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Abstract

Apathy in Parkinsonodéds disease (PD) is ofte

poorly understood. It is commonly characterized by a lack of motivation andog@ldbiunting.

Neural responses recorded using electroencephalography (EEG), such as neural oscillations and
eventrelated potentials (ERPs), are often associated with motivated behaviour and emotion
processing, but few studies have examined how thesaatbastics are affected in apathetic PD

patients.

To examine the behavioural and neural oscillatory characteristics of motivated movement
in apathetic PD patients, we used an incentivized motor task, in which subjects could win money
based on the amount effort they produced on a hand gripeWlemonstratethat PD patients
with lower apathy scores could modulate their effort production to increasing rewards, whereas
patients with more severe apathy could not. EEG results showed that apathetic PI3 patient
exhibited a higher resting power in the alpha and theta frequency bands comparedpathetic
PD subjects and healthy subjects. Furthermore, there was a significant correlation between
absolute resting alpha power and relative alpha power duringzdqge These two factors were
able to predict patient apathy scores, irrespective of age or disease severity. The same was true for

absolute resting theta power and relative theta power during squeezing.

To explore emotion processing in PD, we investigd#RPs from EEG recordings as
subjects viewed emotionally evocative visual stimuli. We employed addiaten approach to
separate unique ERP time courses from one another called multiset canonical correlation analysis
(MCCA). Results showed that the Iqesitive potential (LPP), an ERP that responds to emotional

stimuli, had a blunted amplitude in response to negative visual stimuli compared to healthy



subjects. Interestingly, there was also a greater cpatietal topographical representation of the

LPP in PD subjects compared to healthy subjects, suggesting the presence of potential
compensatory mechanisms for blunted neural reactivity to emotional stimuli in PD pdatrests.

work lays the foundation for further understanding apathy and providesnéitgtize test to

measure apathy in people |iving with Parkinso



Lay Summary

Apathy 5 a common symptom d?ar ki ns o n BB and iofeere imvelees 16w
motivationand reduced emotionsoTdetermine how the brain changes in apathetic PD patients,
we usedelectrical brain recordingsalled electroencephalography (EEG)observe brain wave
patterns during two experiments explorimgtivational and emotionaspects bapathy In the
motivation expement, subjectgarred moneyby squeezing a grip foecdevice We found that
highly apathetic PD subjects exerted similar effort, réigas of how much monepuld be won.
Additionally, these subjectsad altered brain wave characteristics that preditiieir apathy
scores. In the emotion experiment, sotgeviewed emotionalkgtimulating pictures. PD subjects
showed a reduced brain response to negaitarescompared to healthyubjects but stronger
brainactivation, suggesting thttere ar@ools tocompensate fadefects in emotion processiirg
PD. Thiswork providesa measire for apathy in PD while furthering our understanding of the

condition
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Chapter 1: Introduction

1.1 Parkinsondéds di sease

Parkinsonds disease (PD) is a pent@agoenossi ve
system that was first characterized by James Parkinson if1]81f7is the second most common
neurodegenerative disorder after Al zhei meros
over the age of 60 and 0.3% of tflebalpopulation[2]. The mean age of onset is around 55 years
old [3], although 5 to 10% of patients are diagnosed before the age of 40 and are considered to
have -dneedRardkiyso 6 s d [4]s Ehamoeality rate of individuals with PD is two to five
times higher than that of people in the same age [&hgad the progression of PD symptoms is

highly correlated with increased caregiver burden and decreased quality of life oui@bhmes

The disease is most recognized for its motor symptoms, which can inclsti@@ tremor,
bradykinesia (slowness of movement), akinesia (loss of voluntary movement), hypokinesia
(reduction in movement amplitude), and rigidity. Although PD is most recognized for its motor
symptoms, there are a number of froator symptoms associat&ith the disease that can be just
as debilitating. In particular, several studies have shown that neuropsychiatric symptoms, such as
apathy, depression, and psychosis have a significant negative impact onaftdktyneasures,

caregiver burdennstitutionalisatiorrates, or health economics for people with[PD[8].
1.1.1  Pathophysiology
Degeneration of dopaminergic neurons

The main pathological feature of PD is the gradual degeneration of dopaminergic neurons

in the basal ganglia, a group of subcortical neuronal clusters called nuclei. Thesenchciei i



the putamen and caudate nucleus which form the striatum, the internal and external globus pallidus
(GPi and GPe, respectively), subthalamic nucleus (STN) and the substantia nigra pars compacta
and reticulata (SNc and SNr, respectivg8]) Connections deveen these nuclei and associated
areas play a crucial role in regulating voluntary movements and, together, form thelzasato
ganglia networK10]. Two major motor control pathways can be identified from this network: the
direct pathway, which promotes motor output, and the indirect pathway, which inhibits motor
output. At rest, the indirect pathway exerts a constant inhibitory effect on the motor [ddritex

[12].

