Iversitat

MASTERARBEIT / MASTER’S THESIS

Titel der Masterarbeit / Title of the Master's Thesis

“Cortical Asymmetry in Parkinson’s Disease: Investigation of
Cognitive and Motor Event-Related Potentials”

verfasst von / submitted by

Federico Marroni

angestrebter akademischer Grad / in partial fulfilment of the requirements for the degree of

Master of Science (MSc)

Wien, 2017 / Vienna 2017

Studienkennzahl It. Studienblatt / A 066 013
degree programme code as it appears on
the student record sheet:

Studienrichtung It. Studienblatt / Masterstudium Joint Degree Programme

degree programme as it appears on MEi: CogSci Cognitive Science
the student record sheet:

Betreut von / Supervisor: Prof. Maja Kojovi¢, MD Phd






Federico Marroni, Academic CV

E-mail
Tel.

09/2014
09/2017

09/2010
11/2013

09/2005
06/2010

10/2015
06/2017

04/2015
09/2015

09/2016
06/2017

a01446608@unet.univie.ac.at
(+39)3383974818

Education

MSc in Cognitive Science
Mei:Cogsci programme, University of Vienna (AT)
Including exchange experience at University of Ljubljana (SI)

BA in Philosophy
University of Bologna (IT)
Bachelor thesis title: “Sul linguaggio privato: Wittgenstein e Kripke”
(Eng. Trans.: “On Private Language: Wittgenstein and Kripke”)

Secondary studies
Liceo Giordano Bruno, Budrio (IT)

Research

Lab assistant
Laboratory for Cognitive Neuroscience, Medical University of Ljubljana
(SD
Main tasks: single pulse and r-TMS procedures, EMG and EEG
recordings, data analysis, study design, literature research.

Student project
“Web of Needs”, at Research Studio Austria, Vienna (AT)
Main tasks: Programming for machine learning (Python).

Teaching Experience
Language teacher

Berlitz Ljubljana, d.o.o.
Main task: teaching Italian as a second language



Language Skills

» Italian (Native speaker)
» English (Fluent - C2)
» German (Intermediate - B1)

Conferences

» IK Interdisciplinary College 2015, lecturer support (Giinne (DE), March
2015).

» Mei:CogSci 2015 Conference, “Optimizing a Multi-label Natural Language
Classifier”, Poster presentation (Ljubljana (SI), June 2015).

» Mei:CogSci 2016 Conference, “Investigating Functional and Effective Brain
Connectivity During Mindfulness Meditation”, Talk (Vienna (AT), June 2016).

Scholarships

» Erasmus Plus Grant.

» Short-term Grant Abroad “KWA”, from University of Vienna (fall term 2016).

» Performance Scholarship “Studienférderungsgesetz”, from University of
Vienna (2016).



Acknowledgements

This project would have not been possible without help. I would like to thank the
following people for their support. My supervisor Maja Kojovi¢, for her commitment
to this work and attentive feedback. The whole team of the Laboratory for Cognitive
Neuroscience of Ljubljana, for their help and suggestions (with a special mention to
Dejan Georgiev, for all the previous practical and technical contribution). Cristina,
Julie, and Robbie, for proofreading. My family and friends, for their personal support.

Lisa, for everything.






Abstract

The human central nervous system presents a generally symmetric structure. Each side
of a person's body is primarily controlled in its sensory and motor functions by the
contralateral cerebral hemisphere. However, there are a number of cognitive functions
that appear to be distributed in asymmetric networks across the brain. The goal of the
present research was to investigate hemispheric (a)symmetry of two well-known
event-related potentials (ERP) in Parkinson's disease (PD). PD is a neurodegenerative
disease affecting not only motor but also cognitive functions. It is characterized by a
clinically asymmetric onset and therefore serves as an excellent model for studying
lateralized brain functions. The rationale behind this research was to explore changes
in EEG patterns between hemispheres in PD and their relation to dopaminergic
medication. We first investigated differences in the amplitude of Readiness Potential
(BP), related to motor preparation and execution. Specifically, we compared more and
less affected hemispheres in PD patients. Second, we studied how PD affected the
cognitive P3 amplitude, which is normally asymmetric and related to attention and
working memory functions. Our results show that both the disease and its
dopaminergic medication may affect hemispheric (a)symmetry of ERPs. We found that
BP was not only generally lower in PD compared to healthy controls, but also
asymmetric, being more pronounced on the more affected side. The BP potential was
restored by dopaminergic medication. Furthermore, the usual asymmetry of P3
amplitude was less pronounced when PD patients were tested on dopaminergic
medication. These results suggest that, while medication may improve motor function,

it may also have negative effects on some cognitive functions.

Keywords: Hemispheric asymmetry, attention, motor preparation, EEG, ERB, Parkinson’s

disease, Readiness potential, oddball task.






Abstrakt (Deutsch)

Das menschliche Zentralnervensystem weist eine im Allgemeinen symmetrische
Struktur auf. Die sensorischen und motorischen Funktionen jeder Kérperseite werden
primdr durch die jeweils kontralaterale Hemisphdre gesteuert. Es gibt jedoch eine
Reihe von kognitiven Funktionen die auf asymmetrische Netzwerke verteilt sind. Ziel
der vorliegenden Arbeit war es, die hemisphdrische (a) Symmetrie von zwei bekannten
ereigniskorrelierten Potentialen (ERP) bei der Parkinson-Krankheit (PD) zu
untersuchen. PD ist eine neurodegenerative Erkrankung, die nicht nur motorische
sondern auch kognitive Funktionen beeintrdchtigt. Sie zeichnet sich durch einen
klinisch asymmetrischen Krankheitseinbruch aus und ist daher ein hervorragendes
Modell fiir die Erforschung lateralisierter Gehirnfunktionen. In der vorliegenden
Forschung wurden Verdnderungen in EEG-Mustern zwischen Hemisphdren bei PD und
deren Beziehung zu dopaminergen Medikamenten betrachtet. Dazu untersuchten wir
zundchst Unterschiede in der Amplitude des Bereitschaftspotentials (BP), welche mit
Bewegungsvorbereitung und -ausfiihrung assoziiert sind. Insbesondere verglichen wir
stark und weniger stark betroffene Hemisphdren bei PD-Patienten. In einem zweiten
Schritt untersuchten wir wie sich PD auf die, normalerweise asymmetrische und mit
Aufmerksamkeits- und Arbeitsgeddchtnisfunktionen verbundene, P3-Amplitude
auswirkt. Wir fanden heraus, dass sowohl die Krankheit als auch die mit ihr
verbundene dopaminerge Medikation die hemisphdrische (a) Symmetrie von ERPs
beeinflussen kénnen. Das BP war bei PD im Vergleich zu gesunden Kontrollen nicht nur
allgemein niedriger, sondern auch asymmetrisch, mit héherer Ausprdgung auf der
stdrker betroffenen Seite. Das BP-Potential wurde durch dopaminerge Medikation
wiederhergestellt. Dartiber hinaus war die iibliche Asymmetrie der P3-Amplitude
weniger ausgeprdgt, wenn PD-Patienten mit dopaminergen Medikamenten getestet
wurden. Diese Ergebnisse deuten darauf hin, dass, wdhrend Medikamente die
motorische Funktion verbessern mdgen, sie mdglicherweise auch negative

Auswirkungen auf einige kognitive Funktionen haben konnen.
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1. Introduction

One of the most apparent physical features of the human central nervous system is
that its structure is divided into two symmetrical hemispheres (Hugdhal, 2005).
Research of hemispheric asymmetry has a very long history, as scientists have long
been studying functional differences. Early studies suggested that the two
hemispheres could be specialized in processing different sorts of information. The
historical development of the idea that the hemispheres of the brain perform separate
activities is an example of how very old concepts may survive, evolve, and merge on
the basis of accumulating evidence. The current state of research suggests that the
two halves of the brain have developed through evolution into separate but highly
interconnected structures (Toga & Thompson, 2003; Salvador et al.,, 2005). Each
hemisphere is responsible for sensory and motor functions of the contralateral body
side in a symmetrical fashion (Bear, Connors, & Paradiso, 2007). However, there is a
number of cognitive functions that appear to be predominantly reliant on one
hemisphere (Ocklenburg & Giintiirkiin, 2012). Therefore, the control of different
brain functions may be symmetric or asymmetric, depending on the specific task. It is
worth noting that hemispheric differences are often oversimplified in
neuromarketing purposes or in popular science (Hellige, 1993). The relationship
between hemispheres deserves a function-specific and evidence-based analysis
(Harrison, 2015).

Different methods of investigation, such as neuroimaging and



electrophysiological techniques, have contributed significantly to our understanding
of specialized hemispheric functions. In this respect, structural brain lesions
represent a traditional model to study functional brain anatomy. Deficits in a specific
function may be correlated with the anatomical localization of the lesion (Bear et al,,
2007). Notably, asymmetric neurodegenerative diseases may differentially affect
motor and cognitive functions and may serve as a model to study functional
asymmetries (Gordon, 2016). In our research we used Parkinson's disease (PD) as a
model of disruption of the normal balance between hemispheres. PD is a
neurodegenerative disorder characterized by a strong lateralization of motor
symptoms, caused by the asymmetric degeneration of dopaminergic neurons
(Thenganatt & Jankovic, 2014). In PD, the clinically more affected side of the body
corresponds to a contralateral “more affected” hemisphere (Tomer,; Levin, & Weiner,
1993; Cronin-Golomb, 2010). We used the electroencephalogram (EEG) to test two
well-known electrophysiological paradigms for motor and cognitive functions. The
Readiness Potential (BP) precedes the execution of a movement, and relates to motor
preparation (Jahanshahi & Hallett, 2003). Using perceptual stimuli, the visual and
auditory oddball task generates a P3 potential, which is related to cognitive functions
such as attention and working memory (Polich & Criado, 2006). These two potentials
are respectively symmetric and asymmetric in healthy subjects. We collected and
analyzed neurophysiological and clinical data from 14 Parkinson's patients “on” and
“off” dopaminergic medication and compared them to the data from 13 healthy
participants. The research had two main goals. First, to test whether asymmetry of

motor symptoms in PD is reflected in an asymmetry of BP. Second, to test whether a



normal physiological asymmetry of cognitive event-related potential is disrupted by

the asymmetrical neurodegeneration that characterizes PD.

1.1 Structure of the thesis
At the beginning of section 2 the theoretical framework relevant for the study is
presented. This includes concepts of symmetrical and asymmetrical brain
functionality, the description of PD as a prototype of asymmetric brain disorder
caused by dopaminergic deficit, and a review of the effects of dopaminergic
medication on cognitive functioning. Then, the theoretical background of event-
related EEG potentials is introduced. Section 3 contains the study methods. Results
are presented in section 4. Section 5 discusses the significance of the findings,

including study limitations.



2. Background

2.1 The Architecture of the Brain

In a Neuroscience perspective, the concepts of symmetry and

asymmetry are closely tied to the two hemispheres of the human brain,

and the mirror symmetrical organization of the body along the vertical

body axis, producing two mirror body halves. (Hugdahl, 2005, p. 119)

Symmetry in structure does not necessarily imply symmetry in function and, in this

regard, the external structure of the brain might be to some extent misleading. Despite
their macroscopic appearance, the two halves of the human brain are not completely
equivalent, as they present a number of functional asymmetries (Hugdhal, 2005). The
relation between the hemispheres is not only a subject of scientific research, but it has
been a fashionable topic also outside of the academic community. A widespread
misrepresentation of the functional difference between the hemispheres, often used
for marketing purposes, states that the “left brain” is rational whereas the “right brain”
is creative (Hellige, 1993). The goal of this section is to illustrate the scientific aspects
of symmetry and asymmetry in brain functionality and to present the framework of

our research.

2.1.1 Symmetry
One of the fundamental properties of most biological systems is a rough bilaterally

symmetrical organization. In general, this applies to the human brain as well,



structurally and functionally (Duboc, Duforcq, Blader, & Roussigné 2015). In fact, its
neurophysiological architecture appears to be strongly symmetrical (Figure 1).
Evidence from functional Magnetic Resonance Imaging (fMRI) research suggests that,
during resting state, homologous regions process information bilaterally (Salvador et
al,, 2005). The left and the right side of the body are predominately controlled by the
sensorimotor systems in the contralateral hemisphere (Harrison, 2015). The motor
network is a clear model of this mirror symmetrical control. When a person moves a
limb, the execution of the movement is primarily processed by the contralateral motor
cortex (Bear et al., 2007). This characteristic of the brain was observed very early in
history. In ancient Greece, doctors from the Hippocratic school realized that wounds
on one side of the head could be associated with convulsions on the opposite side of
the body. Evidence for this can be found in the so-called “Hippocratic Corpus”, written
around 400 B.C. (Prins, 2006).

Although the final execution of movement depends on the contralateral
hemisphere, planning of the movement occurs bilaterally instead (Jahanshahi &
Hallett, 2003). Furthermore, evidence shows that humans have a natural tendency
towards symmetrical contraction of homologous muscles. Bilateral movements are
associated with proportionally less cortical activation, compared to alternated
bimanual movements or unilateral movements (Cincotta & Ziemann, 2008). The
execution of strictly unilateral movement requires complex interhemispheric
interactions between a wide range of cortical areas. The two hemispheres of the brain
communicate continuously through a thick tract of white matter known as the Corpus

Callosum (CC) (Harrison, 2015). During the performance of unilateral movement, the



CC inhibits the motor output from the primary motor area (M1) in the hemisphere
ipsilateral to the movement (Beaulé, Tremblay, & Théoret, 2012). Mirror movements
(i.e. involuntary movement of corresponding muscles from the contralateral side that
accompany the intended movement) appear in fatiguing tasks or are a sign of motor

dysfunction (Espay, Li, Johnston, Chen, & Lang, 2005).

