
state based on the median 8 and 6 values. The initial linear decline represents present bias and is determined by the 8 parameter,
whereas the subsequent exponential curve represents “patience” and is determined by the 8 parameter. Shaded areas show the 25th

to 75th percentile range.

medication/DBS state. When adding age and the BIS-
total score as covariates in an additional ANCOVA, THE
main and interaction effects of DBS and medication states
on any of the discounting parameters remained nonsig-
nificant (DBS state: In(k): Fy ng = 0.23, p = 0.636, n° =
0.009; NImp: F4 05 = 0.41, p = 0.526, 7 = 0.018; B:
F28 = 0.819, p = 0.37, 7"’ = 0.029; &: F1.28) = 0.002,
p = 0.967, n* = <0.001; PB: Fa28 = 1.00, p = 0.325,
n? = 0.037; Table 2).

To calculate the probability that the null hypothesis (no
effect of DBS on delay discounting) is true given our data
(p(HolD)), we used a Bayesian approach developed by
Wagenmakers (2007) and also described in detail in a
tutorial by Masson (2011). We used the Bayesian infor-
mation criterion to calculate the posterior probability
p(HolD), with the assumption that the null and alternative
hypotheses are equally likely. The results are presented in
Table 3. We found p(H,ID) values ranging between 0.73
and 0.81, indicating positive evidence in favor of the null
hypothesis, as suggested by Raftery (1995).

March/April 2016, 3(2) e0019-16.2016

Some patients were treated with dopamine agonists
instead of, or in addition to, L-dopa. As dopamine ago-
nists are associated with impulsive behavior (Zurowski
and O’Brien, 2015), we checked for differences between
the DBS groups in the LED when considering only pa-
tients who receive dopamine agonists (LED agonists;
Table 4). In each of the DBS groups, five patients used
dopamine agonists, with no significant difference in LED
agonist levels between groups (U = 110.50, p = 0.561,
r = 0.13).

The Holt-Laury task was added as a control for the fact
that impulsive behavior sometimes correlates with altered
risk preferences (Kalenscher and Pennartz, 2008). There
were no significant main effects of DBS or medication on
Holt-Laury task scores (DBS state: F; 0 = 0.22, p =
0.641, »° = 0.01; medication: Fa,08 = 1.24, p = 0.275,
1? = 0.04), suggesting no effect of DBS and/or medica-
tion on risk attitude. Note, though, that we found a signif-
icant interaction effect of DBS and medication state on
HL-IPs (F(; 26) = 5.29, p = 0.029, n? = 0.16). However,
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Figure 5. The total number of impulsive choices (smaller, sooner reward) for each DBS and medication state. Error bars show SDs.

when using the complete sample of 40 patients, the in-
teraction effect of DBS and medication state on HL-IPs
failed to reach significance (F; 59y = 1.00, p = 0.325, n* =
0.027). Note that a relatively large number of patients
showed an inconsistent choice pattern (i.e., switching
more than once between the risky and safe gamble), with
47,5% making at least one error (one more switch) and
30% having at least two errors, compared with the num-
bers mentioned in the original article on the Holt-Laury
task (Holt and Laury, 2002), where only 13.2% of the
participants made at least one error.

Discussion

In this study, we aimed to investigate the effect of STN-
DBS on impulsive decision-making, using a delay-
discounting paradigm. We found no evidence for an effect
of either STN-DBS or medication on delay-discounting
behavior, a commonly used measure of impulsive choice.
Although we found a significant effect of the interaction of
DBS and medication state on risk aversion, this effect did

Table 3. Bayesian posterior probabilities for the hypothesis
that there is an effect (H,), or for the hypothesis that there is
no effect (Hy), of DBS on discounting measures, given our
data

NImp Ln(k) B )
p(HylD) 0.731 0.774 0.765 0.813
p(H4ID) 0.269 0.226 0.235 0.187

Table 4. Number of participants receiving dopamine ago-
nists, and the LED agonists of the dopamine agonists used,
per DBS group

N LED agonists
DBS on 5 595
DBS off 5 837

Average LED agonists
119.0
167.4

March/April 2016, 3(2) e0019-16.2016

not hold when all participants were included in the anal-
ysis. In addition, due to the relatively large number of
errors the participants made in this task, we refrain from
further interpretation of this finding.

Our findings are in line with a study by Torta et al.
(2012), who investigated the effects of STN-DBS on delay
aversion. Twenty-one PD patients with STN-DBS turned
on and off (patients were off medication) performed the
Cambridge Gambling Task, which measured both risk
behavior and delay aversion, and filled out questionnaires
assessing self-reported delay aversion, delay discounting,
and impulsivity. The authors found no effects of stimula-
tion on delay aversion or task behavior, although patients
self-reported a higher feeling of impulsivity in the off-
stimulation state. Thus, while increased levels of delay
discounting have been associated with several impulse
control disorders, such as substance abuse, attention
deficit hyperactivity disorder, as well as pathological gam-
bling and overeating (Bickel et al., 2012)—behaviors often
shown by PD patients in response to their treatment—
there is no evidence so far that STN-DBS alters delay
discounting.

Although the development of ICDs is often attributed to
side effects of dopaminergic medication (Voon and Fox,
2007; Voon et al., 2011a,b; Poletti et al., 2013), several
studies point toward a potential role of STN-DBS in the
development of ICDs in PD patients (Halbig et al., 2009;
Lim et al., 2009; Moum et al., 2012). However, it has been
argued that the development of ICDs after STN-DBS
onset may be an indirect consequence of disease history
and treatment, as they may result from long-term altera-
tions of frontolimbic structures, which are presumed to be
involved in ICDs (Brewer and Potenza, 2008), due to
disease progress and long-term medication use (Moum
et al., 2012). Because ICDs themselves are considered to
be chronic disorders, a short change in DBS state, as
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applied here, after several months of chronic stimulation
might not be sufficient to uncover potential long-term
effects leading to the development of ICDs. This would be
in line with findings pointing at an increase in cognitive
impulsivity reported by both patients and relatives 3
months after STN-DBS onset compared with a baseline
taken before STN-DBS onset (Pham et al., 2015), but
would be contradictory to the above-mentioned self-
reported increase in impulsivity in a short-term off-state
compared with scores in the DBS-on state (Torta et al.,
2012). Although the motor effects of STN-DBS are often
visible within minutes, cognitive effects of STN-DBS on
impulsive decision-making might not be visible in the
short term. For example, as reward learning seems to be
affected by STN-DBS, perhaps experiences with rewards
after STN-DBS onset influence subsequent choice behav-
ior that could lead to the development of ICDs in a sub-
group of patients. Future studies need to monitor long-
term changes in delay discounting in particular, and
impulsivity in general, after STN-DBS treatment onset.