Dopaminergic projections from the SNc to the striatum, which form the nigrostriatal
dopaminergic pathway, play a major role in both the direct and india¢icivpys. During motor
execution, dopamine binds to excitatory dopamine D1 receptors osywagitic neurons in the
direct pathway. Conversely, the simultaneous binding of dopamine D2 receptors inhibits the
indirect pathway, lifting its tonic inhibition shovement. The net effect of dopamine is movement

initiation [11] (Figure 1.1A).

In Parkinson's idease (PD), progressive degeneration of dopaminergic neurons results in
the characteristic motor symptoms of the disease. The most prominent loss of these neurons occurs
in the SNc where 500% of neurons are lost before the onset of symp{d3ijs The loss of
dopamineproducing newns causes a decrease in dopamine binding to striatal neurons in the
direct and indirect pathways, which reduces the facilitation of motor output by the direct pathway

and increases motor inhibition by the indirect pathyi&y, [14] (Figure 1.1B). Accordingly, loss



of dopaminergic aurons in PD results in a severe reduction in movement amplitude, speed, and

initiation.

A Healthy B Parkinsonian state
Cortex Cortex
l A l A
Putamen Putamen
A A A
DZT D1 D2 D1
SNc
GPe GPe
*‘ Thalamus 4 Thalamus
> STN v T > STN |
- »| GPi T | GPi
»| SNr — | SN

Figure 1.1. Schematic diagranof the basal ganglia network in the healthy and parkinsonian
states.Green arrows denote excitatory inputs and red arrows denote inhibitory inputs. Adapted
RodriguezOroz et al. (2009) [15].

Lewy bodies

I n remaining dopaminergic neusyautlsininthehe acc
form of inclusions called Lewy bodies, occurs in the majority of PD cases, and is often used as an
indicator of disease progressidr]. It is currently unknown whether the presence of Lewy bodies

is pertinent to the cause of neuronal death or the protection of neurons. Some sgghstthat



ot her f-symuahsn thatfdo ndt aggregate into Lewy bodies, such as oligomers, may be the

toxic forms of the proteifiL6].

1.1.2  Etiology

Genetics

PD is considered a multifactorial disease that stems from a combirdtgenetic and
environmental factors. Most cases of PD occur sporadically. However, about 10 to 30% of people
with PD report firstdegree family members who also have RD]. Recently, strides have been
made in the identification of genes responsible for monogenic forms of the PD, which have clear
Mendelian, autosomalominant or autosomakcessive, patterns ofharitance[18]. Currently,
all known monogenic forms of PD combined explain only about 30% of familial and 3 to 5% of

sporadic casd49]. The causes in the rest of the cases are due to various combinations of factors.

A number of genes shown to contribute to PD are involved in two important biological
processes present in most cases of the disease: the aggregation of théksseteatein to form
Lewy bodies and the impairment of the ubiqujoteasome system (UPS), which, under normal
conditions, promotes protein degradation. These include mutations BNBG& gene, which
e n ¢ o dsgnsicleit[20], and thePRKN gene, which encodes parkin, a critical enzyme in
ubiquitination[21]. Genes involved in mitochondrial metabolidhiNK1, PARK2 and lysosomal
autophagy ATP13A2, GBA, LRRKRMave also been implicated in B22], [23], [24]. Notably,
mutations in thd.RRK2gene tend to be the most common contributors to both familial and

idiopathic PD[25].



Environment

In 1983, several people developed symptoms of PD after intravenous injetteon
synthetic opioid drug contaminated withniethyt4-phenytl,2,3,6tetrahydropyridine (MPTP)

[26]. It was later found that MPTP causes dopaminergic neuron death in the substantia nigra.

Since then, many epidemiological studies have also examined effects of exposure of
environmental toxins, such as pesticides and herbicidasy inirural areas, and drinking of well
water, on the risk of developing HPr]. Evidence suggests there is a positive association between
pesticide exposure and PD rigd8]. Conversely, smoking cigarettes and drinking coffee have

shown a negative association with the risk of 2=, [30].

1.1.3  Pathologicalsynchronicity of beta and alpha frequency oscillations

Neural oscillations are present at many levels in the basal ganglia as well as other neural
structures and occur at a wide range of frequencies InHaatithy and pathological stateShese
oscillations, reflecting the synchronized activity of neuronal populations, are believed to play a

major role in regulating behavi¢31].