Figure 1 This superior view of a human brain highlights the symmetry that
characterizes its structure. The two hemispheres, physically separated by the
longitudinal fissure in the middle, are strongly interconnected through the CC

underneath. (Source: Hugdhal, 2005, p. 120)

However, there is at least one clear preference for motor functions in human

behavior that is handedness, i.e. the preference for using one hand (the 'dominant")
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with respect to the other. Despite the left hemisphere being dominant for handedness
in 90% of individuals (Bear et al., 2007), the anatomic asymmetries inside the motor
network are negligible (Toga & Thompson, 2003). For instance, it has been suggested
that there is a larger neural mapping of the dominant hand in M1 as a consequence of
practice and brain plasticity (Hammond, 2002). However, the general structure of the

motor network is not affected.

2.1.2 Asymmetry

Symmetry, and especially bilateral symmetry, has generally been

associated with harmony and perfection, but also with a form of boring

rigidity. Instead, asymmetry is often associated with chaos, but at a

subjective dose, its unpredictable nature makes it attractive. (Duboc et

al,, 2015, p. 648)

Despite anatomic symmetry, many relevant functional asymmetries have been
observed in relation to a number of cognitive functions. The exploration of
hemispheric asymmetries in neuroscience can be tracked back to Broca's famous
paper dated 1861 (Broca, 1861/2011). The paper describes a case study of a patient
who presented a massive speech impairment. This was connected to a lesion in the
region of the left frontal cortex now known as Broca's area. It was the first piece of
evidence that the left hemisphere had a dominant role in language processing
(Ocklenburg & Gilintiirkiin, 2012). Following Broca's study, the concept of cerebral
dominance for specific functions became widely accepted (Galaburda, Lemay, &

Kemper, 1978). The idea that the two hemispheres of the brain would be specialized



for different functions became central in research. Although language is one of the
most straightforward examples of hemispheric asymmetry, several other cognitive
functions showed similar lateralization. During times in which neuroimaging did not
yet exist, this theory was backed-up by evidence from lesion studies producing
specific dysfunctions. In the 1960s-70s, reports on the behavior of the so-called “split
brain” patients suggested asymmetrical aspects of cognition that impressed
researchers as well as the general public (Hellige, 1993). For instance, the following
is areport on the behavior of a patients after surgery. The patient’s CC was cut, so that
his hemispheres were no longer connected:
For a considerable period after the operation the left side of the

body rarely showed spontaneous activity, and the patient generally did

not respond to stimulation of that side: when he brushed against

something with his left side he did not notice that he had done so, and

when an object was placed in his left hand he generally denied its

presence. (Gazzaniga, 1967, p. 24)

This report illustrates an attentional deficit affecting the left side of the body
and indicating vulnerability of the right hemisphere. Evidence suggests that the right
hemisphere would be more specialized for attention than the left one (Stevens,
Calhoun, & Kiehl, 2005). Attention can be defined as the ability to selectively process
different sources of information (Bear et al., 2007). It enables focused processing of
relevant data out of a larger amount of incoming information (Dreo, Attia, Pirtosek, &
Repovs 2016). Evidence of right hemispheric dominance was observed in relation to

several attention-related tasks, especially in frontal areas (Corbetta & Shulman, 2002).



It has been suggested that a network reliant on right hemispheric regions could be
prominently involved in sustained attention, stimulus evaluation, target detection,
and working memory (Gilmore, Clementz, & Berg, 2009). Working memory can be
defined as “an active system for temporarily storing and manipulating information
needed for the execution of complex cognitive tasks” (Frank, Loughry, & O’Reilly, 2001,

p. 138).

In summary, motor execution is represented by a network mainly relying on
the contralateral hemisphere, without hemispheric dominance. Both right and left
limb movements activate contralateral areas of the cortex (with a contribution from
ipsilateral ones), in a mirroring fashion. At the same time, several cognitive functions
rely on asymmetric networks, in which regions located either in the right or in the left
hemisphere are primarily involved, so that one hemisphere may be dominant for a
specific function. The relation between hemispheres is complicated, specific to
functions and networks. Different tasks could rely on either symmetrical or
asymmetrical forms of processing. These ideas emerged very early from observed
lesion studies, evolving and refining in the course of time thanks to the use of modern

neurophysiological techniques.

2.2 Parkinson’s Disease
Several neurological diseases are characterized by a prominent clinical asymmetry
from disease onset (Gordon, 2016), with Parkinson's disease (PD) being one of the

most common (Bear et al, 2007; Connolly & Lang, 2014). PD is a chronic



neurodegenerative disease caused by a loss of dopaminergic neurons in the
substantia nigra pars compacta (SN) (Thenganatt & Jankovic, 2014). Its onset is
typically asymmetric, with one side of the body presenting more evident motor
symptoms (Barrett, Wylie, Harrison, & Wooten, 2011). This indicates that the
contralateral hemisphere is significantly more affected (Blesa, Juri, & Adanez, 2011).
Symptoms of PD arise as a consequence of midbrain and basal ganglia (BG)
dysfunction, which are connected to cortical areas through motor, associative, and
limbic circuits (Rinne et al., 2000). The disease eventually affects widespread brain
networks in addition to motor circuits. Thus, although PD is primarily known as a
motor disease, patients also manifest cognitive and psychiatric symptoms. The
lateralized onset and progression of PD generates a hemispheric imbalance that
makes PD an excellent model to investigate functional changes affecting the
interaction between hemispheres (Cronin-Golomb, 2010).

Motor symptoms of PD include resting tremor, bradykinesia (i.e. slowness of
movement), and rigidity, with postural instability appearing later in the disease
course (Jankovic, 2008). The severity of the motor symptoms and their asymmetric
distribution can be quantified by clinical rating scales (Goetz et al., 2007; 2008). At its
onset, PD shows the most straightforward lateralized pattern of motor symptoms.
Although asymmetry becomes less pronounced as the disease progresses, it can still
be detected even in advanced stages (Melamed & Poewe, 2012). There is no clear
explanation for the characteristic asymmetric neurodegeneration in PD (Djaletti, Ziv,
& Melamed, 2006; Hobson, 2012). Handedness might be an important factor

determining the side of PD onset (Uitti, Baba, Whaley, Wszolek, & Putzke, 2005), since
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in approximately 60% of the cases the symptoms begins on the dominant hand side

(Van der Hoorn, Burger, Leenders & De Jong, 2012).

2.2.1 Non-motor Symptoms
PD is also characterized by a variety of non-motor symptoms. This includes a wide
range of cognitive and neuropsychiatric disturbances (Pellicano et al., 2015). PD
patients generally experience cognitive decline with disease progression (Aarsland,
Bronnick, Larsen, Tysnes, & Alves, 2009), but its nature and severity varies widely
(Katzen, Levin, & Weiner, 2006). Additionally, the range of cognitive symptoms is
heterogeneous (Kehagia, Barker, & Robbins, 2010). It includes impairment of
attention and working memory. Other common cognitive symptoms of PD include
impairment of learning, verbal fluency, and executive functions (Moustafa, Sherman,
& Frank, 2008; Muslimovi¢, Post, Speelman, & Schmand, 2005; Rinne et al., 2000;
Teramoto et al., 2016). During the advanced stages of the disease, PD may result in
dementia, a risk increasing with disease progression (Braak, Riib, Jansen Steur, Del
Tredici, & de Vos, 2005).

The role of the side of onset on the pattern of cognitive decline in PD is unclear.
Some studies suggest little or no interaction, stating that the most affected side
influences motor functions but not cognitive ones (Cubo, Martin, Martin-Gonzalez,
Rodriguez-Blazquez, & Kulisevsky, 2010; Pellicano et al., 2015). However, other
studies have proposed complex relationships between motor and cognitive symptoms
(Katzen et al., 2006). It has been suggested that left-sided onset of motor symptoms

could be related to a decreased performance in a number of cognitive measurements
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and a higher degree of cognitive decline (Riederer & Sian-Hulsmann, 2012; Tomer et
al., 1993). This indicates a more important role of the right hemisphere in the
development of PD’s cognitive symptoms. This topic has also been recently reviewed
by Verreyt, Nys, Santens, & Vingerhoets (2011), with the conclusion that right-sided
onset correlates with problems in language-related tasks, while left-sided onset of
motor symptoms correlates with problems in spatial attention, mental imagery and

memory tasks.

2.2.2 Dopaminergic Medication

The initial cause of PD is dopamine depletion. Dopamine is a neurotransmitter playing
an importantrole in regulating and integrating different aspects of brain functionality
(Nieoullon & Coquerel, 2003) (Figure 2). It has been shown to be involved in
movement control, motivation, and cognition (Arias-carrion & Poppel, 2007). Rather
than a single system, dopaminergic neurons are involved in different task-specific
pathways (Alexander, De Long, & Strick, 1986). PD patients are administered
dopaminergic medication as a replacement therapy, to compensate for the loss of
dopamine-producing cells and reduce motor symptoms (Connolly & Lang, 2014;
Kehagia et al., 2010; Nieoullon & Coquerel, 2003). In PD patients, a decrease in
cognitive performance correlates with a lower uptake of dopamine (Rinne et al,

2000).

12



Dopamine system

Frontal Striatum

Ventral tegmental area

Figure 2 Representation of the dopaminergic pathways that extend from the
midbrain towards the cortex. The network of dopamine projections has been
mapped in detail previously (Bjorklund & Dunnett, 2007). In the figure, two
main pathways are represented: the nigrostriatal system (starting from SN,
reaching cortical areas of the motor network) and the corticolimbic system,
projecting towards PFC and primarily involved in cognitive functions
(Alexander et al., 1986). They are differentially affected by PD (Cools et al.,

2001). (Source: Bear et al., 2007, p. 503)

Variability in the response to dopaminergic drugs in PD patients can be
observed across different tasks and behaviors, as well as between different
individuals (Cools & Esposito, 2011). Initially, the loss of dopaminergic functionality
affects mainly the motor control, while there is still a sufficient level of dopamine to
support cognitive functioning. Consequently, replacement therapy may result in an

“excess” of dopamine, thus having negative effects on the performance of specific
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cognitive tasks (Slagter et al., 2016). The dopamine overdose hypothesis states that
dopaminergic medication effects follow an inverted U-shaped function. Both too little
and too much dopamine impairs performance (Cools & Esposito, 2011). It has also
been suggested that medication would restore some cognitive functions while
impairing others, in a task-dependent manner (Cools, Barker, Sahakian, & Robbins,
2001; Evens, Hoefler, Biber, & Lueken, 2016). Deleterious effects of medication have
been documented in relation to learning, attention, and decision making (Evens et al.,
2016; Slagter et al., 2016; Swainson et al., 2000). The different effects of therapy on
different cognitive functions probably depends on variability in dopamine depletion

in separate pathways (Kish, Shannak, & Hornykiewicz, 1988).

In conclusion, PD is a valuable model to investigate the functional relation
between hemispheres. First, because the motor network is differentially affected
between sides because of asymmetric dopamine depletion. Second, because it is
possible to examine how this depletion, as well as medication, modulates cognitive

dysfunctions in PD.

2.3 EEG and ERP
We collected neurophysiological data using electroencephalography (EEG). This
technique allows us to record the electrical activity from a participant’s brain (Figure
3). Largely used for research and clinical purposes, the EEG procedure is non-invasive
and has been employed to study very diverse cognitive and motor phenomena (Picton,

2000). EEG is characterized by a great temporal but poor spatial resolution. The raw

14



EEG data represents a conglomerate of different neural activities and noise. By
applying the right processing steps, it is possible to extract responses associated with
specific cognitive functions (Luck, 2014). The first EEG recording was performed in
1929, when Hans Berger showed that electrical signal could be recorded by use of an
electrode placed on the scalp (Berger, 1929). While at first the resulting output was
believed by many researchers to be just an artifact, it was soon acknowledged that it

represented actual electrical activity from the brain (Luck, 2014).

Nasion

Left

Pre-ariculum |
oo

Right
Pre-ariculum

Inion

Figure 3 A depiction of EEG electrode locations ordered according to the
international 10/20 system of electrode placement. This well-known system
is agreed upon by the research community and aids reproducibility in the field
(Luck, 2014). More complex EEG setups are available, including higher

numbers of electrodes. (Source: Dickter & Kieffaber, 2014, p. 40)
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There are many approaches analyzing EEG data, including the event-related
potential (ERP) technique (Dickter & Kieffaber, 2014). ERPs are usually evoked by the
perception of an external stimulus or by the preparation and execution of a response.
In the ongoing EEG activity, they appear as amplitudes averaged after many
repetitions of the stimuli that are time-locked to certain sensory, motor or cognitive
events (Georgiev, Lange, Seer, Kopp, & Jahanshahi, 2016). ERPs are small with respect
to the level of noise, and therefore many repetitions of a task are necessary so that an
average value can be taken. This data can be analyzed in many ways, but it is usually
described in terms of amplitude (i.e., the dimension of the evoked waveform) or
latency (i.e., the delay of the waveform with respect to the event). Both motor and
cognitive ERP responses can be detected using different paradigms of this technique.
This allows for evaluation of the brain’s processing of relevant events that precede
behavioral responses. Limitations of the ERP technique include the difficulty to
clearly locate the neural generators, and to distinguish the underlying activities of the

brain during a task when several are simultaneously possible (Luck, 2014).