Impulsivity itself is considered a multifaceted construct
(Evenden, 1999; Kalenscher et al., 2006), with one sub-
type being defined as impulsive action (the inability to
inhibit a prepotent response) and another subtype defined
as impulsive choice (preferring a smaller, more immediate
reward over a larger, more delayed reward; Winstanley
et al., 2004; Kalenscher and Pennartz, 2008; Robinson
et al., 2009). Motor impulsivity is commonly assessed with
reaction time tasks, in which motor responses need to be
inhibited either before (“waiting”) or during (“stopping”)
execution, whereas choice impulsivity is often assessed
with an intertemporal choice task, in which participants
make repetitive choices between a smaller/sooner and
larger/later (often monetary) reward. Several studies have
dissociated the cognitive and neural bases of these two
types of impulsivity (Winstanley et al., 2004; Van den
Bergh et al., 2006; Broos et al., 2012). So far, studies have
uncovered the effects of STN-DBS on motor impulsivity
(Witt et al., 2004; Frank et al., 2007; Aleksandrova et al.,
2013), which is in line with literature supporting the in-
volvement of the STN in controlling the threshold for
responding in situations with high conflict (i.e., when two
choice options are relatively similar in value; Baunez and
Robbins, 1997; Baunez et al., 2001; Desbonnet et al.,
2004; Frank, 2006; Cavanagh et al., 2011). With regard to
reward processing and decision-making, STN-DBS
seems to mainly influence reward learning (Serranova
et al., 2011; van Wouwe et al., 2011) and the evaluation of
losses (Rogers et al., 2011), but, to the best of our knowl-
edge, there is no evidence so far of an effect of STN-DBS
on risky decision-making (Brandt et al., 2015).

One concern with our study is the small sample size,
and, by consequence, the low statistical power. We can-
not reject the possibility that we missed a small effect of
STN-DBS on delay discounting because we lacked the
statistical power to detect it. However, our Bayesian anal-
ysis showed positive evidence in favor of the null hypoth-
esis. This suggests that the effect size is either very small
or nonexistent. Therefore, we can conclude with some
confidence that, if there were a short-term effect of STN-
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DBS on delay discounting, it would be miniscule and
probably negligible.

Note that we started off with a small pilot experiment to
check whether our task was suitable for repeated mea-
sures, as this would greatly increase power. However, we
found that patients often made stereotypical, repetitive
choices on subsequent repetitions of the task, which was
supported by anecdotal remarks about their choice be-
havior and strategy (e.g., they would ask why they had to
do the same task again; or they specifically commented
on the fact that they would remember their choices in the
previous task, and aimed to copy their own choices). For
this reason, we opted against using a repeated-measures
design.

Additionally, we would like to note that, although highly
undesirable, underpowered statistics are frequently un-
avoidable in studies with clinical populations; due to the
difficulty of finding a sufficient number of patients meeting
the inclusion criteria, patient samples in medical studies
are often smaller than desired. Nevertheless, despite the
admittedly low power, we believe that our results are of
significance to other scientists studying the effects of PD
treatment on impulsive decision-making. To prevent the
so-called “file drawer effect” (i.e., publication biases due
to potentially informative studies ending up not being
published due to nonsignificant findings; Sterling et al.,
1995; Hopewell et al., 2009; Song et al., 2009), we would
like to make our findings accessible to researchers inter-
ested in similar research problems.

In conclusion, we failed to demonstrate a significant
effect of STN-DBS on delay discounting. Although an
absence of evidence is not evidence of absence, calling
for interpretative caution, this could potentially imply that
STN-DBS effects on delay discounting do not exist. From
a clinical perspective, this study provides evidence for a
lack of negative cognitive side effects of STN-DBS in the
form of altered intertemporal decision-making. Even if a
small effect of STN-DBS on delay discounting existed, a
risk of slightly altered decision-making likely does not
weigh the same as the benefits of STN-DBS on motor
functioning. Our findings, therefore, underscore the clini-
cal safety of DBS-STN as a therapeutic treatment.

References

Aleksandrova LR, Creed MC, Fletcher PJ, Lobo DSS, Hamani C,
Nobrega JN (2013) Deep brain stimulation of the subthalamic
nucleus increases premature responding in a rat gambling task.
Behav Brain Res 245:76-82. CrossRef

Ardouin C, Voon V, Worbe Y, Abouazar N, Czernecki V, Hosseini H,
Pelissolo A, Moro E, Lhommée E, Lang AE, Agid Y, Benabid AL,
Pollak P, Mallet L, Krack P (2006) Pathological gambling in Par-
kinson’s disease improves on chronic subthalamic nucleus stim-
ulation. Mov Disord 21:1941-1946. CrossRef

Ardouin, C, Chereau, |, Llorca, PM, Lhommee, E, Durif, F, Pollak, P,
Krack, P & Mal, G.E.C. (2009) Assessment of hyper- and hypodo-
paminergic behaviors in Parkinson’s disease. Rev Neurol-France
165, 845-856. Medline

Bandini F, Primavera A, Pizzorno M, Cocito L (2007) Using STN DBS
and medication reduction as a strategy to treat pathological gam-
bling in Parkinson’s disease. Parkinsonism Relat Disord 13:369-
371. CrossRef

eNeuro.sfn.org


http://dx.doi.org/10.1016/j.bbr.2013.02.011
http://dx.doi.org/10.1002/mds.21098
http://www.ncbi.nlm.nih.gov/pubmed/19683776
http://dx.doi.org/10.1016/j.parkreldis.2006.07.011

leuro

Baunez C, Robbins TW (1997) Bilateral lesions of the subthalamic
nucleus induce multiple deficits in an attentional task in rats. Eur J
Neurosci 9:2086-2099. Medline

Baunez C, Humby T, Eagle DM, Ryan LJ, Dunnett SB, Robbins TW
(2001) Effects of STN lesions on simple vs choice reaction time
tasks in the rat: preserved motor readiness, but impaired response
selection. Eur J Neurosci 13:1609-1616. CrossRef

Beck, AT, Steer, RA, Ball, R & Ranieri, WF (1996) Comparison of
Beck Depression Inventories-IA and -1l in psychiatric outpatients. J
Pers Assess 67, 588-597.

Bickel WK, Jarmolowicz DP, Mueller ET, Koffarnus MN, Gatchalian
KM (2012) Excessive discounting of delayed reinforcers as a trans-
disease process contributing to addiction and other disease-
related vulnerabilities: emerging evidence. Pharmacol Ther 134:
287-297. CrossRef

Brandt J, Rogerson M, Al-dJoudi H, Reckess G, Shpritz B, Umeh CC,
Aljehani N, Mills K, Mari Z (2015) Betting on DBS: effects of
subthalamic nucleus deep brain stimulation on risk taking and
decision making in patients with Parkinson’s disease. Neuropsy-
chology 29:622-631. CrossRef

Brewer JA, Potenza MN (2008) The neurobiology and genetics of
impulse control disorders: relationships to drug addictions.
Biochem Pharmacol 75:63-75. CrossRef

Broen M, Duits A, Visser-Vandewalle V, Temel Y, Winogrodzka A
(2011) Impulse control and related disorders in Parkinson’s dis-
ease patients treated with bilateral subthalamic nucleus stimula-
tion: a review. Parkinsonism Relat Disord 17:413-417. CrossRef

Broos N, Schmaal L, Wiskerke J, Kostelijk L, Lam T, Stoop N,
Weierink L, Ham J, de Geus EJC, Schoffelmeer ANM, van den
Brink W, Veltman DJ, de Vries TJ, Pattij T, Goudriaan AE (2012)
The relationship between impulsive choice and impulsive action: a
cross-species translational study. PLoS One 7:€36781. CrossRef