Eledrophysiological studies in PD patients and in animal models of PD have suggested
that neuronal activity patterns in the parkinsonian state show excessive synchronized oscillatory
activity in corticebasal ganglia pathways, specifically in the alphdZ81z) and beta frequency
ranges (1380 Hz), known as the alpha and beta bands, respec{®2]y[33]. After MPTP
treatment in primates, simultanebusecorded GPi neurons argdriatal cholinergic tonidby
active interneurons (TANsgxhibit oscillatory firng that is synchronized in the -12 Hz

frequency rangg34].
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Figure 1.2. Synchronized 10 Hz oscillations of a GPi neurdn an MPTP-treated primate model.A)
Power spectrum and B) spectrogram showing 30 min of recorded neural firing centered arour
Adapted from Hammond et al. (2007) [34].
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Based o measurements of local field potential (LFP) recordings of neuron populations in
basal ganglia structures of both animal models and PD patients, synchronization of neuronal
activity occurs in the 85 Hz frequency range, and has been shown to directiglata with the
severity of PD motor symptonj84], [35]. These oscillations have been hypothesized to occur as
a result of the pathological sgimronization across neuronal populations, as evidenced by intra
operative recordings that demonstrate that the firing of single neurons in the STN-isclet
to oscillatory LFP activity in the alpha and beta frequency b§8tjs Other studies have found
excessive wychronization of beta and alpha frequency oscillations in the GPi and cortex,
indicating that this is a characteristic common to the entire cdstisal ganglia network. This
abnormal oscillatory behaviour can typically be suppressed by dopaminergaatiedand deep

brain stimulation[35], [37]. Conversely, applying electrical stimulation to the primary motor



cortex at 20 Hz, in thedba band, has been shown to slow motor performance in healthy

subject§38], [39]. Given the extensive evidence supporting their pathological contributions to

PD, alpha and beta frequency oscillations have become an area of interest for studying

motordysfunction in Parkinsonb6s di sease.

1.1.4  The role of alpha and béa desynchronization and its modulation in PD

Excessive alpha and beta band synchrony is proposed to maintain the motor status quo,
whereas a decrease in synchrony promotes motor d@@utn healthy subjects, alpha and beta
power decrease just prior to and during movement. The decrease in beta power during movement,
which is more prominent and walharacterized, is known as MementRelated Beta
Desynchronization (MRBD). MRBD is followed by a transient posivement beta power

increase above pmaovement levels called PeStovement Beta Rebound (PMBR)O], [41].

In a magnetoencephalography (MEG) study investigating neural oscillatory responses
during a motor task performed by unmedicated PD patients afithyreubjects, people with PD
exhibited significantly reduced beta and alpha desynchronization over central and frontal regions
compared with controls prior to and during movement. Patients also exhibited impaired
suppression of cortical alpha and betanctyonization just before movement, indicating
abnormalities in movement planning, which is hypothesized to contribute to diminished motor

output[42].



1.1.5 Treatmentsfor PD

The first line of treatment for managing the symptoms of PD is the drug, levod@ (L
dihydroxyphenylalanine), a precursor to dopamine. It is able to cross the blood brain barrier and
be converted to dopamine, replenishing dopamine stores that are lost as a result of dopaminergic
neurodegeneratiof]. Although levodopa is effective in alleviating PD symptoms, it does not
slow disease progression, and with prolonged treatment, causesedfattlecharacterized by
involuntary, hyperkinetic movements, called levodapduced dyskinesié.ID). LIDs occur in
up to 80% of PD patients after 5 to 10 years of levodopa treatment, with the percentage of those
affected increasing with treatment duratid3]. Dyskinesias are oftenfficult to manage and

significantly impair patient quality of life.

Other pharmacological treatments include dopamine agonists, such as pramipexole,
apomorphine, and ropinirole, which may be used in place of levodopa or in combination with it.
Dopamine gonists bind directly to dopamine receptors, mimicking the effects of endogenous
dopamine. Unlike levodopa, dopamine agonists do not require enzyme activation and generally

causdewermotor fluctuationg44].

For more severe cases of AD,which symptoms cannot be adequately controlled with
pharmacological options, deepabr stimulation (DBS) is often a second line of treatment. DBS
involves the surgical placement of stimulating electrodes in either the STN or the GPi of the basal
ganglia[45]. Once the procedure is complete, a battggrated device on the body is used to send
electrical pulses to tget areas. The mechanisms behind how DBS works are not completely
understood. However, many experts believe that it disrupts the pathological oscillatory activity in

the corticebasal ganglia loop, thereby alleviating the inhibition of moverjsit



Although it isvery effective in treating motor symptoms that respond to medication such
as rigidity, bradykinesia, and tremor, DBS is a highly invasive procedures arad suitable for
many patients. Furthermore, it is less effective for medicatiroesponsive symptoms such as
imbalance, freezing of gait, and rorotor symptom$47], [48]. Some studies have revealed that
DBS may even exarbate cognitive and neuropsychiatric symptoms such as memory loss and

apathy49], [50].

1.2 ApathyinPar ki nmdiseased s

Apathy is a common and debilitatingmmotor symptom of PD, characterized by a lack
of motivation, emotional indifference, and loss of interest. The incidence rate of apathy is about
20 to 36% in PD patients who are not medicated. In-atalge PD, apathy may decrease after the
introduction of dopaminergic medications, but after 5 to 10 years, the frequency of apathy
increases to 40% in patients without dementia and 60% in patients with defg&htia terms of
demographics, some studies report associations betweandgpathy as well as sex and apathy,
but the results are inconclusij@, [52]. Apathy on its own can arise during early or advanced
stages of PD, though the presence of apathy mayris& factor for future cognitive decline and

dementig53].