2.3.1 Readiness Potential and Related Motor Functions

PD affects motor functions in an asymmetrical way. In order to explore the EEG
correlates of this motor asymmetry, we tested an ERP that is connected to the
preparation and execution of self-timed movements. It is known as Readiness
potential, or by its German name Bereitschaftpotential (thus BP). It was first reported
by Kornhuber & Deecke (1964). BP is a movement-related potential - i.e. an ERP that

is associated in different paradigms with processes of voluntary movement
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preparation, initiation, and execution (Georgiev et al., 2016). It is time-locked to the
subject’s action, e.g., pressing a button. In the EEG signal filtered from noise, BP
appears as a negative slope preceding the movement. To experimentally measure BP,
participants are asked to voluntarily perform a predefined number of identical
movements and to vary the interval between them (Verleger, Haake, Baur, &
Smigasiewicz, 2016). The subject moves on their self-timed decision, without
following any external clue. BP's reputation is especially related to the experiments of
Libet, Gleason, Wright, & Pearl (1983), which connect it to the philosophical concept
of free will. This famous study suggested that the neural processing related to the
preparation of a movement begins before the awareness of the decision to move.
Therefore, BP may relate to cognitive concepts such as awareness, decision making,
and movement planning. While Libet's research and the consequent debate is
fascinating and inspiring, it is not relevant in our study and, therefore, will not be
discussed further. From a more direct point of view, BP is simply a measure related to
motor preparation and execution (Shakeel et al.,, 2015).

Different terminologies have been used to identify components of BP. We
focused on two components: early BP and late BP. Early BP is a slowly decreasing
section, more pronounced at scalp midline. It begins roughly two seconds before
movement. The current state of research converges towards the idea that early BP
represents activation of the supplementary motor area (SMA). This component does
not indicate the side of movement in healthy subjects. Late BP is a steeper section
closer to movement time (starting ca. 650ms). It reaches a peak amplitude just before

the movement. The late BP component has been shown to represent activation of M1.
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It is larger on the central electrode contralateral to the side of movement. Therefore,
it reveals which side is going to be moved. The late BP is maximal over the
contralateral central area (approximately C1/C2 of the International 10-20 EEG
system) for the hand movement (Jahanshahi & Hallett, 2003). BP’s shape and

components are depicted in Figure 4.

Trigger onset——>

Baseline

-0.6 sec -0.4 sec

-3.0 sec -26s

Figure 4 Shape of the BP potential and its subcomponents. The negative value
is plotted upwards and the positive downwards, following a widespread
convention in ERP research (Luck, 2014). From the baseline, the slope grows
and peaks before the movement (marked as “trigger onset”). In our study we
analyzed early BP (marked as “E-BP”) and late BP (marked as “L-BP”). (Source:

Fumuro et al., 2013, p. 1400)

BP is particularly relevant in relation to motor impairment of PD. It is known
that PD involves impaired activation of frontal cortical areas, including the SMA and

prefrontal cortex (PFC) (Jahanshahi & Hallett, 2003; Macdonald & Halliday, 2002).
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Early BP, but not late BP, was observed to be reduced in PD (Dick et al., 1989; Shibasaki
& Hallett, 2006), although this was not confirmed by all studies (Georgiev etal., 2016).
Another seminal study reported that dopaminergic medication causes an increase in
early BP in both PD patients and healthy controls. On the other hand, late BP was
observed to be unaffected by the disease (Dick et al., 1987). This suggests that early
BP is related to the level of dopamine present in the system more directly than late BP.
One study investigated the changes of BP potentials in relation to PD asymmetric
onset in completely unilateral cases of PD. It was found that electrodes contralateral
to the affected side show a reduction in the amplitude of late BP with respect to the
unaffected side (Simpson & Khuraibet, 1987). This result suggests that BP could be
differentially affected by side of onset of motor symptoms and by dopaminergic

medication.

2.3.2 Oddball Task and Related Cognitive Functions
To investigate neurophysiological correlates of cognitive deficit in PD, we chose to test
P3, an ERP time-locked to a perceptual stimulus, related to attention processing and
working memory. Morphologically, it appears after the stimulus as a large positive
component. It is highest near the midline, at electrodes Fz, Cz, and Pz (Polich, 2007).
Although the neural generators of P3 components are still not entirely clear, evidence
from different imagining studies converge towards highlighting a frontal to parietal
activation pattern (Huang, Chen, & Zhang, 2015).

P3 appears to be specifically enhanced as a response to rare stimuli. In fact, it

has been consistently observed that an infrequent stimulus elicits a larger P3
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amplitude than a frequent one (Ritter, Vaughan, & Costa, 1968; Luck 2014). P3 was
first described in 1965, in connection to visual and auditory stimuli, peaking at
around 300 ms after the stimulus (Sutton, Braren, Zubin, & John, 1965). For this
reason it was at first called P300. However, its latency has been usually found to be
longer and it is affected by a large number of variables. Therefore, it is now commonly
reported in literature as P3 (i.e., the third positive peak on EEG after stimulus). The
most common task to study P3 is the oddball paradigm. An oddball paradigm consists
of a series of repeated perceptual stimuli, of two or three different kinds, that is
presented to the subject of the experiment (Figure 5). Several paradigms of the
oddball task exist, including different sensory modalities and stimulus types. Visual
and auditory modalities are the more commonly used (Luck, 2014).

The three-stimulus oddball elicits two major sub-components of the P3
amplitude. Target and distractor stimuli are embedded in a series of frequent
standard stimuli. Usually, the participants are required to keep track of the targets
while ignoring the distractors (Polich, 2007). With respect to the task, distractor
stimuli elicit a ‘p3a’ and target stimuli elicit a ‘p3b’ amplitude (Courchesne, Hillyard,
& Galambos, 1975). These two ERP subcomponents reflect different cognitive
processes. Peaking at frontocentral EEG electrode locations near midline, P3a is
related to redirection of attention. It is evoked by a distractor stimulus and is
primarily modulated by dopaminergic pathways. On the other hand, P3b is believed
to underlie a more conscious response involving working memory processing. It has
been suggested that it is produced when attention resources are allocated for memory

updating. On the scalp, it appears more posteriorly, peaking at centroparietal
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electrode locations near the midline. It is associated to target stimuli and is probably
mediated primarily by locus-coeruleus-norepinephrinergic (LC-NE) pathways
(Polich & Criado, 2006). P3a peaks earlier than p3b (Courchesne et al., 1975; Polich,
2007).

Normally, P3b amplitude is asymmetric in both visual and auditory modality.
It was reported as larger at right than left electrode locations (Alexander et al., 1995;
1996). The visual P3a is also asymmetric, to a minor extent, while less is known about
asymmetry of auditory P3a. Studies using fMRI highlighted a role of right PFC areas
in this task (Bledowsky, Prvulovic, Goebel, Zanella, & Linden, 2004; Brazdil, Mikl,
Marecek, Krupa, & Rektor, 2006; Strobel et al., 2008). This evidence reinforces the

hypothesis of right hemispheric dominance for attention.

P3 haslongbeen known to be affected by PD (Lagopoulos et al., 1998; Tsuchiya,
Yamaguchi, & Kobayashi, 2000), but variability is very high in the reported results.
This is probably due to uncontrolled factors related to PD's biology, or use of different
methodologies. A recent review suggested that, while P3b is clearly affected in
demented PD patients, there is less evidence that this would hold for non-demented
PD patients (Seer, Lange, Georgiev, Jahashahi, & Kopp, 2016). P3a has recently been
proposed as a potential biomarker of PD, since it was observed to be reduced in PD
patients with respect to controls (Solis-Vivanco et al., 2015; Kaufman, Bowers, Okun,
Van Patten, & Perlstein, 2016). Additionally, auditory P3a is affected by dopaminergic
medication. An increase in amplitude was observed in PD patients on medication,

with respect to the same group off medication (Georgiev et al., 2015). In the reviewed
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literature no published study was found on the topic of P3’s asymmetry in PD.
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Figure 5 A representation of different paradigms to elicit P3 responses. In
general, P3 is enhanced in relation to rare stimuli (top). For this reason, a
paradigm was developed in which rare target stimuli are embedded in a
sequence of frequent standard ones known as oddball task (middle). In our
experiment, we employed a more complex paradigm called three-stimulus or
three-way oddball. In the sequence there is an additional rare distractor
stimulus, unrelated to the task performance. Target and distractor stimuli
enhance two different sub-components of P3, known as P3b and P3a

respectively. (Source: Polich & Criado, 2006, p. 173)
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2.4 Our study
The present research is composed by two experiments, involving one motor and one
cognitive task respectively. We used models of tasks that involve processing
information in a way that is either symmetrical (early BP), contralaterally
symmetrical without hemispheric dominance (late BP), or asymmetrical with right
hemisphere dominance (auditory and visual P3). We investigated how lateralized
diseases such as PD may affect these tasks. For this purpose, we collected and
analyzed neurophysiological data from PD patients on and off medication as well as
healthy controls. The recordings were performed in the context of another
experiment and partial data from the oddball task, not including analysis of
asymmetry (focus of the present study), has been published (Georgiev et al., 2015).
BP data has not been previously analyzed. My main contributions to this project
include literature review, data analysis, the description of results and their discussion.
[ have practical experience in the experimental tasks employed as well as experience
in EEG recording. I have carried out several experiments at the laboratory using the

same paradigms and technique.

2.4.1 Motivation

Our main experimental goal is to investigate changes in the normal hemispheric
balance underlying motor and cognitive functions in PD, and its relation to
dopaminergic medication. The first goal is to reach a better understanding of
interhemispheric differences in PD that can be detected at the level of the cerebral

cortex. Recently, several studies focused on the identification of potential biomarkers
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of PD; as a result, several variations in EEG patterns have been proposed as possible
candidates for early PD detection (Klassen et al.,, 2011; Mostile et al., 2015; Solis-
Vivanco etal., 2015). To our knowledge, none of these studies considered hemispheric
differences in EEG patterns. Additionally, by testing PD patients on and off
replacement therapy, we can assess how these parameters are modulated by
dopamine.

EEG is a relatively inexpensive research method, widely used in clinical
environments. ERP components may offer an insight of which stage of neural
processing is affected in the examined tasks. Both BP and P3 are relatively well-known
ERPs (Georgiev et al,, 2016; Luck, 2014). Even though the literature around them is
abundant, little attention has been paid to hemispheric asymmetries of cognitive

ERPs (Gilmore et al., 2009).

2.4.2 Interdisciplinary Aspects of the Research
The present project can primarily be framed in the field of cognitive neuroscience.
Carrying out research in cognitive neuroscience is an intrinsically interdisciplinary
endeavor. It requires knowledge from disciplines as diverse as biology, physics,
computer science, and psychology. This reinforces the relevance of developing
interdisciplinary team-working and communication skills.

In the present study, the literature research included the historical
development of the topic of brain symmetry and asymmetry. This involved a review
of different hypotheses of hemispheric functionality from the early days to the

contemporary understanding (philosophy, history of science). The subject pool
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included neurological patients and research on all aspects of PD was central to the
present study (neuroscience, medicine). The oddball paradigm was used to test some
aspects of their cognitive functionality (cognitive psychology). Further, EEG data was
collected and processed (neuroscience, electrical engineering). Technical software
and different programming languages were used for data and statistical analysis
(computer science, statistics). For all these reasons, the current project may be
regarded as interdisciplinary work.

Furthermore, the findings of this study are relevant for other areas related to
cognitive science research. BP and its components find application in the
development of Brain-Computer interfaces (Shakeel et al,, 2015), while studying the
neural processing connected to attention and memory can inform disciplines such as

psychology, human-computer interaction, and artificial intelligence.

2.4.3 Research Questions

The goal of our research was to test differences between hemispheres in BP and P3
potentials in an asymmetric disease such as PD and the relation of ERPs to
dopaminergic medication. We framed the following null (HO) and alternative (H1)

hypotheses.

Motor task
BP and PD asymmetry
(HO) There is no difference in BP between more affected and less affected body side

in PD patients, nor compared to controls.
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(H1) There are differences in BP between more affected and less affected body side in

PD patients, and compared to controls.

BP and medication
(HO) There is no effect of dopaminergic medication on BP in PD patients.

(H1) There are effects of dopaminergic medication on BP in PD patients.

UPDRS and BP
(HO) There is no correlation between lateralized UPDRS scores and corresponding BP.

(H1) There is a correlation between lateralized UPDRS scores and corresponding BP.

Cognitive task
P3 and PD asymmetry
(HO) There is no difference in hemispheric asymmetry of P3 between PD patients and
controls.
(H1) There are differences in the hemispheric asymmetry of P3 between PD patients

and controls.

P3 and medication

(HO) There is no effect of medication on hemispheric asymmetry of P3.

(H1) There are effects of medication on hemispheric asymmetry of P3.
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P3 and side of PD onset

(HO) There is no difference in hemispheric asymmetry of P3 between PD patients with
right-sided onset vs. left-sided onset.

(H1) There are differences in hemispheric asymmetry of P3 between PD patients with

right-sided onset vs. left-sided onset.
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3. Methods

3.1 Participants
A total of 28 subjects participated in the study. Due to technical error during EEG
recordings, one PD patient was excluded from the experiment. The effective subject
pool included 14 PD patients (6 females, 8 males; 10 right-handed) and 13 healthy
participants (6 females, 7 males; 12 right-handed). The two groups were matched by
age (PD patients group = 60,39 + 12,25 years old; control group = 57 * 8,58 years old),
education, and handedness. All participants reported normal or corrected to normal
vision and hearing. All of them signed an informed consent. The study was reviewed
and approved by the medical ethical committee at the University of Ljubljana. All
subjects performed an active three-stimulus oddball task, consisting in visual and
auditory blocks. Additionally, 10 of the PD patients and all healthy participants
performed the motor task. Four PD patients did not perform the motor task due to

fatigue.