Cardinal RN, Pennicott DR, Sugathapala CL, Robbins TW, Everitt BJ
(2001) Impulsive choice induced in rats by lesions of the nucleus
accumbens core. Science 292:2499-2501. CrossRef Medline

Cavanagh JF, Wiecki TV, Cohen MX, Figueroa CM, Samanta J,
Sherman SJ, Frank MJ (2011) Subthalamic nucleus stimulation
reverses mediofrontal influence over decision threshold. Nat Neu-
rosci 14:1462-1467. CrossRef

Chang JY, Shi LH, Luo F, Zhang WM, Woodward DJ (2007) Studies
of the neural mechanisms of deep brain stimulation in rodent
models of Parkinson’s disease. Neurosci Biobehav Rev 31:643-
657. CrossRef

Clare, S, Helps, S & Sonuga-Barke, EJ (2010) The quick delay
questionnaire: a measure of delay aversion and discounting in
adults. Attention deficit and hyperactivity disorders 2, 43-48. Med-
line

Demetriades P, Rickards H, Cavanna AE (2011) Impulse control
disorders following deep brain stimulation of the subthalamic nu-
cleus in Parkinson’s disease: clinical aspects. Parkinsons Dis
2011:658415. CrossRef

Desbonnet L, Temel Y, Visser-Vandewalle V, Blokland A, Hornikx V,
Steinbusch HWM (2004) Premature responding following bilateral
stimulation of the rat subthalamic nucleus is amplitude and fre-
quency dependent. Brain Res 1008:198-204. CrossRef

Deuschl G, Schade-Brittinger C, Krack P, Volkmann J, Schéfer H,
Botzel K, Daniels C, Deutschlander A, Dillmann U, Eisner W,
Gruber D, Hamel W, Herzog J, Hilker R, Klebe S, Kloss M, Koy J,
Krause M, Kupsch A, Lorenz D, et al. (2006) A randomized trial of
deep-brain stimulation for Parkinson’s disease. N Engl J Med
355:896-908. CrossRef

Evenden JL (1999) Varieties of impulsivity. Psychopharmacology
146:348-361. Medline

Filippin A, Crosetto P (2014) A reconsideration of gender differences
in risk attitudes. Manage Sci. Advance online publication. Re-
trieved 1 May 2016. doi:10.1287/mnsc.2015.2294.

Frank MJ (2006) Hold your horses: a dynamic computational role for
the subthalamic nucleus in decision making. Neural Netw 19:1120-
1136. CrossRef Medline

March/April 2016, 3(2) e0019-16.2016

New Research 11 of 12

Frank MJ, Samanta J, Moustafa AA, Sherman SJ (2007) Hold your
horses: impulsivity, deep brain stimulation, and medication in
parkinsonism. Science 318:1309-1312. CrossRef Medline

Goetz CG, Tilley BC, Shaftman SR, Stebbins GT, Fahn S, Martinez-
Martin P, Poewe W, Sampaio C, Stern MB, Dodel R, Dubois B,
Holloway R, Jankovic J, Kulisevsky J, Lang AE, Lees A, Leurgans
S, LeWitt PA, Nyenhuis D, Olanow CW, et al. (2008) Movement
Disorder Society-sponsored revision of the Unified Parkinson’s
Disease Rating Scale (MDS-UPDRS): scale presentation and clini-
metric testing results. Mov Disord 23:2129-2170. CrossRef

Halbig TD, Tse W, Frisina PG, Baker BR, Hollander E, Shapiro H,
Tagliati M, Koller WC, Olanow CW (2009) Subthalamic deep brain
stimulation and impulse control in Parkinson’s disease. Eur J
Neurol 16:493-497. CrossRef Medline

Hardisty DJ, Thompson KF, Krantz DH, Weber EU (2013) How to
measure time preferences: an experimental comparison of three
methods. Judgm Decis Mak 8:236-249.

Haynes WIA, Haber SN (2013) The organization of prefrontal-
subthalamic inputs in primates provides an anatomical substrate
for both functional specificity and integration: implications for
basal ganglia models and deep brain stimulation. J Neurosci 33:
4804-4814. CrossRef

Holt CA, Laury SK (2002) Risk aversion and incentive effects. Am
Econ Rev 92:1644-1655. CrossRef

Hopewell S, Loudon K, Clarke MJ, Oxman AD, Dickersin K (2009)
Publication bias in clinical trials due to statistical significance or
direction of trial results. Cochrane Database Syst Rev (1):
MRO000006.

Kalenscher T, Pennartz CMA (2008) Is a bird in the hand worth two
in the future? The neuroeconomics of intertemporal decision-
making. Prog Neurobiol 84:284-315. CrossRef Medline

Kalenscher T, Ohmann T, Ginturkin O (2006) The neuroscience of
impulsive and self-controlled decisions. Int J Psychophysiol 62:
203-211. CrossRef Medline

Kheramin S, Body S, Mobini S, Ho MY, Velazquez-Martinez DN,
Bradshaw CM, Szabadi E, Deakin JFW, Anderson IM (2002) Ef-
fects of quinolinic acid-induced lesions of the orbital prefrontal
cortex on inter-temporal choice: a quantitative analysis. Psycho-
pharmacology 165:9-17.

Kirby KN, Marakovi¢ NN (1996) Delay-discounting probabilistic re-
wards: rates decrease as amounts increase. Psychon Bull Rev
3:100-104. CrossRef

Laibson D (1997) Golden eggs and hyperbolic discounting. Q J Econ
112:443-477. CrossRef

Lambert C, Zrinzo L, Nagy Z, Lutti A, Hariz M, Foltynie T, Draganski
B, Ashburner J, Frackowiak R (2012) Confirmation of functional
zones within the human subthalamic nucleus: patterns of connec-
tivity and sub-parcellation using diffusion weighted imaging. Neu-
roimage 60:83-94. CrossRef

Lesieur, HR & Blume, S.B. (1987) The South Oaks Gambling Screen
(SOGS): a new instrument for the identification of pathological
gamblers. The American journal of psychiatry 144, 1184-1188.
Medline

Li Q, Ke Y, Chan DCW, Qian ZM, Yung KKL, Ko H, Arbuthnott GW,
Yung WH (2012) Therapeutic deep brain stimulation in Parkinso-
nian rats directly influences motor cortex. Neuron 76:1030-1041.
CrossRef Medline

Li S, Arbuthnott GW, Jutras MJ, Goldberg JA, Jaeger D (2007)
Resonant antidromic cortical circuit activation as a consequence
of high-frequency subthalamic deep-brain stimulation. J Neuro-
physiol 98:3525-3537. CrossRef

Lim SY, O’Sullivan SS, Kotschet K, Gallagher DA, Lacey C, Lawrence
AD, Lees AJ, O’Sullivan DJ, Peppard RF, Rodrigues JP, Schrag A,
Silberstein P, Tisch S, Evans AH (2009) Dopamine dysregulation
syndrome, impulse control disorders and punding after deep brain
stimulation surgery for Parkinson’s disease. J Clin Neurosci 16:
1148-1152. CrossRef