1.2.1  The impact of apathyon quality of life

Apathy in PD can significantly reduce the quality of ff@oL) of patients and increas
caregiver frustration. It is associated with decreasmdability, awareness of behavioral and
cognitive decline treatment compliance, clinical outcomes, and ovepallL [54]. Apathetic
patientsoften undergoearlier institutionalization than similarly impaired napathetic patients

[55].



A multicenter survey 01,072 PD patients assessed the prevalence afotor symptoms
and theirimpact on QoL[7]. QoL was assessed using the-it8®n Parkinson's Disease
Questionnaire (PDE9). The result of the survey reported that compared to all othemotor
symptoms of PD, apathy had the largest negative impact on p@bénwith a median PDE39
Sl score of 8.0. Apart from the detrimental impacts on thdividual, apathyalso contributes to
caregiver distress, dissatisfaction, and frustrafifij, [57]. Nonethegss, @spite the important
clinical implications of apathy in PD, the mechanisms underlying the condition remain largely

unknown.

1.2.2  Measuring apathy

The standard method of measuring apathy has been through questibasatte
assessments. The Starkstein Agabcale (SAS)58] and the Lille Apathy Rating Scale (LARS)
[59) are cl assi fied as ovemenchsordess isocetfihe LARY has ane M
advantage of providing an overafpathy score, as well as four subscores that assess subcategories
of apathy, including intellectual curiosity, action initiation, emotion, andae#reness. Other
gualitative apathy measures include the Apathy Evaluation 8@and the apathy item (item

7) on the Neuropsychiatric Inventory (NP&L].

Most studies use clinidgl validated cutoff scores in apathy scales to diagnose apathy.
However, the various types of assessments, sources, and cutoff points used may contribute to
subjectivity in apathy scores and are crucial limitations to qualitative apathy questionnaires. For
example, studies using the LARS and the NPI reported nearly a 10% lower rate of apathy compared
with studies using the SAS1]. Because different apathy scales are scored by different sources

(SAS: selfreported, LARS: clinician oresearchebasedNPI: caregiverbased, it is difficult to
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determine whether a difference in apagingvalencas caused by the assessments themselves or
the source of the information. Ultimately, the scores derived from apathy scales are qualitative
measues with variable diagnostic criteria, which can be subjective. The development of a more

objective, quantitative biological marker of apathy is required to ensure diagnostic accuracy.

1.2.3 Apathy and depression

One of the main challenges in the diagnosispatlay in PD is its overlap with degssion
and cognitive deficits. For instance, maiyynptoms of apathy are often confused with those of
depression, such as anhedonia, so multiple scales measuring separate symptoms of apathy and

depression are necessarlyam categorizing the two conditions.

Contrasting results regarding the rate of apaththout depression and dementia as
comorbiditieswere reported in different studies. KirsBlarrow et al[62] assessed 80 PD patients
with the SAS and several depressisnales, and found that 29% of the sample had apathy but no
depression. Starkstein et f34] determined thabut of52 PD patients diagnosed with apathy in a
164 patient cohort, onl§% had apathglone, whereas the rest had either comorbid depression or
dementia, or bothDujardin et al[53] reportedapathy in 56% of PD patients, but only 9% of
apathy cases exhibited neither depression nor dementia. Taken together, findings suggest that the
presence of apathtgnds to overlap with the presence depression an@émemHowever, it is
important to recognize that, although apathy and depression are often comorbid, apathy can also
exist as its own entity and have separate pathophysiological mechémmmerit distinctargets

for treatment.
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1.2.4 Pathophysiology of ap#hy

Dopamine

Consistent with the characteristic loss of dopaminergic neurons in PD, apathy in PD has
been associated with impairment in the mesolimbic dopamine reward $§8iemhich is crucial
for the control and reinforcement of motivated behaviolle system beginwith excitatory
dopaminergic projections from the ventral tegmental area (VTA) in the midbrain to the nucleus
accumbens (NAcc), a part of the ventral stria{é4]. The release of dopamine into the NAcc
regulates hedonic evaluation of rewarding stimuli and facilitates relaedl reinforcement
learning of motor outpu{65], [66]. The degeneration oflopaminergic neurons in PD are

hypothesized to cause a breakdown in this reward pathway and lead symptoms dbapathy

However, there is increasing evidence that dysfunction in oth&msgsoutside of the
dopamine reward system may also contribute to the pathological features of apathy. Dujardin et
al. [53] found a significant association between apathy and cognitive obumaetor deficits and
suggested that nesiopaminergic circuits may be additionally related to the mechanism of apathy
in PD. Furthermore, dopaminergic medications are not always effective in treating apathy.
Starkstein et a[68] hypothesizedhat levodopa magither onlyimprove apathy in the early stages

of PD, orthatit will benefit a subgroup of patients with more severe dopantefieits
Other neurotransmitters