3.2 Experimental Procedure
Cognitive and motor tasks were recorded from each subject during the same session.
PD patients underwent two different sessions, on and off dopaminergic medication,
separated by at least one week. For the “off” condition, medication was withdrawn for
a time of at least 12 hours before recording (range: 12-17 h), in line with previous

research (Dick et al, 1987). The recordings were performed in a randomized,
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counterbalanced fashion, in order to prevent learning and habituation effects that
could arguably modulate their neurophysiological and behavioral responses to the
oddball task. Thus, half of the patients performed the task first off and later on
medication and vice versa (Georgiev et al,, 2015). The healthy controls performed the
task only once. The motor symptoms of PD patients were rated according to the

Unified Parkinson’s Disease Rating Scale (UPDRS) III both in the on and off condition.

3.2.1 The UPDRS test

The UPDRS III is a clinical test to evaluate and quantify motor symptoms of PD.
Performed by a clinician, the test gives a reliable value of the current state of the motor
symptoms (Goetz et al., 2008). Using UPDRS scores off medication, we defined a more
affected (MA) and a less affected (LA) body side for each patient. A lateralized UPDRS
score was calculated for each body side as the sum of the items that are related to
upper and lower limbs’ bradykinesia, tremor, and rigidity. Using as a criterion the
difference of at least one point between the two values, the higher value obtained was
defined as the MA side and vice versa. This method of analysis was previously used
by Gomez-Esteban et al. (2010). Relevant scores and data for each PD patient are

given in Table 1.
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Table 1: UPDRS scores

L-DOPA
equivalent

More Affected Less Affected MA Sidel Total?2 dose3
Subj. OFF ON OFF ON OFF ON
s01 17 15 8 2 L 35 23 340
s02* 21 14 14 10 L 48 35 1065
s03 23 13 10 5 R 42 27 480
s04 11 9 8 2 R 27 19 715
s05 19 19 10 13 L 41 41 880
s06 17 12 7 3 L 37 22 260
s07 15 12 6 1 R 29 20 300
s08 25 18 16 6 L 53 35 992
s09* 16 12 13 11 R 43 34 360
s10* 17 18 10 11 L 37 37 300
s11 23 18 15 10 R 51 35 240
s12 17 11 10 10 R 39 32 600
s13 18 11 7 3 R 34 20 240
s14* 23 13 13 5 R 45 29 120
MEAN 18.71 13.93 10.5 6.57 40.07 29.21 492.28
STDEV 3.85 3.17 3.2 4.11 7.66 7.34 306.83

Subjects marked with * participated to the oddball but not to the BP task.

1 More affected side of the body in terms of left (L) vs. right (R) asymmetry.

2The total UPDRS score is not simply the total of the affected sides because some of the UPDRS
entries are side-independent.

3 Medication dosage described as the equivalent amount of dopamine.

Side-specific and total UPDRS scores of the PD patients. Both scores on and

off medication are included, as well as medication dosages for each subject.
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3.2.2 Recording conditions

The experiment was conducted in the Laboratory for Cognitive Neuroscience
(Medical University Center Ljubljana, Slovenia). EEG recordings were performed in a
sound-proof and electrically shielded room. During the experiment, the participants
were sitting comfortably on a chair in front of a 27-inch computer monitor. The
distance between their head and the monitor was one meter. The head was not fixed
and minor movements to adjust position were allowed, as is normal in this setup. In
order to prevent the formation of excessive artifacts in the EEG recordings, however,
the participants were instructed to sit still. Neurophysiological data was collected
using an EEG cap with a chinstrap (ActiCap, Brain Products). The cap consisted of an
arrangement of 34 active electrodes (including ground and reference) placed
according to the 10/20 standard system. Abrasive gel was used to scrub the
participants’ scalp at the ground and reference electrodes. Conductivity between the
electrodes and the scalp was obtained through the application of a small quantity of
conductive gel beneath the electrodes by mean of a syringe. This procedure was aimed
to keep the impedance below 10 k(). The syringe was then used to move the subjects’
hairs away from the center of the electrode, an additional measure to facilitate the
conductivity between the electrodes and the skin. This was achieved by performing a
rotatory movement. Data was recorded using a BrainAmp (Brain Products) amplifier

with a sampling frequency of 512 Hz and a cutoff of 0.01 Hz.
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Figure 6 Picture taken during a pilot study, showing the subject station and

one of the 32 electrodes EEG setup in use at our laboratory (Picture courtesy

of Maja Kapitler and Filip Agati¢).

3.2.3 Tasks
Motor task

In the motor experiment participants were asked to perform a self-paced hand
movement. This task is a typical paradigm meant to elicit a BP potential. The
movement consisted of clicking the button of a computer mouse using their index
fingers. Participants were instructed to press it at self-paced intervals of more than
five and less than ten seconds. No additional external stimuli or hints were presented
during this task. Participants were asked not to follow any rhythm or to count the
seconds but to keep the movements to a random timing. The experiment was
composed of two separate blocks, in which participants performed the task once
using their right and once using their left hand. Each block lasted for four minutes.

The order of the right-left hand movement was randomized to exclude effects of
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habituation. During the experiment, participants were asked to look at a fixation point
in the center of the computer monitor. The fixation point appeared as a white cross of
1x1cm. The reason for including a fixation point in this task was to prevent large EEG

artifacts related to eye movement.

Oddball task
In the cognitive experiment, the participants underwent an oddball task. The task
described in this section was also reported in Georgiev et al. (2015). We employed a
three-way oddball paradigm. The task included a number of rare “target” stimuli and
rare “distractor” stimuli scattered amongst a series of frequent standard stimuli
(Polich & Criado, 2006). The oddball task was composed of two sensory modalities,
i.e., separate blocks of either visual or auditory stimuli. Subjects were instructed to
mentally count the target stimuli in the series and to report their number at the end
of each block. All other stimuli could be ignored.

A complete session consisted of four blocks of each sensory modality. Every
session started with a block of one sensory modality, which was then followed by a
block of the other. The order of visual and auditory blocks was randomized from
participant to participant. The series was composed of rare targets (15%), rare
distractors (15%), and standard stimuli (70% of the total). During the task, the
participants were asked to fixate on a red dot that was presented on a black computer
display. The display was placed at 0.69° of the participant’s visual field. This setup was
constant between all the blocks and in both sensory modalities. All the stimuli (visual

and auditory) were presented to the participants for a duration of 200ms. Stimulus
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presentation was followed by 2500ms of inter-trial interval.

In the auditory blocks, the target stimuli were sinusoid, monochromatic 1000
Hz sounds. The sound of distractor stimuli was in the form of white noise. Choosing
white noise over novel stimuli for distractor has been shown to enhance a robust p3a
with reduced inter-trial variability (Frank, Yee, & Polich, 2012). Targets and
distractors were scattered in a series of frequent standard stimuli. These stimuli were
500 Hz frequency sounds. Stimuli were presented using a system of loudspeakers set
to an intensity of 60 dB.

In the visual blocks, the target stimuli were large blue circles (subtending 5.72° of

the visual field), whereas frequent standard stimuli were smaller blue circles

subtending 4.36° of the visual field. Distractor stimuli were chessboard patterns (5.72°
x 5.72°, one black or white square subtending 0.57° x 0.57° of the visual field). All the

visual stimuli were presented on the black background of the display and centered on

the always-present red fixation dot. In the course of a whole experimental procedure,

85 target and 85 distractor stimuli were displayed for each sensory modality,

scattered amongst 387 standard stimuli. The general design of the oddball task is

depicted in Figure 7.

As is typical in ERP research, participants were accustomed to the task by an
initial block of practice for each modality. The practice block was two minutes long. It
included 40 stimuli for each modality (composed of eight target, eight distractor, and
24 standard stimuli). E-Prime® 2.0 Professional software was used to program and

display the task on a Windows OS.
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Target - 15% Standard - 70% Distractor - 15%
(1000 Hz) (500 Hz) (Noise)

200 ms 2500 ms 200 ms 2500 ms 200 ms
Target - 15% Standard - 70% Distractor - 15%
(Big Blue Circles) (Small Blue Circles) (Chess Board)

200 ms 2500 ms 200 ms 2500 ms 200 ms

Figure 7 Description of the oddball task that was used in the experimental
procedure. The task is divided in auditory (top) and visual (bottom) sensory
modalities. Of the total number of stimuli presented, 15% are respectively
targets and distractors, the remaining 70% are standard ones. Targets are
similar to standards, while distractors are distinct from both. The fixation dot
in the center of the monitor is displayed for the whole duration of the block.
Stimuli are displayed for 200 ms and they are separated by a 2500ms interval.

(Source: Georgiev et al., 2015, p. 48)

3.3 Data Analysis

Processing of the raw EEG data was performed in EEGLAB and ERPLAB, two open-
source toolboxes of MATLAB. MATLAB (The Mathworks, Inc., Natick, MA, USA) is a
full-featured programming language widely used in science and engineering (Lopez-

Calderon & Luck, 2014). EEGLAB is a toolbox and graphic user interface for processing
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collections of single-trial and averaged EEG data from any number of channels
(Delorme & Makeig, 2004). An ERPLAB toolbox can be used to process and analyze
ERP data in the MATLAB environment (Lopez-Calderon & Luck, 2014).

The early steps of our method of pre-processing EEG data, described in
Georgiev et al. (2015), are here commented on more detail and with reference to the
literature (Luck, 2014). First, the data was re-referenced offline to a linked earlobe
that was calculated as the difference between T7 and T8. This approach takes into
account two mirror electrodes and should not be biased towards a single hemisphere.
Next, epochs with visible artifacts (e.g., muscle artifacts, environmental noise) were
identified and manually rejected. The manual procedure is equivalent to the
application of a well-designed algorithm. It presents the advantage of training the
researcher's eye in the task and familiarize them with the data. On the other hand, it
is more time-consuming (Figure 8). Bad channels were identified, excluded from
independent component analysis decomposition, and interpolated using spherical
spline interpolation after removal of components capturing noise and artifacts. The
independent components reflecting eye blinks, eye movements and muscle activity
were identified by visual inspection of the topographical distribution of the
components, signal to noise ratio and the frequency spectrum of each independent
component.

For the motor task, the data was time-locked to the moment of the movement
(marked on the data by the mouse click). Epochs were generated starting 2500ms
before and ending 1000ms after the event. Baseline correction was performed

between 2500ms and 2000ms before movement.
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For the oddball task, the data was time-locked to the presentation of the
stimuli. Epochs were generated, starting 500 ms before and ending 2000 ms after
stimulus presentation. Baseline correction was performed between 500 ms and 0 ms

before presentation.
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Figure 8 Noise in the EEG signal that must be rejected, presumably from a

movement artifact. (Picture courtesy of Maja Kapitler and Filip Agati¢)

For both ERPs, the mean amplitudes were extracted and analyzed in both
sensory modalities. This value is formulated as a mean amplitude between two
selected latencies. Thus, it is necessary to define the right time window that would
include the ERP. The mean P3 amplitude presents some advantages that makes it
preferable with respect to the classical peak amplitude (Georgiev et al., 2015). Mean
amplitudes are less sensitive to noise with respect to peak amplitudes. Furthermore,
peaks and components are not the same thing. Mean amplitudes describe ERP
components in their extension over time. It facilitates comparisons between
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electrodes, whereas amplitude can peak at different times. We did not consider P3
latencies because it did not suit the analysis method that we planned to perform. In
ERPs, a single component propagates almost instantly and thus it is not expected to

see differences in latencies between hemispheres (Luck, 2014).

3.3.1 BP Data

To measure the mean amplitude from the data, the start and end point of the BP slope
was defined by visual inspection of data from the electrodes surrounding the area
C1/C2. According to the literature, at these electrode locations BP amplitude is
supposed to be most pronounced. The time windows were defined for late BP (time
window -800ms to Oms prior to movement) and early BP (from -1500ms to -650ms
prior to movement). They were defined from visual inspection and with consideration
to the literature (Filipovic et al., 2001; Shakeel et al., 2015). Electrodes C3, C4, Cz were
extracted for further analysis.

We tested electrodes contralateral to movement side (C3 for right-finger
button pressing and C4 for left-finger button pressing) for late BP and midline (Cz for
both right- and left-finger button pressing) for early BP, in line with previous research
(Filipovic et al., 2001). For each PD patient movement side and affection were
matched (i.e., PD patients with right side onset were assigned right side movement as
MA and left side movement as LA and vice versa for the PD patients with left side
onset). This resulted in the formation of two variables for each medication factor (on
and off): MA and LA side of movement. This factor is independent from a distinction

in terms of right and left side of the body, and it is only characterized by the magnitude
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of the PD-related affection.

3.3.2 P3 Data

The mean P3 amplitude was separately measured for distractor (P3a) and target (P3b)
stimuli in auditory and visual oddball tasks. For every component and modality, the
start and the end point of the time windows were defined by visual inspection of the
grand average of the midline electrodes Cz/Pz. Determination of the waveforms
through visual inspection was performed according to the method described in Wall,
Davidson, & Dalebout (1991). Additionally, the method described in previous studies
was used for comparison (Georgiev et al., 2015; Frank et al., 2012; Patel & Azzam.,
2005; Polich & Comerchero, 2003; Wronka, Kaiser, & Coenen, 2013). Specific time
windows were set for auditory distractor (200 to 500ms after stimulus presentation),
auditory target (250 to 700ms), visual distractor (250 to 700ms) and visual target
(300 to 800ms). These time windows were to best suite the observed shape of ERPs
in the data.