Lucas, JA, Ivnik, RJ, Smith, GE & Bohac, DL (1998) Normative data
for the Mattis Dementia Rating Scale. Arch Clin Neuropsych, 13,
41-42. Medline

eNeuro.sfn.org


http://www.ncbi.nlm.nih.gov/pubmed/9421169
http://dx.doi.org/10.1046/j.0953-816x.2001.01521.x
http://dx.doi.org/10.1016/j.pharmthera.2012.02.004
http://dx.doi.org/10.1037/neu0000164
http://dx.doi.org/10.1016/j.bcp.2007.06.043
http://dx.doi.org/10.1016/j.parkreldis.2011.02.013
http://dx.doi.org/10.1371/journal.pone.0036781
http://dx.doi.org/10.1126/science.1060818
http://www.ncbi.nlm.nih.gov/pubmed/11375482
http://dx.doi.org/10.1038/nn.2925
http://dx.doi.org/10.1016/j.neubiorev.2007.01.002
http://www.ncbi.nlm.nih.gov/pubmed/21432589
http://www.ncbi.nlm.nih.gov/pubmed/21432589
http://dx.doi.org/10.4061/2011/658415
http://dx.doi.org/10.1016/j.brainres.2004.02.032
http://dx.doi.org/10.1056/NEJMoa060281
http://www.ncbi.nlm.nih.gov/pubmed/10550486
http://dx.doi.org/10.1016/j.neunet.2006.03.006
http://www.ncbi.nlm.nih.gov/pubmed/16945502
http://dx.doi.org/10.1126/science.1146157
http://www.ncbi.nlm.nih.gov/pubmed/17962524
http://dx.doi.org/10.1002/mds.22340
http://dx.doi.org/10.1111/j.1468-1331.2008.02509.x
http://www.ncbi.nlm.nih.gov/pubmed/19236471
http://dx.doi.org/10.1523/JNEUROSCI.4674-12.2013
http://dx.doi.org/10.1257/000282802762024700
http://dx.doi.org/10.1016/j.pneurobio.2007.11.004
http://www.ncbi.nlm.nih.gov/pubmed/18207301
http://dx.doi.org/10.1016/j.ijpsycho.2006.05.010
http://www.ncbi.nlm.nih.gov/pubmed/16828187
http://dx.doi.org/10.3758/BF03210748
http://dx.doi.org/10.1162/003355397555253
http://dx.doi.org/10.1016/j.neuroimage.2011.11.082
http://www.ncbi.nlm.nih.gov/pubmed/3631315
http://dx.doi.org/10.1016/j.neuron.2012.09.032
http://www.ncbi.nlm.nih.gov/pubmed/23217750
http://dx.doi.org/10.1152/jn.00808.2007
http://dx.doi.org/10.1016/j.jocn.2008.12.010
http://www.ncbi.nlm.nih.gov/pubmed/9892057

leuro

Masson ME (2011) A tutorial on a practical Bayesian alternative to
null-hypothesis significance testing. Behav Res Methods 43:679-
690. CrossRef Medline

Mattis S. Dementia Rating Scale: Professional Manual. Odessa, FL:
Psychological Assessment Resources; 1988.

Maurice N, Deniau JM, Glowinski J, Thierry AM (1998) Relationships
between the prefrontal cortex and the basal ganglia in the rat:
physiology of the corticosubthalamic circuits. J Neurosci 18:9539-
9546.

Mazur JE (1984) Tests of an equivalence rule for fixed and variable
reinforcer delays. J Exp Psychol Anim Behav Process 10:426-436.
CrossRef

McCracken CB, Grace AA (2007) High-frequency deep brain stimu-
lation of the nucleus accumbens region suppresses neuronal ac-
tivity and selectively modulates afferent drive in rat orbitofrontal
cortex in vivo. J Neurosci 27:12601-12610. CrossRef

Montgomery EB Jr, Gale JT (2007) Mechanisms of action of deep
brain stimulation (DBS). Neurosci Biobehav Rev 32:388-407.
CrossRef Medline

Moum SJ, Price CC, Limotai N, Oyama G, Ward H, Jacobson C,
Foote KD, Okun MS (2012) Effects of STN and GPi deep brain
stimulation on impulse control disorders and dopamine dysregu-
lation syndrome. PLoS One 7:e29768. CrossRef

Nambu A, Tokuno H, Takada M (2002) Functional significance of the
cortico-subthalamo-pallidal “hyperdirect” pathway. Neurosci Res
43:111-117. Medline

Parent A, Hazrati LN (1995a) Functional-anatomy of the basal gan-
glia. I. The cortico-basal ganglia-thalamo-cortical loop. Brain Res
Rev 20:91-127. Medline

Parent A, Hazrati LN (1995b) Functional-anatomy of the basal gan-
glia. Il. The place of subthalamic nucleus and external pallidum in
basal ganglia circuitry. Brain Res Rev 20:128-154. Medline

Pham U, Solbakk AK, Skogseid IM, Toft M, Pripp AH, Konglund AE,
Andersson S, Haraldsen IR, Aarsland D, Dietrichs E, Malt UF (2015)
Personality changes after deep brain stimulation in Parkinson’s
disease. Parkinsons Dis 2015:490507 CrossRef

Poletti M, Logi C, Lucetti C, Del Dotto P, Baldacci F, Vergallo A, Ulivi
M, Del Sarto S, Rossi G, Ceravolo R, Bonuccelli U (2013) A
single-center, cross-sectional prevalence study of impulse control
disorders in Parkinson disease: association with dopaminergic
drugs. J Clin Psychopharmacol 33:691-694. CrossRef

Quade D (1967) Rank analysis of covariance. J Am Stat Assoc
62:1187-1200. CrossRef

Raftery AE (1995) Bayesian model selection in social research. Sociol
Methodol 25:111-163. CrossRef

Raja M, Bentivoglio AR (2012) Impulsive and compulsive behaviors
during dopamine replacement treatment in Parkinson’s Disease
and other disorders. Curr Drug Saf 7:63-75. CrossRef

Robinson ESJ, Eagle DM, Economidou D, Theobald DEH, Mar AC,
Murphy ER, Robbins TW, Dalley JW (2009) Behavioural character-
isation of high impulsivity on the 5-choice serial reaction time task:
specific deficits in “waiting” versus “stopping.” Behav Brain Res
196:310-316. CrossRef

Rogers RD, Wielenberg B, Wojtecki L, Elben S, Campbell-Meiklejohn
D, Schnitzler A (2011) Deep brain stimulation of the subthalamic
nucleus transiently enhances loss-chasing behaviour in patients
with Parkinson’s Disease. Exp Neurol 231:181-189. CrossRef

Schmidt, R, Freidl, W, Fazekas, F, Reinhart, B, Grieshofer, P, Koch,
M, Eber, B, Schumacher, M, Polmin, K & Lechner, H (1994) The
Mattis-Dementia-Rating-Scale - Normative Data from 1,001
Healthy-Volunteers. Neurology 44, 964-966. CrossRef

March/April 2016, 3(2) e0019-16.2016

New Research 12 of 12

Serranova T, Jech R, Dusek P, Sieger T, Ruzicka F, Urgosik D,
Ru’zicka E (2011) Subthalamic nucleus stimulation affects incen-
tive salience attribution in Parkinson’s disease. Mov Disord 26:
2260-2266. CrossRef Medline

Song FJ, Parekh-Bhurke S, Hooper L, Loke YK, Ryder JJ, Sutton AJ,
Hing CB, Harvey | (2009) Extent of publication bias in different
categories of research cohorts: a meta-analysis of empirical stud-
ies. BMC Med Res Methodol 9:79. CrossRef