In addition to the neurodegeneration of dopaminergic neurons in the basal ganglia, the
pathol ogy of Par ki ns on 0 sotrathamgtersa aneé brainnstructurgse s mL
Consequently, the underlying pathology of apathy in PD is multidimensional and can be caused

by impairment of different neural pathwaySerotonergic, cholinergic, and noradrenergic
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neurotransmitter systems, connectingy kreward structures, such as the amygdala, ventral

striatum, and prefrontal cortex (PFC), have also been found to play a role in [&iqthy

Maillet et al.[69] usedpositron emission tomographR EET) imaging of dopaminergic and
serotonergic radioligands e novoPD patients and found that apathetic patidrad greater
serotonergic abnormalities in the ventral striatum, the darsdlsubgenual areas of the anterior
cingulate cortex (ACC), the right caudate nucleus, and the right orbitofrontal cortex (rOFC). They
also found that the severity of apathy was mainly related to specific serotonergic lesions within
the right anterior cadate nucleus and the OFC, without a prominent contribution from

dopaminergic degeneration, highlighting the impact of serotonergic degeneration in apathy.

Pathology in the cholinergic system may also contribute to apathy in PD. After a 6 month
multicentertrial of the effects of an acetylcholinesterase inhibitor, rivastigmine, on apathetic PD

subjects, results reported that this treatment led to a significant improvement in[&phathy
Atrophy of deep brain nuclei in dopamiresistant apathy

Because it is linked to dopamine depletion, apathy may arise after dopaminergic
medications are tapered after deep brain stimulation. However jretlea absence of tapering,
some patients may develop apathy as PD progresses. This form of apathy, knowrrasislapéa
apathy, responds poorly to dopaminergic medications and is often related to cognitive decline. An
MRI study exploring striatdrontal morphological changes in apathetic PD patients found that
doparesistant apathy was associated with atrophy of the left nucleus accumbens and the

dorsolateral head of the left caudpt#].
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Metabolism

Hypometabolism in the ventral striatum has been shown to be associated with the risk of
apathy after STN stimulation in PD. In i@TNZDBS patients, apathy has been associated with
hypometabolism in the left insula, the right frontal and occipital regiomisthencerebellurii’2].

ACC dysfunction may underlie the cognitive and emotional aspects of apathy because of the
structureb6s role in problem solving, error de

salience.
Grey matter

A structural MRI study in nordemented apathetic PD patients showed grey matter
decreasein the lateral prefrontal cortex, OFC, and left NAcc, regions involved in executive
function and reward processiigy/]. Reijnders et al[73] assessed structuraildin differences in
60 PD patients without dementia or depression and foundph#ty severity was associated with
grey matter density reduction the premotor cortexbilateral precentral gyrusnferior parietal
and frontal gyrus, insula, the postermngulate gyrus, and the rightecuneus. They suggested
that dysfunction in the premotor cortex and cingulate gyrus may constitute less motivation to
initiate voluntary movements, that insular atrophy may be related to loss of emotional
responsivenessand that parietal and frontal lobe pathology may contribute to executive

dysfunction.
Apathy subcategories

Levy proposed that apathy can be divided into three subcategories, each with its own
characteristics and neural correlates: adtvation, emotioalZ&ffective, and cognitive apathy

[74].
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1.2.5 Auto-activation apathy

Auto-activation apathy is characterized by the inability to-seffate thoughts or actions.
This resultsn a quantitative reduction of voluntary behaviour, which can typically be reversed
through external promptindg.evy and Dubois suggested that this form of apathy is commonly
characterized by bilateral lesions of the limbic system and associative atieadasal ganglias
well as subcortical structures connected to the ahedd lateral PF@nd the supplementary motor
area (SMA)through the caudate nucleus and the AZ4). The disruption of these connections
may impair the selective appraisal of relevant actions, leading to difficulties in deeiaking
[75]. Notably, patients with autactivation deficits will have difficulties associating reward with

a given behavior, which can be interpreted as a lack of motivation.

1.2.6  Modulating effort in response to reward

In a study exploring differences between patients with -aatwation deficit disorder
(AAD) due to bilateral striatpallidal lesions and patients with PD, Schmidt ef#b] used a
behavioural paradigm involving an externally driven task, in which subjects were instructed to
produce different levels of force by squeezing a hand gng,anincentivebased task, in which
subjects could win different amounts obney depending on how hard they squeezed. AAD
patients did not differ from PD patients in their grip force response to external instructions.
However, unlike PD patients, their grip force response remained consistent, regardless of the level
of monetary igentives suggeshg that auteacivation apathy may arise from @disconnect
between motor output and the affective evaluation of rewards. Although apathy is a common

feature of PD, the study did not differentiate between apathetic arajpatinetic PD pants.
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Chong et al[77] examined the role of reward on effort production in PD patients who
were not clinically apathetic as defined by the Lille Apathy Rating Scale (LARS). Even in the
absence of clinical apathy, when subjects were off their dopamine medication, they showtsd defici
in incentivized effort production when rewards were low, whereas the addition of dopamine
eliminated these deficits. Although dopamine was able to improve reespdnse deficits in PD
patients without apathy, the effects of apathy on motivaiesedbehaviour and whether

dopamine is effective in treating apathetic symptoms in PD remains unclear.
Beta band oscillations (330 Hz)