Values from electrodes F3, Fz, F4, C3, Cz, C4, P3, Pz, P4 were extracted for
further analysis. For our purpose of investigating the relation between hemispheres,
we decided to compute the difference in amplitude between contralateral electrodes
for each task. This presented one major advantage with respect to the comparison of
the raw amplitudes at a single location: the number of factors included in the
statistical analysis was lowered. Given the limited sample size, this preserved
statistical power. The difference was computed as (Right - Left) between contralateral

electrodes at each location (F, C, and P). The difference was computed so that the
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resulting positive values represented an asymmetry higher on the right half of the
scalp, while negative values represented an asymmetry higher on the left half. The
electrodes included in the analysis were F3 and F4, C3 and C4, P3 and P4. These
electrodes were chosen because of their location, clearly lateralized yet not too far
from the midline. Previous studies have shown that P3 amplitude decreases on more
lateral electrodes (Alexander et al., 1995, 1996). On the other hand, electrodes closer
to the midline would be more likely to catch any spurious signals originating from

either hemisphere.

3.3.3 Statistical Analysis

Mixed between-group (PD patients vs. healthy controls) and within-group (PD
patients on and off medication) designs were employed. Statistical analysis, all
calculations and plots were performed using the following software packages: SPSS
(version 23.0), R (version 3.3.2), and Microsoft Excel (version 2016). Data was
analyzed using mixed-design and repeated measures ANOVAs, t-tests, and regression
analysis. Greenhouse-Geisser correction was used in case that the assumption of

sphericity was violated (according to Mauchly's test).
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4. Results

4.1 Readiness Potential
Data from MA and LA hemispheres of PD patients was compared to left and right
hemispheres in healthy participants. Additionally, we compared data from PD

patients on and off dopaminergic medication.

4.1.1 Side Differences in BP Amplitude

We performed a mixed-design ANOVA with between-subjects factor GROUP (PD
patients off medication vs. healthy controls) and within-subject factors BP
COMPONENT (early vs. late BP) and MOVEMENT SIDE (MA/left vs. LA/right). MA and
LA were factor levels for the PD patients’ group while right and left were the factor
levels for the healthy controls’ group. As expected, there was a significant main effect
of the factor COMPONENT (F(1, 21) = 29.263; p <.001), due to the larger amplitude
of late BP compared to the amplitude of early BP. Additionally, there was a significant
main effect for the factor GROUP (F(1, 21) = 6.864 and p =.016). This was due to PD
patients having overall smaller BP with respect to controls. This main effect was
component-independent, since it was observed in early BP and late BP combined. No

interactions between factors were significant (all ps >.118).
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4.1.2 Effects of Medication

Next, we compared the effects of dopaminergic medication on BP in PD patients.
Repeated measures ANOVA with main factors MEDICATION (on vs. off), COMPONENT
(early BP vs. late BP), and MOVEMENT SIDE (MA vs. LA) revealed that factor
MEDICATION was significant (F(1, 9) = 11.655; p = .008). This was due to BP
amplitude of PD patients on medication being overall larger with respect to the off
medication condition. Factor COMPONENT was also significant (F(1, 9) = 9.860; p
=.012), because of the typical shape of BP's slope (late BP is larger than early BP).
Factor SIDE was also significant (F(1, 9) = 6.027; p = .036). This was due to BP being
more pronounced in MA with respect to LA. This result was independent from the
medication status and component as no interactions between main factors were
observed. As expected, the score of the UPDRS III was significantly higher in PD
patients off medication rather than on medication (p<.05), indicating a reduction of

motor impairment due to medication (Plot 1).

4.1.3 Correlation between UPDRS Scores and BP

Finally, we wanted to test the relationship between motor impairment and early and
late BP amplitude. We ran two linear regression analyses for early and late BP to
explore its relationship with lateralized UPDRS (off medication). No significant

correlation was observed (all ps >.522).
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Plot 1 the BP elicited in PD patients appears to be less pronounced in terms
of amplitude for both on and off medication condition. Medication enhanced
the amplitude of both components. Data from healthy controls is plotted by

right and left sided movement.

43



4.2 Oddball Task

4.2.1 PD Patients vs. Controls

To test differences in hemispheric asymmetry between PD patients and healthy
participants, we ran two separate mixed-design ANOVAs for P3a and P3b. P3a and
P3b rely to a certain extent on separate receptors and pathways (Polich & Criado,
2006) that may be differentially affected by PD. ANOVAs included one between-
subject factor, i.e. GROUP (PD patients off medication vs. healthy controls), and two
within-subjects factors, i.e., SENSORY MODALITY (auditory vs. visual) and
ELECTRODE LOCATION (frontal, central, and parietal areas). No significant main
effect or interaction were found (all ps >.18).

To explore the effects of dopaminergic medication, we ran two separate
repeated measures ANOVAs (one for P3a and one for P3b). Three within-subject
factors were included: MEDICATION (on vs. off), SENSORY MODALITY (auditory vs.
visual), and ELECTRODE LOCATION (frontal, central, and parietal). No significant
main effects were observed. For P3b, a MEDICATION x ELECTRODE LOCATION
interaction was significant (F(2, 26) = 6.602 and p =.005). Since three locations were
included in the model, post hoc analysis was performed by running three two-by-two
repeated measures ANOVAs. Interaction between medication and frontal/central
locations was found to be significant after Bonferroni-Holm correction (F(1,13) =
4.055 and p =.0011). This interaction was due to the fact that medication induced a
prominent left-sided asymmetry at the central location, whilst for off medication a
right-sided asymmetry was observed (P3b amplitude was decreased at location C4

for PD patients on medication). A difference in hemispheric asymmetry persisted,
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albeit strongly reduced, at parietal location, whereas at frontal location the
hemispherical asymmetry was very similar (i.e., slightly right-sided) for both on and
off medication conditions. This result is modality-independent, as no differences were
found between the visual and the auditory sensory modalities (Plot 2).

We then compared PD on medication to healthy controls in mixed-design
ANOVA, with between-subject factor GROUP (PD on medication vs. healthy controls)
and two within-subject factors, SENSORY MODALITY (auditory vs. visual) and
ELECTRODE LOCATION (frontal, central, parietal). From this analysis, the interaction
between group and location appeared to be near significance (F(2,50) = 2.853; p
=.85). This result reinforces the idea that dopaminergic medication affects a normally
present asymmetry. In summary, we observed that the asymmetry of P3b amplitude
in PD patients off medication was similar to healthy controls (with P3b amplitude
being larger over the right hemisphere), while this trend was reversed in PD patients

on medication.

Regarding P3a, repeated-measures ANOVA revealed a significant MEDICATION
x MODALITY interaction (F(1,13) = 5.844; p =.031). This was due to the fact that PD
patients on medication showed no right-sided asymmetry for visual stimuli (which is
present off medication).

PD patients on medication have larger right-sided asymmetry in the auditory
modality than off medication, and is conversely reduced in the visual modality. This
result was location-independent, i.e., it came from data from all three locations.

However, by visualizing the data, it is clear that the result depends primarily on
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differences in asymmetry at frontal electrode locations (Plot 3).

We then compared PD patients on medication to healthy controls. The same
group-modality interaction was found to be significant (F(1,25) = 7.675; p =.010). In
summary, interactions were significant between both factors MEDICATION and

GROUP separately.

4.2.2 Side of Onset of PD Symptoms and P3 Asymmetry

Additionally, we tested if the side of PD symptoms’ onset (right vs. left onset) affected
P3 asymmetry. We ran a series of independent sample t-tests, including as a between-
subject factor the side of affection (right vs. left), for each of the 12 combinations of
location (F, C, and P) and sensory modality (auditory and visual) of the PD off

medication group. These comparisons revealed no significant differences (ps >.159).
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Plot 2 P3b asymmetry between groups (PD patients on/off medication and
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values represent an asymmetry larger on the right side, negative on the left
side. The difference of asymmetry in PD patients on medication appears with

respect to controls and PD patients off medication.
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Auditory P3a asymmetry (distractor)
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plotted separately, clarifying the contribution of data from frontal electrodes.
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5. Discussion

5.1 Study Design
In the present study, we explored whether motor asymmetry of PD is reflected in
asymmetry of electrophysiological measures related to motor preparation and
attentional processing, and how these measures are affected by dopaminergic
medication. In particular, in our first experiment we tested whether asymmetry of
motor symptoms of PD is reflected in asymmetry of BP components - motor related
potentials that show no significant asymmetry in healthy controls. A similar approach
has been previously used to study the relationship between asymmetry of motor
symptoms and measures of cortical excitability and plasticity using TMS (Kojovi¢ et
al, 2012; Derejko, Rakowicz, Antczak, Inglot, & Niewiadomska, 2013). Only one
previous study explored the relation between asymmetry of motor symptoms and
motor preparation using BP (Simpson & Khuraibet, 1987) involving PD patients with
strictly unilateral symptoms. On the other hand, the P3 attentional task is processed
asymmetrically in healthy participants (Bledowski et al., 2004; Polich & Criado, 2006).
Few studies in healthy participants analyzed P3 in terms of amplitude difference
between hemispheres using EEG (Alexander et al., 1995; 1996). A recent paper from
Vafaii, Mazhari, Pourrahimi, & Nakhee (2016) suggests its importance for the study of
neurological conditions. Thus, in our second experiment we tested whether P3
physiological asymmetry is disturbed in PD. We compared the difference between

mirroring electrodes to test how PD and its medication would affect the normal
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asymmetric pattern of P3 observed in healthy participants. From both experiments
we are able to report several significant results, particularly in relation to
dopaminergic medication. Results suggest that the dopamine replacement therapy,
while improving motor symptoms, may have some negative effects on cognitive

functions.

5.2 Key Findings

5.2.1 Readiness Potential

We found that, in PD, patients’ off medication BP amplitude was overall reduced (i.e.,
in both its early and late components) with respect to healthy participants. This result
was expected for early BP, as SMA, the region of the motor cortex primarily
responsible for its generation, receives strong projections from the BG that are
functionally impaired in PD (Colebatch, 2007). Further, we found that in PD patients’
late BP was also reduced. The current understanding of the topic suggests that late BP
is, in general, not significantly affected by PD (Filipovic et al.,, 2001; Jahanshahi &
Hallett, 2003; Shibasaki & Hallett, 2006), although some previous studies have found
this component to be either reduced or increased in PD patients. This discrepancy
may be explained by differences in patients’ characteristics and differences in the
methodology used (Georgiev et al.,, 2016). However, it should be noted that most
previous studies measured BP contralateral to movement on one side only (usually
the dominant) without considering the laterality of the symptoms or comparing it to
the less affected side. Our results suggest that in PD the late BP’s amplitude is

decreased in both the more and the less affected side. As in the case of early BP
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reduction, this could represent a physiological dysfunction in motor preparation.

Additionally, we tested the effect of PD treatment on early and late BP and
found that dopaminergic medication partially recovered BP amplitude, as patients on
medication presented overall larger BP than PD patients off medication. This result is
in line with previous research and adds to the already existing body of literature on
the topic (Dick et al., 1987; Colebatch, 2007).

The third result is more relevant to asymmetry in PD. We found that the MA
side presented overall larger amplitudes than the LA side. Since in PD patients BP
amplitudes are generally reduced in comparison to healthy controls, one may expect
that the more affected hemisphere would show even greater reduction. Instead, the
results contradicted this expectation. Only one previous study compared BP
amplitudes between sides in PD (Simpson & Khuraibet, 1987) and found that PD
patients had lower BP in the affected hemisphere. However, the patients included had
strictly unilateral parkinsonian symptoms and a comparison between more and less
affected sides could not be made. We have also observed smaller BP amplitudes in the

more affected side compared to healthy participants.

Studies have shown that the performance of unilateral movements is
compromised in PD (Espay et al., 2005), so that bilateral activation of M1 is observed
when PD patients perform an action with their more affected limb (Thobois et al,,
2000). Thus, PD patients show deficient lateralization of brain activity when
performing a movement with the MA side, resulting in activations of not only

contralateral but also ipsilateral hemisphere (Wu, Hou, Hallett, Zhang, & Chan, 2015).
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Itis, therefore, difficult to evaluate the specific contribution of each hemisphere. Early
BP was measured from the electrode Cz, at the scalp midline. This location captures
signals of neural activity from both hemispheres. Our observation of increased early
BP amplitude may reflect a change in cortical activation, due to the impact of PD on
network efficiency, that can affect either hemisphere. However, late BP, being
measured at more lateral locations (C3/4), should mainly represent signals from a
single hemisphere.

Another possible explanation would be a difference in the effort necessary to
perform the task. BP amplitude is generally increased by more difficult tasks in
healthy subjects (Jahanshahi & Hallett, 2003). In the case of PD patients, it could be
argued that movements are more effortful when performed with the MA than with
the LA side. This could also explain the increase of late BP, captured by electrodes
contralateral to movement of the more affected side (and therefore not affected by
bilateral activation). The hypothesis of a compensatory mechanism is often proposed
to explain counterintuitive results in PD experiments. For example, occasional
observations of an increase of late BP in PD patients have been interpreted as a
compensatory mechanism for reduced SMA activity resulting in overactivation of the

M1 area (Dick et al., 1989).

Finally, we found no correlation between UPDRS scores and BP amplitudes.
Different symptoms of PD could rely on diverse mechanisms, involving uncontrolled
variables. For instance, a potential role of the ipsilateral hemisphere was suggested

for resting tremor generation (Erro, Barone, Vicidomini, Picillo, & Pappata, 2013).
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Thus, a promising approach of investigation would be to compare motor ERPs with
specific clusters of motor symptoms separately (e.g, symptoms related to

bradykinesia alone).