Spinella, M (2007) Normative data and a short form of the Barratt
Impulsiveness Scale. The International journal of neuroscience
117, 359-368. Medline

Sterling TD, Rosenbaum WL, Weinkam JJ (1995) Publication deci-
sions revisited: the effect of the outcome of statistical tests on the
decision to publish and vice-versa. Am Stat 49:108-112. CrossRef

Torta DME, Vizzari V, Castelli L, Zibetti M, Lanotte M, Lopiano L,
Geminiani G (2012) Impulsivities and Parkinson’s disease: delay
aversion is not worsened by deep brain stimulation of the subtha-
lamic nucleus. PLoS One 7:€43261. CrossRef

Van den Bergh F, Spronk M, Ferreira L, Bloemarts E, Groenink L,
Olivier B, Oosting R (2006) Relationship of delay aversion and
response inhibition to extinction learning, aggression, and sexual
behaviour. Behav Brain Res 175:75-81. CrossRef Medline

van Wouwe NC, Ridderinkhof KR, van den Wildenberg WPM, Band
GPH, Abisogun A, Elias WJ, Frysinger R, Wylie SA (2011) Deep
brain stimulation of the subthalamic nucleus improves reward-
based decision-learning in Parkinson’s disease. Front Hum Neu-
rosci 5:30. CrossRef

Voon V, Fox SH (2007) Medication-related impulse control and re-
petitive behaviors in Parkinson Disease. Arch Neurol 64:1089-
1096. CrossRef Medline

Voon V, Gao J, Brezing C, Symmonds M, Ekanayake V, Fernandez H,
Dolan RJ, Hallett M (2011a) Dopamine agonists and risk: impulse
control disorders in Parkinson’s; disease. Brain 134:1438-1446.
CrossRef Medline

Voon V, Mehta AR, Hallett M (2011b) Impulse control disorders in
Parkinson’s disease: recent advances. Curr Opin Neurol 24:324-
330. CrossRef Medline

Wagenmakers EJ (2007) A practical solution to the pervasive prob-
lems of p values. Psychon Bull Rev 14:779-804. Medline

Weintraub D (2008) Dopamine and impulse control disorders in
Parkinson’s disease. Annal Neurol 64 [Suppl. 2]:S93-S100. Cross-
Ref

Wichmann T, DeLong MR (2006) Deep brain stimulation for neuro-
logic and neuropsychiatric disorders. Neuron 52:197-204. Cross-
Ref Medline

Winstanley CA, Dalley JW, Theobald DEH, Robbins TW (2004) Frac-
tionating impulsivity: contrasting effects of central 5-HT depletion
on different measures of impulsive behavior. Neuropsychophar-
macology 29:1331-1343. CrossRef

Witjas T, Baunez C, Henry JM, Delfini M, Regis J, Cherif AA, Peragut
JC, Azulay JP (2005) Addiction in Parkinson’s disease: impact of
subthalamic nucleus deep brain stimulation. Mov Disord 20:1052-
1055. CrossRef Medline

Witt K, Pulkowski U, Herzog J, Lorenz D, Hamel W, Deuschl G, Krack
P (2004) Deep brain stimulation of the subthalamic nucleus im-
proves cognitive flexibility but impairs response inhibition in Par-
kinson disease. Arch Neurol 61:697-700. CrossRef

Zurowski M, O’Brien JD (2015) Developments in impulse control
behaviours of Parkinson’s disease. Curr Opin Neurol 28:387-392.
CrossRef Medline

eNeuro.sfn.org


http://dx.doi.org/10.3758/s13428-010-0049-5
http://www.ncbi.nlm.nih.gov/pubmed/21302025
http://dx.doi.org/10.1037//0097-7403.10.4.426
http://dx.doi.org/10.1523/JNEUROSCI.3750-07.2007
http://dx.doi.org/10.1016/j.neubiorev.2007.06.003
http://www.ncbi.nlm.nih.gov/pubmed/17706780
http://dx.doi.org/10.1371/journal.pone.0029768
http://www.ncbi.nlm.nih.gov/pubmed/12067746
http://www.ncbi.nlm.nih.gov/pubmed/7711769
http://www.ncbi.nlm.nih.gov/pubmed/7711765
http://dx.doi.org/10.1155/2015/490507
http://dx.doi.org/10.1097/JCP.0b013e3182979830
http://dx.doi.org/10.2307/2283769
http://dx.doi.org/10.2307/271063
http://dx.doi.org/10.2174/157488612800492726
http://dx.doi.org/10.1016/j.bbr.2008.09.021
http://dx.doi.org/10.1016/j.expneurol.2011.06.007
http://dx.doi.org/10.1212/WNL.44.5.964
http://dx.doi.org/10.1002/mds.23880
http://www.ncbi.nlm.nih.gov/pubmed/21780183
http://dx.doi.org/10.1186/1471-2288-9-79
http://www.ncbi.nlm.nih.gov/pubmed/17365120
http://dx.doi.org/10.1080/00031305.1995.10476125
http://dx.doi.org/10.1371/journal.pone.0043261
http://dx.doi.org/10.1016/j.bbr.2006.08.003
http://www.ncbi.nlm.nih.gov/pubmed/16965826
http://dx.doi.org/10.3389/fnhum.2011.00030
http://dx.doi.org/10.1001/archneur.64.8.1089
http://www.ncbi.nlm.nih.gov/pubmed/17698698
http://dx.doi.org/10.1093/brain/awr080
http://www.ncbi.nlm.nih.gov/pubmed/21596771
http://dx.doi.org/10.1097/WCO.0b013e3283489687
http://www.ncbi.nlm.nih.gov/pubmed/21725242
http://www.ncbi.nlm.nih.gov/pubmed/18087943
http://dx.doi.org/10.1002/ana.21454
http://dx.doi.org/10.1002/ana.21454
http://dx.doi.org/10.1016/j.neuron.2006.09.022
http://dx.doi.org/10.1016/j.neuron.2006.09.022
http://www.ncbi.nlm.nih.gov/pubmed/17015236
http://dx.doi.org/10.1038/sj.npp.1300434
http://dx.doi.org/10.1002/mds.20501
http://www.ncbi.nlm.nih.gov/pubmed/15858803
http://dx.doi.org/10.1001/archneur.61.5.697
http://dx.doi.org/10.1097/WCO.0000000000000209
http://www.ncbi.nlm.nih.gov/pubmed/26110803

O N O~ W N

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

27

BrainCycles: Experimental Setup for the
Combined Measurement of Cortical and
Subcortical Activity in Parkinson’s Disease
Patients During Cycling

Maciej Gratkowski 1*, Lena Storzer 2, Markus Butz 2, Alfons Schnitzler 2,
Dietmar Saupe'! and Sarang S. Dalal 34

I Department of Computer and Information Science, University of Konstanz,
Konstanz, Germany

2 Institute of Clinical Neuroscience and Medical Psychology, Medical Faculty,
Heinrich Heine University Disseldorf, Disseldorf, Germany

3 Center of Functionally Integrative Neuroscience, Department of Clinical Medicine,
Aarhus University, Aarhus, Denmark

4 Zukunftskolleg and Department of Psychology, University of Konstanz, Germany

Correspondence™:

Maciej Gratkowski

Department of Computer and Information Science, University of Konstanz, Fach
697, 78457 Konstanz, Germany, maciej.gratkowski@gmail.com

ABSTRACT

Recently, it has been demonstrated that bicycling ability remains surprisingly preserved in
Parkinson’s disease (PD) patients who suffer from freezing of gait. Cycling has been also
proposed as a therapeutic means of treating PD symptoms, with some preliminary success.
The neural mechanisms behind these phenomena are however not yet understood. One of the
reasons is that the investigations of neuronal activity during pedaling have been up to now limited
to PET and fMRI studies, which restrict the temporal resolution of analysis, and to scalp EEG
focused on cortical activation. However, deeper brain structures like the basal ganglia are also
associated with control of voluntary motor movements like cycling and are affected by PD. Deep
brain stimulation (DBS) electrodes implanted for therapy in PD patients provide rare and unique
access to directly record basal ganglia activity with a very high temporal resolution. In this paper
we present an experimental setup allowing combined investigation of basal ganglia local field
potentials (LFPs) and scalp EEG underlying bicycling in PD patients. The main part of the setup
is a bike simulator consisting of a real Dutch-style bicycle frame mounted on a commercially
available ergometer. The pedal resistance is controllable in real-time by custom software and the
pedal position is continuously tracked by custom Arduino-based electronics using optical and
magnetic sensors. A portable bioamplifier records the pedal position signal, the angle of the knee,
and the foot pressure together with EEG, EMG, and basal ganglia LFPs. A handlebar-mounted
display provides additional information for patients riding the bike simulator, including the current
and target pedalling rate. In order to demonstrate the utility of the setup, example data from pilot
recordings are shown. The presented experimental setup provides means to directly record basal
ganglia activity not only during cycling but also during other movement tasks in patients who have
elected DBS treatment. Thus it can facilitate studies comparing bicycling and walking, to elucidate
why PD patients often retain the ability to bicycle despite severe freezing of gait. Moreover it can
help clarifying the mechanism through which cycling may have therapeutic benefits.

Keywords: DBS, LFPs, EEG, Cycling, Ergometer, Freezing of gait, Parkinson’s disease




28
29
30
31
32
33
34
35
36
37
38

39
40
41
42
43
44
45
46
47
48
49

50
51
52
53
54
55
56
57
58
59
60
61
62
63
64

65
66
67
68
69
70

Maciej Gratkowski et al. BrainCycles Experimental Setup

1 INTRODUCTION

Recently, it has been demonstrated that bicycling ability remains surprisingly preserved in Parkinson’s
disease (PD) patients. In the first report on this phenomenon (Snijders and Bloem, 2010), a video of a
58-year-old man with a 10-year history of idiopathic PD suffering from severe freezing of gait (FOG) is
presented. The patient had difficulties initiating gait, which resulted in forward festination and eventually
in a fall to the ground. He was able to perform only a few steps when provided with a visual cue and the
axial turning was not possible at all. However, the patient had no apparent problems riding and controlling
a bike. Immediately after hopping off the bike the FOG episode recurred. Follow-up reports by these
investigators showed that most PD patients, with and without FOG, maintain the ability to bicycle despite
severe walking deficits (Snijders et al., 2011, 2012). It has been also demonstrated that the loss of bicycling
ability early in the progression of disease strongly supports a diagnosis of atypical parkinsonism rather
than PD (Aerts et al., 2011).

It has long been established that PD patients have abnormal basal ganglia function. As the basal ganglia
are thought to be heavily critical for all types of locomotion, the observation that bicycling and walking are
so differentially impacted in FOG is surprising. Snijders et al. (2011) propose possible explanations for this
phenomenon: The bicycle’s rotating pedals may act as an external pacing cue for the legs. Alternatively,
gait and other activities like cycling, which involve moving the legs, might be differentially affected in PD.
One may also speculate that the special conditions of bicycling, e.g., continuous resistance and angular
momentum of the pedals, may provide feedback that is substantially different from walking. Bicycling has
also been recently promoted as a viable therapy for PD (Mohammadi-Abdar et al., 2016), with evidence
emerging that it may stimulate improvements in motor control (Ridgel et al., 2009, 2015) and cognitive
performance (Ridgel et al., 2011; Alberts et al., 2011), as well as reduce severity of tremor, bradykinesia
(Ridgel et al., 2012) and of orthostatic hypotension (Ridgel et al., 2016).

The neural mechanisms behind these phenomena are however not yet understood. One of the reasons is
that investigation of neuronal activity during pedaling has been limited up to now to functional imaging
and scalp EEG studies. Functional imaging restricts the temporal resolution of analysis, and scalp
EEG is focused on cortical activation. Christensen et al. (2000) examined bicycling movements with
PET in healthy subjects, observing activation of many typical motor structures (primary motor cortex,
supplementary motor area, cerebellum), but notably not basal ganglia. Fukuyama et al. (1997) used
SPECT to determine involvement of the basal ganglia in walking in healthy subjects, along with primary
motor cortex, supplementary motor area, and cerebellum. SPECT, however, reflects the summation of
all brain activity over several minutes and can therefore not reveal oscillatory activity or connectivity
patterns. A recent study in dystonia patients measured local field potentials (LFPs) from the basal ganglia
while they walked on a treadmill, and found increases in theta (4—8 Hz), alpha (8—-12 Hz), and gamma
(60-90 Hz) power compared to rest, while beta (15-25 Hz) power was markedly reduced (Singh et al.,
2011). Importantly, no power differences were noted between sitting and standing positions, reducing
the likelihood that the seated configuration of bicycling could play a significant role in the context of the
bicycling ability phenomena in PD patients.

The first scalp EEG study of cortical activity as a function of instantaneous pedaling (Jain et al., 2013)
reported that beta power over the motor cortex was significantly reduced in active pedaling as opposed to
passive pedaling. Furthermore, they demonstrated a relationship between EEG power and EMG power
of various leg muscles as a function of pedal position. Recently, it has been shown using scalp EEG that
bicycling relative to walking has a stronger sustained cortical activation and less demanding cortical motor
control within the movement cycle (Storzer et al., 2016). This is probably due to the fact that walking
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demands more phase-dependent sensory processing and motor planning, because each leg is independent
in altering stance and swing movement phases. In bicycling, pedals are locked to each other, imposing
continuous movement of both legs.

No study to date has recorded deep brain activity during bicycle pedaling. Thus, there is a need for further
investigation of cortical and deep brain structures to understand both the mechanism through which cycling
ability is preserved in PD patients and the mechanism through which cycling may have therapeutic benefits
for them. Electrodes implanted for deep brain stimulation (DBS) therapy in PD patients provide the unique
chance to directly record basal ganglia activity.

DBS is an established therapeutic strategy that, for PD patients, involves neurosurgical implantation of
electrodes directly in the basal ganglia to allow stimulation with electric current, somewhat analogous to
a cardiac pacemaker. If externalized, the same electrodes can be used to also record LFPs, providing an
opportunity to measure basal ganglia activity during motor and cognitive behavior.

In this paper, we present an experimental setup that we call BrainCycles. It allows combined investigation
of basal ganglia LFPs and scalp EEG in conjunction with physiological and performance parameters during
bicycling tasks in patients with implanted DBS electrodes. Furthermore, example data from pilot recordings
with PD patients are presented.