Akinesia, the inability to execute movement, and hypokinesia, the reduction of movement,
are characteristic symptoms of @it are hypothesized to béated to motivational deficitg8],
[79], especially considering the common role of dopamine in these conditions. Neural oscillations
also play a role in modulating movement. For instatieedelay in voluntary movement initiation

seen in PD is linked to insufficient reduction of beta synchrony in the subthalamic 86us

An MEG study tested healthy individuals exerting physical effort using a squeeze grip
device to win monetary amounts proportional to the time spent above a targe{8bfce
Behavioral data indicated that rest peria@se shorter when monetary incentives were high, while
MEG data revealed that theagnitudeof beta desynchronization over the motor cortex correlated
with both incentive level and rest duration. Furthermore, the level of desynchronizas@mown
to modilate the effect ofincentive level on rest duration, suggestitttat motor beta
desynchronization may act as a mechanism that quickens the initiation of effort production in the

presence of greater rewar&sich a paradigm has not yet been explored ip&I@nts with apathy.

16



Alpha band oscillations (82 Hz)

In an EEG study exploring motivation in response to rewards, quick successions of images
were presented to participants and they were asked to discriminate a target image from distractor
images.Som tri al s wer e A mdriven wsimg mooetay reward§) iwhilé acthera a | | y
were externallydriven[82]. Findings revealed a significant decrease in alpha band amplitude in
the preparatory period for reward trials as well as better trial performahee.finding is
consistent with fMRI findings from Engelmannatt (2009) that motivation in response to reward
improves behavioral performance in attentd@manding tasks by enhancing evoked responses in

frontoparietal attentional brain networ83].
Theta band oscillationgl-7 Hz)

4-7 Hz theta frequenayscillations around the human anterior cingulate cortex (ACC) and
frontal cortexoscillations are known to be associated vattentionalprocessesMore recent
studies have shen that theta band oscillations increase in response to rewarding stimuli.
Tsujimoto et al[84] located the neural generators of frortta¢ta oscillationsusing a primate
model involvingmonkeysthat performea selfinitiatedhandmovement task. ffleta power irthe
medial PFCand the rostral ACQncreasedjust prior to and immediately after movement.
Interestingly, when the movement was rewarded, the theta power increased again, whereas it
decreased in unrewarded trials, segfgng that theta activity during attentional processes may be
associated with the assessment of reward.

An EEG study involvinga gambling game in which participants chose either-high
risk/high-reward or lowrisk/low-rewardbets, revealed feedbackinducedincrease in theta band

power the frontal cortical region that was higher in amplitude following-higkhbetg[85].
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Cohen et al[86] recorded LFPs usindeep brain stimulation electrodes implantedhe
nucleus accumbens and the medial frontal cartenajor depression patienfatients performed
a reversal learning task in which theguld alter decision strates following monetary losses.
Strategy switches following losses were preceded by enhanced tf&tdziphase synchny
between the nuclei accumbens. These findswggyest thatheta phase synchrony of the nuclei

accumbensid inadjusing reinforcemetrguided behaviors.

1.2.7 Emotional-affective Apathy

Emotionataffective apathy is the inability to accurately interpret affective contexts that

guide behavior and evaluate positive or negative outcrdgs Thi s i s often terr

bl unting, 0 whereby the indivi divedadrredueed manrger t o
[51]. Patients with emotionalffective apathy may experience deceshdrive to participate in
activities such as social situations, sexual activity and personal hyg§idrend show a reduced
response to rewarding stimy@8], [89]. Emotionalaffective apathy is typically associated with
dysfunction in the orbital, medial PFC, and limbic areas of the basal ganglia including the ventral

striatum and ventral pallidud7].
Eventrelated potentials

Scalprecorded eventelated potentials (ERPs) are wellited to measuring rapid affective
and cognitive processes associated with emotion regulation. ERRsar@dtage responses in
the brain that are timcked to specific events or stimuli and ah®tight to reflect the summed
activity of postsynaptic potentials produced when a latgeber neurons fire in synchrof§0].

Early potentials in the fat 100 ms are involved in stimulus detection, wherates potentials
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reflect information processing and interpretatif#0]. They can serve as potential biological

markers in pathological cases of emotional dysfunction or deffdiis

MartinezHorta et al.[92] used a gambling task toeasure an ERP assated with the
assessment of performantee feedbackelated negativity (FRN)n response tanonetary gais
and lossesn nondemented, nodepressegatientswith early to latestage PDand healthy
controls.The amplitude of the FRIas significantly reduced in PD patients with apathy compared
to those without apathy and healthy corgrdlhese findings suggted an impairment in reward
processing and hedonic evaluation in apathetic PD patients, whilproposed to be caused by
the decrease idopaminergicconnections in the mesolimbic dopamine reward system, which

disruptsconnectivity among theentral stiatum, PFC caudate, ACC, andTA.