5.2.2 Oddball Task

We found that the cortical asymmetry of P3b was differentially affected in PD
patients on dopaminergic medication compared to off medication status and healthy
participants. In fact, PD patients off medication did not differ from healthy
participants, showing right-sided asymmetry of P3, i.e., ERP amplitudes generally
larger at right EEG locations. PD patients on medication showed a reversed pattern,
with amplitude larger at left central locations of the EEG. These results suggest that
dopaminergic medication influences an interhemispheric balance relevant in
attentional processing. Arguably, this result may hint at negative side effects of
medication on attention and working memory processing.

The other significant finding concerns P3a amplitude and how it is affected by
medication. We observed that the normally right-sided P3a asymmetry decreased in
PD patients on medication in the visual modality, while it increased in the auditory
modality. The difference was prominent at frontal locations, especially in the auditory
condition. This was probably related to the physiological distribution of P3a on the
scalp, which is more frontal than P3b (Polich & Criado, 2006). The differences
between sensory modalities in attentional tasks and its relation to our findings
reinforces the hypothesis that, in the oddball paradigm, visual and auditory

modalities rely on partially different neural sources (Dreo et al., 2016) and thus they
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might be differentially affected by dopaminergic medication.

Finally, we did not find any correlation between P3 asymmetry and side of
onset in PD motor symptoms. As the number of subjects in our study was probably
too small to detect possible associations, we believe that this issue deserves further

investigations on larger PD cohorts.

There are a number of cognitive side effects related to dopaminergic
medication. PD patients on medication present impulse control disorders (Connolly
& Lang, 2014) and a recent review concluded that they show significant impairment
in the lowa Gambling Task, a well-known paradigm related to decision making, while
on replacement therapy (Evens et al, 2016). Interestingly, a study found that
dopaminergic medication leads to abnormalities in PD patients' attentional and
emotional decision making (impulsivity) while it reduced their attentional
inflexibility. This suggests that dopamine can improve or impair the performance
depending on the nature of the task, with too little or too much dopamine having
detrimental effects (Cools, Barker, Sahakian, & Robbins, 2003). Another study found
that medication modulated performance in a temporal attention task. The effect of
medication on this task depended on the subject's baseline performance. This
corroborates the thesis that there is an optimal level of dopamine in cognitive
functioning (Slagter et al., 2016). The general picture that emerges from these studies
is that dopaminergic medication has diverse effects on different cognitive tasks. Some

effects are dysfunctional, and this might depend on the baseline level of dopamine.
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In summary, the present study is the first work focusing on hemispheric
asymmetry of P3 in relation to PD. The design of our experiment is an example of a
research approach for studying cortical asymmetries in PD. Dopaminergic medication
improved the motor-related BP affected by PD as it was significantly increased. On the
other hand, it had the opposite effect on the cognitive P3 since dopaminergic
replacement affected the normal physiological asymmetry in attentional processing.
This opposite effect is explained by a differential influence of replacement therapy on
the separate dopaminergic pathways through which motor and attentional functions
are mediated.

Degeneration of the nigrostriatal system is the main cause leading to the
typical motor symptoms of PD. This pathway is involved in the cortico-striato-
thalamo-cortical motor loop that involves SMA and the premotor cortex - structures
that are responsible for internally driven motor planning and preparation. Thus, a
deficit of dopamine in PD will cause under-functioning of the motor loop, while its
replacement as dopaminergic therapy may reverse the deficit. On the other hand,
attentional processing is under the influence of mesocorticolimbic pathways
(Nieoullon & Coquerel, 2003) that are probably asymmetrically distributed
(Molochnikov & Cohen, 2014). In PD patients, the loss of dopaminergic neurons is
greater in the motor loop, while pathways related to higher cognitive functions are
only partially affected (Kish et al., 1988). Thus, dopaminergic replacement therapy
may be enough to reduce motor symptoms, while at the same time it is overwhelming

for less affected pathways with relatively well-preserved dopaminergic functionality.
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5.2.3 Limitations

EEG has poor spatial resolution, allowing only a rough estimate of neural sources
(Luck, 2014). We tried to overcome this limitation by choosing relatively distant
electrodes that would carry less risk of co-registering the same source. Nevertheless,
the different locations that we tested in the P3 study could hardly be linked to specific
areas as ERP generators without considering additional evidence. This is a general
problem in EEG studies. With its focus on “hemispheric origins”, our approach should
not significantly suffer from poor spatial resolution. Additionally, we were able to
provide further support for our results in light of evidence from different techniques
(e.g., fMRI and other imaging studies).

It should be noted that previous analysis of behavioral data from our cognitive
experiment did not reveal any differences in task performance (Georgiev et al., 2015).
This may be because behavioral data from our oddball paradigm is not sensitive
enough to capture subtle differences in performance. Therefore, we cannot state with
certainty that the neurophysiological alterations related to medication are signs of
dysfunction. Evidence of that is the difference of PD patients on medication with
respect to healthy controls and the previous literature on the effects of dopamine
replacement on cognitive functions.

In our study, the sample size was relatively small. Thus, the study was
underpowered to reveal possible associations between the side of onset of PD
symptoms (i.e., right vs. left) and asymmetry of EEG findings. Furthermore, it has been
reported that the hemisphere contralateral to the MA side is not always the more

damaged in PD patients. It has been suggested that damage to the ipsilateral
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hemisphere could occur in as many as 10-15% of PD patients (Kaasinen, 2015) and a
small sample size would be sensitive to this variability. We encourage replication of
our experimental approach on larger cohorts to study side-specific changes of ERPs
in relation to PD. Furthermore, the PD subjects we included were not in the very early
stages of disease, which is the time at which the lateralization of symptoms is most
evident.

Another limitation of our work was that it was impossible for us to control for
handedness without excluding too many subjects. Although it is unclear whether
handedness affects BP, an improved experimental design should include a larger
sample of right-handed subjects only. On the other hand, previous studies found that
P3 asymmetry was not affected by handedness in its asymmetric traits (Alexander &

Polich, 1997; Eskikurt, Yiicesir, & Isoglu-Alkac, 2013).
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6. Conclusion

Two ERP paradigms were recorded from PD patients (on and off dopaminergic
medication) and healthy controls in order to assess hemispheric (a)symmetry in their
amplitudes. We performed between-group (PD patients vs. healthy participants) as
well as within-group (PD patients on vs. off dopaminergic medication and more vs.
less affected side in PD patients) comparisons.

In the motor ERP experiment, the amplitude of early and late BP components
was reduced in PD patients and recovered relatively well with dopaminergic
medication. This result suggests that dopamine replacement may restore normal
processing of motor planning and execution. Furthermore, the analysis revealed that
in PD patients, BP was larger on the MA hemisphere with respect to the LA. This trend
was consistently observed regardless of medication status, and it could be related to
compensatory mechanisms of the affected motor network that deserve further
investigations.

In the cognitive ERP experiment, we found that the normal asymmetry of P3
was not directly affected by the disease. However, it was affected by dopamine therapy,
suggesting that medication, although helpful for motor symptoms, may have
unwanted effects on the patients’ cognitive functions. This probably depends on the
effect of medication on separate neural pathways that are differentially affected by
loss of dopamine-producing cells. These effects should be further investigated, along

with their impact on patients’ functioning in daily life.
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Often ERP data is analyzed following customary procedures that take only a
few standard electrodes into account. In the present study we point out the
advantages of investigating other traits of these potentials, as we did by exploring

aspects of ERP asymmetry.

59



Bibliography

Aarsland, D., Brgnnick, K., Larsen, ]. P,, Tysnes, O. B, & Alves, G. (2009). Cognitive impairment
in incident, untreated parkinson disease: The norwegian parkwest study. Neurology,
72(13),1121-1126. https://doi.org/10.1212/01.wnl.0000338632.00552.cb

Alexander, G. E.,, DeLong, M. R,, & Strick, P. L. (1986). Parallel organization of functionally seg-
regated circuits linking Basal Ganglia and cortex. Annual Review of Neuroscience, 9, 357~
81.

Alexander, J. E., & Polich, J. (1997). Handedness and P300 from auditory stimuli. Brain and
Cognition, 35(2), 259-270. https://doi.org/10.1006/brcg.1997.0941

Alexander, J. E., Bauer, L. 0., Kuperman, S., Morzorati, S., 0’Connor, S.J., Rohrbaugh, J., ... Polich,
J. (1996). Hemispheric differences for P300 amplitude from an auditory oddball task.
International Journal of Psychophysiology, 21(2-3), 189-196.
https://doi.org/10.1016/0167-8760(95)00047-X

Alexander, |. E,, Porjesz, B, Bauer, L. O., Kuperman, S., Morzorati, S., O’'Connor, S. ]., ... Polich, J.
(1995). P300 hemispheric amplitude asymmetries from a visual oddball task. Psycho-
physiology, 32, 467-475.

Arias-carrién, 0., & Poppel, E. (2007). Dopamine, learning, and reward-seeking behavior. Acta
Neurobiologiae Experimentalis, 67, 481-488.

Baba, Y., Markopoulou, K., Putzke, ]. D., Whaley, N. R, Farrer, M. ]., Wszolek, Z. K., & Uitti, R. ].
(2006). Phenotypic Commonalities in Familial and Sporadic Parkinson Disease. Archives
of Neurology, 63,579-583.

Barrett, M. ], Wylie, S. A., Harrison, M. B., & Wooten, F. G. (2011). Handedness and motor
symptom asymmetry in Parkinson’s disease. Journal of Neurol Neurosurg Psychiatry,

82(10),1122-1124. https://doi.org/10.1136/jnnp.2010.209783.Handedness

Bear, M. F., Connors, B. W., & Paradiso, M. A. (2007). Neuroscience: Exploring the Brain (3rd
Edition). Philadelphia, PA: Lippincott Williams & Wilkins.

Beaulé, V., Tremblay, S., & Théoret, H. (2012). Interhemispheric Control of Unilateral Move-
ment. Neural Plasticity, 1-11. https://doi.org/10.1155/2012/627816

Berger, H. (1929). Uber das Elektrenkephalogramm des Menschen. Archiv Fur Psychiatrie, 87,
527-570.

Bjorklund, A., & Dunnett, S. B. (2007). Dopamine neuron systems in the brain: an update.
Trends in Neurosciences, 30(5), 194-202. https://doi.org/10.1016/j.tins.2007.03.006

60



Bledowski, C., Prvulovic, D., Goebel, R.,, Zanella, F. E., & Linden, D. E. ]. (2004). Attentional
systems in target and distractor processing: A combined ERP and fMRI study. Neu-
rolmage, 22(2), 530-540. https://doi.org/10.1016/j.neuroimage.2003.12.034

Blesa, ]., Juri, C.,, & Adanez, R. (2011). Inter-hemispheric asymmetry of nigrostriatal dopamin-
ergic lesion: A possible compensatory mechanism in Parkinson’s disease. Frontiers in
Systems Neuroscience, 5(92), 1-7. https://doi.org/10.3389 /fnsys.2011.00092

Braak, H., Riib, U,, Jansen Steur, E. N., Del Tredici, K., & de Vos, R. a. (2005). Cognitive status
correlates with neuropathologic stage in Parkinson disease. Neurology, 64(8), 1404-
1410. https://doi.org/10.1212/01.WNL.0000158422.41380.82

Brazdil, M., Mikl, M., Marecek, R., Krupa, P., & Rektor, I. (2006). Effective connectivity in target
stimulus processing: A dynamic causal modeling study of visual oddball task. Neu-
rolmage, 35, 827-835. https://doi.org/10.1016/j.neuroimage.2006.12.020

Broca, P. (2011). Remarks on the Seat of Spoken Language, Followed by a Case of Aphasia
(1861). Neuropsychology Review, (21), 227-229. (Reprinted from: Bulletin of the Société
Anatomique (6), 330-357, 1861). https://doi.org/10.1007/s11065-011-9174-x

Cincotta, M., & Ziemann, U. (2008). Neurophysiology of unimanual motor control and mirror
movements. Clinical Neurophysiology, 119, 744-762.
https://doi.org/10.1016/j.clinph.2007.11.047

Colebatch, ]. G. (2007). Bereitschaftspotential and movement-related potentials: Origin, sig-
nificance, and application in disorders of human movement. Movement Disorders, 22(5),
601-610. https://doi.org/10.1002/mds.21323

Connolly, B. S., & Lang, A. E. (2014). Pharmacological Treatment of Parkinson Disease. Journal
of American Medical Association, 311(16), 1670-1683.
https://doi.org/10.1111/bcp.12170

Cools, R, Barker, R. A., Sahakian, B. ]., & Robbins, T. W. (2003). L-Dopa medication remediates
cognitive inflexibility, but increases impulsivity in patients with Parkinson’s disease.
Neuropsychologia, 41, 1431-1441. https://doi.org/10.1016/S0028-3932(03)00117-9

Cools, R, Barker, R. A, Sahakian, B. ], & Robbins, T. W. (2001). Enhanced or Impaired Cogni-
tive Function in Parkinson’s Disease as a Function of Dopaminergic Medication and Task
Demands. Cerebral Cortex, 11, 1136-1143.