2 MATERIAL & METHODS
2.1 Experimental setup overview

The BrainCycles setup is a modified version of the Powerbike simulator, which was developed for data
acquisition, analysis, and visualization of performance parameters in endurance cycling (Dahmen et al.,
2011). The full Powerbike software suite incorporates cyclist and bicycle management, synchronized videos
of cycling routes, an electronic gear shifter, and the recording and visualization of various performance
parameters during a ride like speed, cadence, power, heart rate, and height profile. For the present
experimental setup, the Powerbike’s capabilities to record bicycling performance parameters as well as to
actively control pedal resistance are used. Additionally, the setup was extended with a device for real-time
measurement of pedal position. Custom software was developed for the control of the acquisition of the
EEG, EMG and other physiological parameters important for experiment protocols involving PD patients.
The main hardware component of the setup is a Cyclus2 ergometer (RBM elektronik-automation GmbH,
Germany) with an eddy current brake. The brake force can be controlled through a serial port with a
sampling rate of 20 Hz using a custom-made software interface. A classic Dutch-style bike frame is
mounted on the ergometer brake. The frame, saddle and handlebar were chosen taking the special needs of
PD patients into consideration. They ensure that the patients are able to easily get on and get off the bike
simulator and have a comfortable sitting position (see Figure 1).

An Arduino Due board (Arduino LLC, USA) controls the sensors that assess the crank phase angle and a
TFT-display mounted on the handlebar. The Due board includes an Atmel SAM3X8E ARM Cortex-M3
microcontroller and features 54 digital input/output pins, 12 analog inputs, 4 hardware serial ports, an 84
MHz clock and 2 digital-to-analog converters (DACs). A vast number of extension boards (shields) and
libraries for interfacing to a wide range of hardware is available for Arduino platform. Thus, the board is
especially suitable for easy and fast prototyping.

In this setup a TFT/SD shield (SainSmart, USA) is used to interface with a 3.2 TFT LCD touch-display
(SainSmart, USA). The display is mounted on the handlebar and is used to present information and feedback
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for participants during experiments. For example, the display can show current and desired target cadence
in revolutions per minute (rpm). If the target cadence is not being met, a colored arrow is shown, signaling
the patient to pedal faster or slower. The color (red or yellow) of the arrow indicates the magnitude of
deviation from the target cadence, with the thresholds adjustable by the experimenter.

The data acquisition in the BrainCycles setup is managed with the help of the OpenBCI software
framework (Durka et al., 2012). OpenBClI is a complete open source software modular framework for
brain-computer interfaces. The architecture of the framework is based on a centralized modular approach,
where different modules communicate through a central multiplexer. The framework includes a module
for online communication with signal acquisition hardware and a graphical module for signal review.
Thus, OpenBClI can be used as a complete software EEG recording suite. The OpenBCI’s tags manager
module can be used to annotate the electrophysiological data with events like FOG episodes or start/stop
signals, which are used to instruct participants to start or stop pedaling. The open source character of the
framework enables the integration of cycling performance measures within the data stream. For example,
twice per pedal revolution, data such as current brake force and cadence are saved as tags in the data stream.
The analysis module enables the realization of feedback loops, e.g., in order to control pedal brake force
depending on the parameters of electrophysiological signals like EEG or EMG.

2.2 Data Acquisition

All electrophysiological data is acquired by a 32-channel TMSi Porti amplifier (TMSi, Enschede, The
Netherlands). This lightweight, compact amplifier is battery-powered and can therefore be worn by the
patient on a belt and used for recording signals “untethered” for comparison of walking and pedaling
conditions. It has a maximum sampling rate of 2048 Hz, and, unlike most other portable devices, is
therefore capable of capturing high frequency oscillations (100-500 Hz) particularly relevant for basal
ganglia pathology in PD (Ozkurt et al., 2011; Hirschmann et al., 2016). Additionally, it has several
auxiliary channels, which can be used for the recording of performance data from the ergometer and other
physical measurements. The amplifier provides 24 unipolar, 4 bipolar as well as 4 auxiliary channels.
The 32-channels can be used to record from basal ganglia implants, which have 4-8 electrode contacts
each, typically placed bilaterally for a total of 8-16 intracerebral channels. Scalp EEG can be recorded
with an electrode montage optimized for capturing sensorimotor cortex activity (e.g. Fpl, Fz, Cz, C3, C4,
and reference), along with bilateral EMG of the tibialis anterior (TA), rectus femoris (RF), and biceps
femoris (BF) leg muscles. EMG and scalp EEG are recorded with actively shielded cables, which reduce
sensitivity to motion artifacts and are therefore particularly suitable for recording during locomotion tasks.
Furthermore, respiration rate, ECG, knee flexion and foot pressure can also be monitored. TMSi electronic
goniometers and footswitches (TMSi, Enschede, The Netherlands) were successfully tested with the setup.

2.3 Measurement of LFPs

DBS treatment of PD involves the implantation of stimulating electrodes in the subthalamic nucleus
(STN) or the globus pallidus interna (GPi). At many DBS clinics, the electrodes are implanted in a first
step, and the stimulator device a few days later in a second step, allowing the chance to record LFPs from
the externalized electrodes. Light physical activity is usually manageable for PD patients shortly after the
implantation of electrodes. Thus, it is possible to record LFPs while the PD patient is pedaling a stationary
bicycle in a laboratory environment. The LFPs can be recorded unipolarly or bipolarly using selected pairs
of DBS electrode contacts. Bipolar measurements or bipolar digital rereferencing should be used in order
to reduce contamination from distant sources as well as movement artifacts. Those could degrade true local
LFPs, bias power spectral estimates, or influence coherence and correlation estimations between different
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brain regions (Whitmore and Lin, 2016). We have successfully tested Boston Scientific Vercise and St.
Jude Medical Infinity DBS systems with the BrainCycles experimental setup. Both of them offer 8 contacts
per electrode. Using directional leads they allow for stimulation and measurement in directions orthogonal
to the lead trajectory.

2.4 Measurement of Pedal Position

One of the requirements of the BrainCycles setup is to provide a means to investigate possible relationships
between EEG power and EMG power of various leg muscles as a function of pedal position. A custom
made electronic circuit encodes the current crank position as an analog signal proportional to the angular
position of the pedals. This analog signal is acquired together with electrophysiological signals using
the auxiliary input of the EEG amplifier. An important advantage of this approach is that this eliminates
the need to coregister data prior to analysis. Furthermore, the knowledge of the real-time pedal position
opens new possibilities for experimental protocols with tasks or control parameters depending on the
instantaneous position of the pedals. For example, the pedaling resistance at the push-down phase of the
pedal motion could be independently set for each leg.

The main part of the rotary encoder are two forked light barriers consisting of infrared LEDs and
phototransistors. The barriers are mounted next to the front chainring so that the teeth of the chainring
pass through the light barriers, and the distance between the light axes of the barriers is smaller than the
width of the teeth. The first light barrier acts as a key that changes the state when a tooth first breaks and
then releases the light barrier. Thus, an inversed impulse is created every time a tooth passes through the
barrier and temporarily interrupts the light. The falling edge of the impulse invokes a hardware interrupt
in the microcontroller. The microcontroller counts each such event. The increase of the angular position
of the cranks can be derived from this count and the number of teeth on the chainring. The orientation of
the crank rotation can be determined with the help of the second barrier. If the pedalling is forward, the
second barrier will be open at the time the tooth is entering the first barrier. If the pedalling is backwards,
the second barrier will be closed.