An ERP evoked by emotionally engaging stimuli is the late positive potential (LPP), which
is characterized by an amplitude enhancement for pleasant and unpleasant stimuli, relative to
neutral stimuli, over the centropetal region. The LPP typically begiasaround 300 to 400 ms
after stimulus onset and is often sustained throughout the duration of stimulus presgggation
LPP amplitude has been shownvary in relation to the experienced intensity of the affective
picture conten{94] and exhbit abnormal patterns in mood disorders and other psychiatric

conditions.

Dietz et al[91] investigated EEG emotional processing ind@mented patients with PD
and healthycontrol participants while viewing pleasant, neutral, and unpleasant pictures. Highly
apathetic PD patients showed reduced amplitude of the eesutietal LPP specifically when
viewing unpleasant compared to low apathy PD patients and healthy comtrete results

suggesthat apathy in PD may be related to a deficit in defensive activation.
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1.2.8 Cognitive apathy

Cognitive apathy is characterized by the impairment in executive functions. These include
deficiencies in planning and organizing goals,-gelfieating rules, creating strategies to retrieve
information from episodic and semantic memory, and maintaining information in working
memory [74], [95]. Voluntary actions associated with cognitive inertia become particularly
impared. A gradual decrease aognitive performancéas been observed apathetic subjects
suggesting thaapathy may be a predictive factor for dementia and cognitive del@Bie
Neuroimagng studies in cognitively apathetic PD patients without dementia show decreased
activity in the dorsolateral PFC, lateral aspects of the caudate nucleus and putamen, the ACC, and

the posterior parietal cort¢96], [74], [51].

Notably, dpamine depletiohas beertorrelated with cognitive impairments in B@v],
[98]. Animal studies showed that dopamine receptor inhibitiothe cortico-basal ganglia loop
led to cognitive dysfunctiof®9], [100], [101], while a human study demonstratedtdopamine
levelsin caudate nucleus modulagiicose metatdism in frontastriatal circuits that are crucial
for executive functiofl02]. Together, the findings reveal a crucialerof dopamine in cognitive

processes.
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A Emotional-affective apathy B Cognitive apathy C Auto-activation apathy

=@~ Mesocortical pathway @ Ventral tegmental area [ Dorsolateral prefrontal cortex Il Subgenual cingulate
=@= Mesolimbic pathway @ Hypothalamus B Ventrolateral prefrontal cortex [l Dorsal cingulate
=@= Nigrostriatal pathway @ Amygdala I Orbitofrontal cortex [ Caudate nucleus
® Nucleus accumbens I Posterior parietal cortex Il Putamen
B Supplementary motor area Il Globus pallidus

Figure 1.3 Brain regions associated with different apathy subcategorieadapted from
Pagonabarraga et al. (2015) [19].

1.2.9 Treatments for apathy in PD

Studies on the treatment of apathy in PD are limited. Managemdiificult as patients
are often indifferent to their own wellbeing and to caregivers. Often, their inactivity can be
mi sconstrued -@marmadolagk strategesinciude prescribing a personalized daily
schedule with social and stimulatiagtivities that help to maintain a satisfactory activity level

and enrichmentl03], [104].

Pharmacological interventions such as dopaminergic drugs, cholinesterase inhibitors, and
antidepressants show some benefit, although results vary between patients. Some studies report
that the admiistration of levodopa and dopamine agonists are associated with lower apathy scores

[105], [106]. Dopamine receptor agonists have been shown to be particularly effective in treating
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apathy symptoms, including the piribedil, pramipexole, rotigotamel ropinirole[105], [107],

[15], [108], [109], [110]. However, there is conflicting evidence in regards to the effectiveness of
levodopa as a treatment for apathy, as other studies found that higher levodopa dosage either had
no effect on apathy improvemieor even worsened apathy scojEkl], [112]. In moderately to
severely affected PD patients without dementia or depression, a significant improvenhent in t

LARS score was reported after 6 months of treatment with the cholinergic drug, rivas{igbjine

The use of antidepressants to trapathy in PD is also controversial. Single cases of
postoperative parkinsonian apathy after SOBIS have reported to be resistant to depression
medications such as selective serotonin reuptake inhiita®. In patients who have not had
DBS surgeryselective serotonin reuptake inhibitors have even been reported to increase apathy

in Parkinson's diseaggl14].
1.3 Aims and hypotheses

Given the multifactorial nature of apathy in PD, further research into the exact neural
mechanisms underlying apathy is crucial for the development of more precise and effective
therapeutics to combat this debilitatiegndition. Additionally, because apathy is currently
diagnosed using subjective questionndiased evaluation scales, determining potential neural

markers of apathy in PD can be beneficial in increasing the reliability of its diagnosis.