Cools, R., & Esposito, M. D. (2011). Inverted-U-Shaped Dopamine Actions on Human Working
Memory and Cognitive Control. Biological Psychiatry, 69, e113-e125.
https://doi.org/10.1016/j.biopsych.2011.03.028

Corbetta, M., & Shulman, G. L. (2002). Control of Goal-Directed and Stimulus-Driven Attention
in the Brain. Nature Reviews Neuroscience, 3,201-215. https://doi.org/10.1038/nrn755

61



Courchesne, E., Hillyard, S. A., & Galambos, R. (1975). Stimulus novelty, task relevance and
the visual evoked potential in man. Electroencephalography and Clinical Neurophysiol-
ogy, (39), 131-143. https://doi.org/https://doi.org/10.1016/0013-4694(75)90003-6

Cronin-golomb, A. (2010). Parkinson’s Disease as a Disconnection Syndrome. Neuropsychol-
ogy Review, 20(2), 191-208. https://doi.org/10.1007/s11065-010-9128-8.Parkinson

Cubo, E. Martinez-martin, P., Martin-gonzalez, ]. A, Rodriguez-blazquez, C., & Rodri, C.
(2010). Motor Laterality Asymmetry and Nonmotor Symptoms in Parkinson’ s Disease.
Movement Disorders, 25(1), 70-75. https://doi.org/10.1002 /mds.22896

Delorme, A., & Makeig, S. (2004). EEGLAB: An open source toolbox for analysis of single-trial
EEG dynamics including independent component analysis. Journal of Neuroscience Meth-
ods, 134, 9-21. https://doi.org/10.1016/j.jneumeth.2003.10.009

Derejko, M., Rakowicz, M., Antczak, ]., Inglot, E., & Niewiadomska, M. (2013). Corticomotor
excitability in drug-naive patients with Parkinson disease. Neurologia I Neurochirurgia
Polska, 47(2), 109-115. https://doi.org/10.5114/ninp.2013.34699

Dick, ]. P. R, Cantello, R.,, Buruma, O., Gioux, M., Benecke, R., Day, B. L., ... Marsden, C. D. (1987).
The Bereitschaftspotential , L-DOPA and Parkinson’s disease. Electroencephalography
and Clinical Neurophysiology, 66, 263-274. https://doi.org/10.1016/0013-
4694(87)90075-7

Dick, ]. P. R, Rothwell, ]. C, Day, B. L., Cantello, R., Buruma, O., Gioux, M., ... Marsden, C. D.
(1989). The Bereitschaftspotential Is Abnormal in Parkinson’s Disease. Brain, 112, 233~
244.

Dickter, C. L., & Kieffaber, P. D. (2014). EEG Methods for the Psychological Sciences. Thousand
Oaks, CA: SAGE Publications Inc.
https://doi.org/http://dx.doi.org/10.4135/9781446270356

Djaldetti, R, Ziv, 1., & Melamed, E. (2006). The mystery of motor asymmetry in Parkinson’s
disease. Lancet Neurology, 5, 796-802.
https://doi.org/10.1016/5S1474-4422(06)70549-X

Dreo, ], Attia, D., PirtoSek, Z., & Repovs, G. (2016). The P3 cognitive ERP has at least some
sensory modality-specific generators: Evidence from high-resolution EEG. Psychophysi-
ology, 54(3), 416-428. https://doi.org/10.1111/psyp.12800

Duboc, V., Dufourcq, P., Blader, P., & Roussigné, M. (2015). Asymmetry of the Brain: Develop-
ment and Implications. Annual Review of Genetics, 49, 647-672.
https://doi.org/10.1146 /annurev-genet-112414-055322

Erro, R, Barone, P., Vicidomini, C., Picillo, M., & Pappata, S. (2013). Patients with Parkinson’s

disease and scans with (predominant) ipsilateral dopaminergic deficit. Journal of Neu-
rology, 260, 2405-2406. https://doi.org/10.1007 /s00415-013-7030-z

62



Eskikurt, G., Yiicesir, ., & Isoglu-Alkac, U. (2013). The effect of handedness on visual P300
responses and visual scanning pathways. Activitas Nervosa Superior, 55(1-2), 38-50.

Espay, A. ], Li, ].-Y., Johnston, L., Chen, R,, & Lang, A. E. (2005). Mirror movements in parkin-
sonism: evaluation of a new clinical sign. Journal of Neurology, Neurosurgery, and Psychi-
atry, 76, 1355-1359. https://doi.org/10.1136/jnnp.2005.062950

Evens, R, Hoefler, M., Biber, K., & Lueken, U. (2016). The lowa Gambling Task in Parkinson’s
disease: A meta-analysis on effects of disease and medication. Neuropsychologia, 91,
163-172. https://doi.org/10.1016/j.neuropsychologia.2016.07.032

Filipovic, S. R., Sternic, N., Svetel, M., Dragasevic, N., Lecic, D.,, & Kostic, V. S. (2001).
Bereitschaftspotential in Depressed and Non-Depressed Patients with Parkinson’s Dis-
ease. Movement Disorders, 16(2), 294-300.

Frank, D. W, Yee, R. B., & Polich, J. (2012). P3a from white noise. International Journal of Psy-
chophysiology, 85, 236-241. https://doi.org/10.1016/j.ijpsycho.2012.04.005

Frank, M.]., Loughry, B., & O'Reilly, R. C. (2001). Interactions between frontal cortex and basal
ganglia in working memory: A computational model. Cognitive, Affective, and Behavioral
Neuroscience, 1(2), 137-160. https://doi.org/10.3758/CABN.1.2.137

Fumuro, T., Matsuhashi, M., Mitsueda, T., Inouchi, M., Hitomi, T., Nakagawa, T, ... Ikeda, A.
(2013). Bereitschaftspotential augmentation by neuro-feedback training in Parkinson’s
disease. Clinical Neurophysiology, 124, 1398-1405.
https://doi.org/10.1016/j.clinph.2013.01.026

Galaburda, A. M., Lemay, M., & Kemper, T. L. (1978). Right-Left Asymmetries in the Brain. Sci-
ence, 199(4331), 852-856.

Gazzaniga, M. S. (1967). The Split Brain in Man. Scientific American, 217, 24-29.

Georgiev, D., Jahanshahi, M., Dreo, |, Cus, A., Pirtosek, Z., & Repovs, G. (2015). Dopaminergic
medication alters auditory distractor processing in Parkinson’s disease. Acta Psycholog-
ica, 156, 45-56. https://doi.org/10.1016/j.actpsy.2015.02.001

Georgiev, D., Lange, F., Seer, C., Kopp, B., & Jahanshahi, M. (2016). Movement-related poten-
tials in Parkinson’s disease. Clinical Neurophysiology, 127(6), 2509-2519.
https://doi.org/10.1016/j.clinph.2016.04.004

Gilmore, C. S., Clementz, B. A.,, & Berg, P. (2009). Hemispheric differences in auditory oddball
responses during monaural versus binaural stimulation. International Journal of Psycho-
physiology, 73, 326-333. https://doi.org/10.1016/j.ijpsycho.2009.05.005

Goetz, C. G, Fahn, S., Martinez-Martin, P., Poewe, W., Sampaio, C., Stebbins, G. T,, ... LaPelle, N.
(2007). Movement disorder society-sponsored revision of the unified Parkinson’s dis-

ease rating scale (MDS-UPDRS): Process, format, and clinimetric testing plan. Movement
Disorders, 22(1), 41-47. https://doi.org/10.1002/mds.21198

63



Goetz, C. G, Tilley, B. C,, Shaftman, S. R, Stebbins, G. T., Fahn, S., Martinez-martin, P, ... Lapelle,
N. (2008). Movement Disorder Society-Sponsored Revision of the Unified Parkinson’ s
Disease Rating Scale (MDS-UPDRS): Scale Presentation and Clinimetric Testing Results.
Movement Disorders, 23(15), 2129-2170. https://doi.org/10.1002 /mds.22340

Gémez-esteban, J. C., Tijero, B., Ciordia, R., Berganzo, K., Somme, ], Lezcano, E., & Zarranz, J. J.
(2010). Factors influencing the symmetry of Parkinson’s disease symptoms. Clinical
Neurology and Neurosurgery, 112, 302-305. https://doi.org/10.1016/j.cli-
neuro.2009.12.017

Gordon, H. W. (2016). Putting hemispheric asymmetry to use in understanding brain dis-
eases. Journal of Systems and Integrative Neuroscience, 3(1), 1-2.
https://doi.org/10.15761/]JSIN.1000144

Hammond, G. (2002). Correlates of human handedness in primary motor cortex: a review and
hypothesis. Neuroscience & Biobehavioral Reviews, 26, 285-292.

Harrison, D. W. (2015). Brain Asymmetry and Neural Systems. Cham, Switzerland: Springer
International. https://doi.org/10.1017/CB09780511576744.003

Hellige, ]. B. (1993). Hemispheric Asymmetry. Cambridge, MA: Harvard University Press.

Hobson, D. E. (2012). Parkinsonism and Related Disorders Asymmetry in parkinsonism,
spreading pathogens and the nose. Parkinsonism and Related Disorders, 18(1), 1-9.
https://doi.org/10.1016/j.parkreldis.2011.06.011

Huang, W. ]., Chen, W. W., & Zhang, X. (2015). The neurophysiology of P 300 - An integrated
review. European Review for Medical and Pharmacological Sciences, 19, 1480-1488.
https://doi.org/8813 [pii]

Hugdahl, K. (2005). Symmetry and asymmetry in the human brain. European Review, 13(S2),
119-133. https://doi.org/10.1017/S1062798705000700

Jahanshahi, M., & Hallett, M. (2003). The Bereitschaftspotential: Movement-Related Cortical
Potentials. New York, NY: Springer Science.

Jankovic, ]. (2008). Parkinson’s disease: clinical features and diagnosis. Journal of Neurol Neu-
rosurg Psychiatry, 79, 368-376. https://doi.org/10.1136/jnnp.2007.131045

Jankovic, J., & Kapadia, A. S. (2001). Functional Decline in Parkinson Disease. Archives of Neu-
rology, 58, 1611-1615.

Kaasinen, V. (2015). Ipsilateral deficits of dopaminergic neurotransmission in Parkinson’s
disease. Annals of Clinical and Translational Neurology, 3(1), 21-26.
https://doi.org/10.1002/acn3.268

Katzen, H. L., Levin, B. E., & Weiner, W. (2006). Side and type of motor symptom influence
cognition in Parkinson’s disease. Movement Disorders, 21(11), 1947-1953.
https://doi.org/10.1002/mds.21105

64



Kaufman, D. A. S., Bowers, D., Okun, M. S., Van Patten, R., & Perlstein, W. M. (2016). Apathy,
novelty processing, and the P3 Potential in Parkinson’s disease. Frontiers in Neurology,
7(95), 1-8. https://doi.org/10.3389 /fneur.2016.00095

Kehagia, A. A., Barker, R. A., & Robbins, T. W. (2010). Neuropsychological and clinical hetero-
geneity of cognitive impairment and dementia in patients with Parkinson'’s disease. The
Lancet Neurology, 9, 1200-1213. https://doi.org/10.1016/S1474-4422(10)70212-X

Kish, S. J., Shannak, K., & Hornykiewicz, 0. (1988). Uneven pattern of dopamine loss in the
striatum of patients with idiopathic Parkinson’s disease: Pathophysiologic and Clinical
Implications. The New England Journal of Medicine, 318, 876-80.

Klassen, B. T., Hentz, ]. G., Shill, H. A,, Driver-Dunckley, E., Evidente, V. G. H., Sabbagh, M. N,, ...
Caviness, ]. N. (2011). Quantitative EEG as a predictive biomarker for Parkinson disease
dementia. Neurology, 77(2), 118-124.
https://doi.org/10.1212/WNL.0b013e318224af8d

Kojovi¢, M., Bologna, M., Kassavetis, P., Murase, N., Palomar, F. ]., Berardelli, A, ... Bhatia, K. P.
(2012). Functional reorganization of sensorimotor cortex in early Parkinson disease.
Neurology, 78, 1441-1448. https://doi.org/10.1212 /WNL.0b013e318253d5dd

Kornhuber, H. H., & Deecke, L. (1964). Hirnpotentidlanderungen beim Menschen vor und
nach Willkiirbewegungen dargestellt mit Magnetbandspeicherung und Ruckwartsana-
lyse. Pflugers Archiv, 281(52).