The angular resolution of such encoder is directly proportional to the number of teeth on the chainring,
because the teeth on the sprocket are equidistantly distributed. In our particular setup, the chainring has 42
teeth and thus the angular resolution is 360° / 42 = 8.57°. In order to know the absolute position of the
pedals a reset signal at position 0° is needed. The reset signal is provided by mounting a magnet on the
crank and a magnetically actuated reed switch at position 0°, which in our case is the top position of the
right pedal. The absolute position of the pedals is then converted to an analog signal by the DAC integrated
on the Arduino Due board and connected to the auxiliary input of the EEG amplifier. The DAC output and
the auxiliary input of the Porti amplifier are galvanically separated with an optocoupler for an additional
layer of patient safety and to prevent ground loop interference.
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2.5 Example Data

In order to demonstrate the utility of the setup, sample data from pilot recordings is presented. The shown
data were recorded from a 56-year-old patient, who was diagnosed with PD in 2011 with motor symptoms
predominantly on the right side. The patient had opted for bilateral DBS therapy (Boston Scientific Vercise
system with 8 contacts per STN), and was recorded one day after the implantation of DBS electrodes while
off any dopaminergic medication. Custom-made connectors were used to connect the DBS electrodes with
the EEG amplifier.

The recording protocol consisted of 30 intermittent rest and pedaling periods guided by acoustic signals.
The patient was provided with start and stop signals in form of a tone of 500 ms duration and frequency
1000 Hz in case of the start signal and 1500 Hz for the end signal. The duration of the rest and pedaling
phases were around 10 seconds. The patient was instructed to pedal at a relaxed pace of his own preferred
cadence. The brake force of the ergometer was constantly kept at a low level of 30 N. Individual gel-based
electrodes were placed at Pz, Oz and P3 to capture signals from somatomotor areas. The bandage left
after the implantation of electrodes did not allow placement of electrodes more anterior. Subsequently,
the recorded signals were digitally rereferenced to a bipolar montage of Pz-P3 and Pz-Oz. A water-based
ground electrode (TMSi, Netherlands) integrated in a wristband was used. Bipolar surface EMG activity of
TA, BF, and RF was recorded bilaterally using disposable Ag/AgCl electrodes. Electrodes were placed 2
cm apart on the belly of each muscle. EMG, scalp EEG and LFPs were recorded with actively shielded
cables compensating for movement artifacts.

In previous studies, modulation of cortical oscillatory activity in the beta band during transitions between
rest and pedaling conditions was observed (Storzer et al., 2016). Thus, we hypothesized that this modulation
should also be seen in deeper brain regions. The recorded data were processed in Matlab (Mathworks, Inc.,
Natick, MA) using the FieldTrip open source Toolbox (Oostenveld et al., 2011). The bipolar LFP channel
with the highest resting beta activity was chosen for further analysis. LFPs and EEG data were bandpass
filtered with cutoff frequencies of 13 Hz and 33 Hz. Next, the filtered data were Hilbert-transformed in
order to compute their envelopes. The envelope signals were then averaged taking 5 seconds of data before
and 10 seconds of data after each movement initiation. Both ongoing and averaged envelope signals were
filtered by a moving average filter of length 2500 samples, which represents around 1.2 seconds of data.

3 RESULTS

Beta band activity in the STN sharply decreased upon initiation of pedaling and rebounded after termination.
This can be clearly seen even in continuous time series (see Figure 2 C). The beta increase is visible upon
return to resting, when muscle activity is minimal. Thus, it is unlikely that the increase in the beta band is
due to movement artifacts. The beta modulation can also be observed from the scalp EEG data (Pz-Oz)
when averaged relative to movement initiation (see Figure 3).

4 DISCUSSION

In this paper we presented an experimental setup for combined recording of cortical and deep brain
oscillations during pedaling. We showed that direct recordings from the STN during bicycling are possible
in a laboratory environment. Visual inspection suggests that the recorded signals have a very high SNR.
The reduction of the beta power in the STN during bicycling is visible even in the raw data. A similar effect
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could be observed in the surface EEG. However, for the later the change of the amplitude is much smaller
and only visible after averaging the EEG locked to the movement initiation.

The presented experimental setup provides means to directly record basal ganglia activity not only during
cycling but also during other movement tasks in patients who have elected DBS treatment. Thus it can
facilitate studies comparing bicycling and walking, to elucidate why PD patients often retain the ability to
bicycle despite severe FOG. Moreover, it can help to clarify the mechanism through which cycling may
have therapeutic benefits.

At present, the experiments can be performed between 1 and 6 days after electrode implantation, while
the electrode cable is externalized and therefore allows recording of LFPs from the implanted structures.
The next generation of DBS systems will additionally allow LFPs recording by the same unit that performs
stimulation and storing the data internally for subsequent retrieval via wireless data transfer. This will
allow recording of data after electrode cables have been internalized, greatly expanding opportunities to
record LFPs, and eventually allowing recordings after patients have recovered from the surgical procedure
and have become accustomed to the implant. Thus, task-related modulations of oscillatory activity and
coupling could be monitored during a cycling training regimen and correlated to therapeutic outcomes.
Importantly, several months after implantation, the patients would be able to participate in more strenuous
activity, such as the forced pedaling regimens described in Alberts et al. (2011) and Ridgel et al. (2012).

The BrainCycles setup could also be used to investigate visuomotor processing in PD patients. It has been
hypothesized that PD is associated with a visuomotor disturbance and PD patients produce exaggerated
responses to visual information (Cowie et al., 2010). For example, many patients slow down dramatically
or even freeze when attempting to approach narrow doorways. Similarly, FOG episodes can be elicited by
unexpectedly appearing obstacles (Delval et al., 2010). The Powerbike’s ability to play videos synchronized
to pedaling could be used to investigate how such sudden visual cues and obstacles are processed during
cycling. Visuomotor processing during walking on a treadmill and cycling on an ergometer could be also
compared in a lab environment.
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FIGURES

Figure 1. The BrainCycles experimental setup; left - classic Dutch frame and EEG amplifier mounted on
the Cyclus2 ergometer; right - handlebar display presenting information about the current and the desired
trarget cadence in rpm
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Figure 2. Modulation of the beta band in the LFPs (left STN) and EEG data (Pz-Oz); A - the recorded
pedal angle; B - the unfiltered (blue curve) and filtered (red curve) data recorded from the left STN; C and
D - the envelopes of filtered LFPs and EEG data. The solid and dashed black lines represent start and stop
signals, respectively. The magenta and green dotted lines represent the events of the right pedal crossing
the top and bottom positions, respectively; E and F - EMG signals recorded from TA and BF in the right
and left legs.
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Figure 3. Envelopes of the beta band of the EEG signal (red) and LFPs (blue). At left, the averaged and
normalized envelopes are presented. The averaging was locked to the movement initiation at t=0 seconds
and the curves are normalized to their maximum value. At right, ongoing envelopes are presented. The
gray boxes represent periods of pedaling. All the envelopes were filtered with a moving average filter of
length 2500 samples (1.2 seconds).
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