Lagopoulos, ., Gordon, E., Barhamali, H., Lim, C. L., Li, W. M,, Clouston, P., & Morris, ]. G. (1998).
Dysfunctions of automatic (P300a) and controlled (P300b) processing in Parkinson'’s
disease. Neurological Research, 20(1), 5-10.
https://doi.org/10.1080/01616412.1998.11740476

Libet, B., Gleason, C. A., Wright, E. W., & Pearl], D. K. (1983). Time of Conscious Intention to Act
in Relation to Onset of Cerebral Activity (Readiness-Potential). Brain, 106(3), 623-642.
https://doi.org/10.1093 /brain/106.3.623

Lopez-Calderon, J., & Luck, S. J. (2014). ERPLAB: an open-source toolbox for the analysis of
event-related potentials. Frontiers in Human Neuroscience, 8(213), 1-14.
https://doi.org/10.3389/fnhum.2014.00213

Luck, S. (2014). An Introduction to the Event related potential technique (2nd Edition). Cam-
bridge, MA: MIT Press. https://doi.org/10.1017/CB09781107415324.004

Macdonald, V., & Halliday, G. M. (2002). Selective Loss of Pyramidal Neurons in the Pre-sup-
plementary Motor Cortex in Parkinson’s Disease. Movement Disorders, 17(6), 1166-

1173. https://doi.org/10.1002/mds.10258

Makeig, S., Debener, S., Onton, J., & Delorme, A. (2004). Mining event-related brain dynamics.
Trends in Cognitive Sciences, 8(5), 204-210. https://doi.org/10.1016/j.tics.2004.03.008

65



Marinus, J., & Hilten, |. ]. Van. (2015). The Significance of Motor (A)Symmetry in Parkinson’s
Disease. Movement Disorders, 30(3), 379-385. https://doi.org/10.1002 /mds.26107

Melamed, E., & Poewe, W. (2012). Taking Sides: Is Handedness Involved in Motor Asymmetry
of Parkinson’s Disease? Movement Disorders, 27(2), 171-173.
https://doi.org/10.1002 /mds.24048

Molochnikov, 1., & Cohen, D. (2014). Hemispheric differences in the mesostriatal dopaminer-
gic system. Frontiers in Systems Neuroscience, 8(110), 1-14.
https://doi.org/10.3389/fnsys.2014.00110

Mostile, G., Nicoletti, A., Dibilio, V., Luca, A., Pappalardo, 1., Giuliano, L., ... Zappia, M. (2015).
Electroencephalographic lateralization, clinical correlates and pharmacological re-
sponse in untreated Parkinson’s disease. Parkinsonism and Related Disorders, 21, 948-
953. https://doi.org/10.1016/j.parkreldis.2015.06.006

Moustafa, A. A., Sherman, S. ], & Frank, M. ]. (2008). A dopaminergic basis for working
memory, learning and attentional shifting in Parkinsonism. Neuropsychologia, 46, 3144~
3156. https://doi.org/10.1016/j.neuropsychologia.2008.07.011

Muslimovi¢, D., Post, B., Speelman, J. D., & Schmand, B. (2005). Cognitive profile of patients
with newly diagnosed Parkinson disease. Neurology, 65(8), 1239-1245.
https://doi.org/10.1212/01.wnl.0000180516.69442.95

Nieoullon, A., & Coquerel, A. (2003). Dopamine: a key regulator to adapt action, emotion, mo-
tivation and cognition. Current Opinion in Neurology, 16(2), 3-9.

Ocklenburg, S., & Giintiirkiin, O. (2012). Hemispheric asymmetries: The comparative view.
Frontiers in Psychology, 3(5), 1-9. https://doi.org/10.3389 /fpsyg.2012.00005

Patel, S. H., & Azzam, P. N. (2005). Characterization of N200 and P300: Selected studies of the
Event-Related Potential. International Journal of Medical Sciences, 2(4), 147-154.
https://doi.org/10.7150/ijms.2.147

Pellicano, C., Assogna, F., Cravello, L., Langella, R., Caltagirone, C., Spalletta, G., & Pontieri, F. E.
(2015). Neuropsychiatric and cognitive symptoms and body side of onset of parkinson-
ism in unmedicated Parkinson’s disease patients. Parkinsonism and Related Disorders,
21(9), 1096-1100. https://doi.org/10.1016/j.parkreldis.2015.07.002

Picton, W., Bentin, S., Berg, P., Hillyard, S. A., Donchin, E., Johnson, R,, ... Taylor, M. ]J. (2000).
Guidelines for using human event-related potentials to study cognition: Recording
standards and publication criteria. Psychophysiology, 37, 127-152.

Polich, ]., & Hoffman, L. D. (1998). P300 and handedness: on the possible contribution of cor-
pus callosal size to ERPs. Psychophysiology, 35, 497-507.
https://doi.org/10.1017/S0048577298970792

Polich, ]J. (2007). Updating P300: An Integrative Theory of P3a and P3b. Clinical Neurophysi-
ology, 118(10), 2128-2148. https://doi.org/10.1016/j.clinph.2007.04.019.Updating

66



Polich, J., & Comerchero, M. D. (2003). P3a from visual stimuli: Typicality, task, and topogra-
phy. Brain Topography, 15(3), 141-152. https://doi.org/10.1023/A:1022637732495

Polich, ]., & Criado, J. R. (2006). Neuropsychology and neuropharmacology of P3a and P3b.
International Journal of Psychophysiology, 60,172-185. https://doi.org/10.1016/j.ijpsy-
cho.2005.12.012

Prins, R., & Bastiaanse, R. (2006). The early history of aphasiology: From the Egyptian sur-
geons (c.1700 BC) to Broca (1861). Aphasiology, 20(8), 762-791.
https://doi.org/10.1080/02687030500399293

Riederer, P., & Sian-Hulsmann, J. (2012). The significance of neuronal lateralisation in Parkin-
son’ s disease. Movement Disorders, 119, 953-962. https://doi.org/10.1007/s00702-
012-0775-1

Rinne, J. 0., Portin, R, Ruottinen, H., Nurmi, E., Bergman, ., Haaparanta, M., & Solin, 0. (2000).
Cognitive Impairment and the Brain Dopaminergic System in Parkinson Disease. Ar-
chives of Neurology, 57, 470-475. https://doi.org/10.1001/archneur.57.4.470

Ritter, W., Vaughan, H. G. ]., & Costa, L. D. (1968). Orienting and habituation to auditory stim-
uli: a study of short term changes in average evoked responses. Electroencephalography
and Clinical Neurophysiology, (25), 550-556.

Salvador, R,, Suckling, J., Coleman, M. R,, Pickard, ]. D., Menon, D., & Bullmore, E. (2005). Neu-
rophysiological architecture of functional magnetic resonance images of human brain.
Cerebral Cortex, 15, 1332-1342. https://doi.org/10.1093 /cercor/bhi016

Seer, C., Lange, F., Georgiev, D., Jahanshahi, M., & Kopp, B. (2016). Event-related potentials
and cognition in Parkinson’s disease: An integrative review. Neuroscience and Biobehav-
ioral Reviews, 71, 691-714. https://doi.org/10.1016/j.neubiorev.2016.08.003

Shakeel, A, Navid, M. S., Anwar, M. N,, Mazhar, S., Jochumsen, M., & Niazi, . K. (2015). A review
of techniques for detection of movement intention using movement-related cortical po-
tentials. Computational and Mathematical Methods in Medicine, 2015, 1-13.
https://doi.org/10.1155/2015/346217

Shibasaki, H., & Hallett, M. (2006). What is the Bereitschaftspotential? Clinical Neurophysiol-
ogy, 117,2341-2356. https://doi.org/10.1016/j.clinph.2006.04.025

Simpson, J. A, & Khuraibet, A. ]. (1987). Readiness potential of cortical area 6 preceding self-
paced movement in Parkinson’s disease. Journal of Neurology, Neurosurgery, and Psychi-
atry, 50,1184-1191. https://doi.org/10.1136/jnnp.50.9.1184

Slagter, H. A., van Wouwe, N. C,, Kanoff, K., Grasman, R. P. P. P, Claassen, D. 0., van den Wilden-
berg, W. P. M., & Wylie, S. A. (2016). Dopamine and temporal attention: An attentional
blink study in Parkinson’s disease patients on and off medication. Neuropsychologia, 91,
407-414. https://doi.org/10.1016/j.neuropsychologia.2016.09.006

67



Solis-Vivanco, R, Rodriguez-Violante, M., Rodriguez-Agudelo, Y., Schilmann, A., Rodriguez-Or-
tiz, U., & Ricardo-Garcell, ]. (2015). The P3a wave: A reliable neurophysiological measure
of Parkinson’s disease duration and severity. Clinical Neurophysiology, 126, 2142-2149.
https://doi.org/10.1016/j.clinph.2014.12.024

Stevens, M. C., Calhoun, V. D., & Kiehl], K. A. (2005). Hemispheric differences in hemodynamics
elicited by auditory oddball stimuli. Neurolmage, 26, 782-792.
https://doi.org/10.1016/j.neuroimage.2005.02.044

Strobel, A, Debener, S., Sorger, B., Peters, ]. C.,, Kranczioch, C., Hoechstetter, K,, ... Goebel, R.
(2008). Novelty and target processing during an auditory novelty oddball: A simultane-
ous event-related potential and functional magnetic resonance imaging study. Neu-
rolmage, 40, 869-883. https://doi.org/10.1016/j.neuroimage.2007.10.065

Sutton, S., Braren, M., Zubin, ]., & John, E. R. (1965). Evoked-Potential Correlates of Stimulus
Uncertainty.  Science, 150(3700), 1187-1188.  https://doi.org/10.1126/sci-
ence.150.3700.1187

Swainson, R., Rogers, R. D., Sahakian, B. J.,, Summers, B. A, Polkey, C. E., & Robbins, T. W.
(2000). Probabilistic learning and reversal deficits in patients with Parkinson’s disease
or frontal or temporal lobe lesions: possible adverse effects of dopaminergic medication.
Neurophychologia, 38, 596-612.

Tabu, H., Aso, T., Matsuhashi, M., Ueki, Y., Takahashi, R., Fukuyama, H., ... Mima, T. (2015).
Parkinson’s disease patients showed delayed awareness of motor intention. Neurosci-
ence Research. https://doi.org/10.1016/j.neures.2015.01.012

Teramoto, H., Morita, A., Ninomiya, S., Akimoto, T., Shiota, H., & Kamei, S. (2016). Relation
between Resting State Front-Parietal EEG Coherence and Executive Function in Parkin-
son’s Disease. BioMed Research International, 2016.

Thenganatt, M. A., & Jankovic, ]. (2014). Parkinson Disease Subtypes. JAMA Neurology, 71(4),
499-504. https://doi.org/10.1001/jamaneurol.2013.6233

Thobois, S., Dominey, P., Decety, ]., Pollak, P., Gregoire, M. C., Broussolle, E., & Fre, S. H. (2000).
Overactivation of primary motor cortex is asymmetrical in hemiparkinsonian patients.
Brain Imaging, 11(4), 785-789.

Toga, A. W., & Thompson, P. M. (2003). Mapping Brain Asymmetry. Nature Reviews Neurosci-
ence, 4, 37-48. https://doi.org/10.1038/nrn1009

Tomer, R, Levin, B. E., & Weiner, W. ]. (1993). Side of onset of motor symptoms influences
cognition in Parkinson’s disease. Annals of Neurology, 34, 579-584.
https://doi.org/10.1002/ana.410340412

Tsuchiya, H., Yamaguchi, S., & Kobayashi, S. (2000). Impaired novelty detection and frontal
lobe dysfunction in Parkinson’s disease. Neuropsychologia, 38, 645-654.
https://doi.org/10.1016/S0028-3932(99)00108-6

68



Uitti, R. J,, Baba, Y., Whaley, N. R.,, Wszolek, Z. K., & Putzke, ]J. D. (2005). Parkinson disease:
Handedness predicts asymmetry. Neurology, 64, 1925-1930.

Vafaii, P., Mazhari, S., Pourrahimi, A. M., & Nakhaee, N. (2016). Hemispheric differences for
visual P3 amplitude in patients with schizophrenia. Neuropsychiatry, 6(6), 308-313.

Van Der Hoorn, A., Burger, H., Leenders, K. L., & De Jong, B. M. (2012). Handedness Correlates
with the Dominant Parkinson Side: A Systematic Review and Meta-analysis. Movement
Disorders, 27(2), 206-210. https://doi.org/10.1002/mds.24007

Verleger, R., Haake, M., Baur, A, & Smigasiewicz, K. (2016). Time to Move Again: Does the
Bereitschaftspotential Covary with Demands on Internal Timing? Frontiers in Human
Neuroscience, 10(642), 1-13. https://doi.org/10.3389/fnhum.2016.00642

Verreyt, N., Nys, G. M. S,, Santens, P., & Vingerhoets, G. (2011). Cognitive differences between
patients with left-sided and right-sided Parkinson’s disease. A review. Neuropsychology
Review, 21, 405-424. https://doi.org/10.1007/s11065-011-9182-x

Wall, L. G., Davidson, S. A., & Dalebout, S. D. (1991). Determining latency and amplitude for
multiple peaked P300 waveforms. Journal of the American Academy of Audiology, 2, 189-
94. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/1768887

Wronka, E., Kaiser, ., & Coenen, A. M. L. (2013). Psychometric intelligence and P3 of the event-
related potentials studied with a 3-stimulus auditory oddball task. Neuroscience Letters,
535,110-115. https://doi.org/10.1016/j.neulet.2012.12.012

Wu, T, Hou, Y., Hallett, M., Zhang, J., & Chan, P. (2015). Lateralization of brain activity pattern
during unilateral movement in Parkinson’s disease. Human Brain Mapping, 36(5), 1878-
1891. https://doi.org/10.1002 /hbm.22743

69



Appendices

A.1 List of figures

Figure 1: Superior view of a human brain.

Figure 2: Representation of the dopamine system in the human brain.

Figure 3: EEG electrode locations on the 10/20 system.

Figure 4: BP potential and its components.

Figure 5: Different paradigms of the oddball task and P3 subcomponents.

Figure 6: Subject station and EEG cap.

Figure 7: Experimental design of the oddball task.

Figure 8: Artifact in the EEG data.

A.2 List of Tables

Table 1: UPDRS scores of PD patients

A.3 List of Plots

Plot 1: BP results

Plot 2: P3b results

Plot 3: P3a results

70



A.4 List of Abbreviations

BG: Basal Ganglia

BP: Bereitschaftpotential, or Readiness Potential
CC: Corpus Callosum

EEG: Electroencephalogram

ERP: event-related potential

fMRI: functional Magnetic Resonance Imaging
LA: Less affected

LC-NE: locus-coeruleus-norepinephrinergic pathways
MA: More affected

M1: Primary motor area

PD: Parkinson’s disease

PFC: Prefrontal cortex

SMA: Supplementary motor cortex

SN: Substantia Nigra

TMS: Transcranial Magnetic Stimulation

UPDRS: Unified Parkinson’s disease rating scale
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