As apathy can beassociated with a disconnect between reward evaluation and a
concomitant behavioural response, often related to a lack of motivation, we were interested in
investigating the effects of apathy on motor output in response to reward and the accompanying
neuml oscillatory behavior. Previous studies have compared the relationship between reward and

motor effort in healthy subjects and PD subjects as a whole, but have not made a distinction
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between apathetic and napathetic PD subjects. Furthermore, a limitedhber of EEG studies

investigating neural oscillatory characteristics of apathy in PD have been done.

We were also interested in characterizing emotional deficits in apathy using ERPs that have
previously been implicated in processing and evaluatingiena stimuli, such as the late positive
potential (LPP). Although one study found a blurit&P response to unpleasant visual stimuli in
PD patients with higher apatlji91], a more traditional method of ERanalysis was used, which
failed to account for spatial and temporal differences in EEG signals that can confound ERP
results. We attempt to validate this study usingnethod that takes thesmnfounds into

consideration.

In Chapter 2, we explore the behavioural and neural oscillatory characteristics of motivated
movement in norapathetic PD, apathetic PD, and healthy subjects. Specifically, we use an
incentivized squeeze grip paradigm to examine the effects of winnifegesit monetary values
on effort production and oscillatory activity. We hypothesized that apathetic PD patients would
exhibit abnormal neural oscillatory behavior in the beta, alpha, theta, and delta frequency bands

during effort production in responsereward.

In Chapter3, we investigate ERFgvolved in processing emotionally evocative visual
stimuli using a technique called Multiset Canonical Correlation Analysis (MCCA). In contrast to
the conventional method of obtaining ERPs, MCCA has the advaafagecounting formild
spatial and temporal differences in EEG sigraasoss tasks or subject#/e hypothesized that
apathetic P[patients would exhibit a bluntddPP amplitudein response to emotionally arousing

visual stimuli compared to nespathetid®D patients and healthy individuals.
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Chapter2:.Apat hy in Parkinsonds disease 1is
and theta oscillatory activity during incentivized movement

2.1 Introduction

Apathy in PD is often resistant to therapy, difficult to quantify and pooudierstood. It is
commonly characterized by a lack of motivation and reduced sensitivity to reward. Other
characteristic motor symptoms of PD, includikgnasia, the inability to execute movement, and
hypokinesia, the reduction of movement, are hypothesizée réated to motivational deficits

[78], [79].

The current method of diagnosing apathy in patients is to use qualitative questionnaire
based scales, but results are often subjective. Therefore, a biological ntekerah be
guantitatively measured can provide significant benefits to the diagnosis of apathy in PD. Prior
studies have used incentivized motor tasks to measure apathy and have revealed a reduction in
response to rewards in apathetic individuals in bathlthy and pathological stafés], [77].
However, the underlying mechanisms of these neural abnormalities remain unclear. In particular,
neural oscillations, which are widely knownptay avital role in modulatingmotor output and

processing rewards, have not been closely explored in apathy

Normally, alpha (8.2 Hz) and beta (230 Hz) oscillations in the motor cortex decrease in
power, or desynchronize, just prior to and during moxarfd0], [41]. These oscillations are
typically observed in both contralaterabapsilateral sensorimotor cortices during movement and
have been shown to have high intedividual consistency[115]. On the other hand,
electrophysiological studies in PD patients and in animal models of PD have suggested that

neuronal activity patterns in the parkinsonian state show widespread excessiversyadh
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oscillatory activity, specifically in the alpha and beta frequency ranges in ebegad ganglia
pathways. Prior to and during movement, PD patients who arenrdiipaminergic medication
tend to exhibitsignificantly reduced beta and alpha desyonization comparedo healthy
individuals, a characteristic that has been suggestedntoibute to their diminished movement
capacitie§42]. As the reduction of motor outpuataybe related to a lack of motivated behaviour

in PD, these neural oscillationshebit specific abnormalities related to apathy in PD.

In addition to being critical for movement, alpha and beta frequency oscillations have been
shown to play a crucial role in motivation and reward processing. In an EEG study exploring
motivation in rsponse to rewards, quick successions of images were presented to participants and
they were asked to discriminate a target image from distractor images. Some trials were internally
driven using monetary rewards, while others were exterdaigen [82]. Findings revealed a
significant decrease in alpha band amplituddegreparatory period for reward trials as well as

better trial performance.

In a magnetoencephalograpIEG) study, Meynielet al. testedhealthy individuals
exerting physical effort using a squeeze grip device to win monetary amounts proportiogal to th
time spent above a target fo[@4]. Behavioral data indicated that rest periods were shorter when
monetary incentives were high, while MEG data revealed that nthgnitude of beta
desynchronization over the motor cortex correlatéth both incentive level and rest duration.
Furthermaoe, the level of desynchronizatieves shown to modulate the effectinfentive level
on rest duration, suggestirigat motor beta desynchronization may act as a mechanism that
quickens the initiation of effort production in the presence of greater rev@&udh a paradigm

has not yet been explored in PD patients with apathy.
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More recent studies have shown that theta band oscillatieiisHZ) in the anterior
cingulate cortex (ACC) and frontal cortex increase in response to rewarding stimuli. In a primate
model, aselfinitiatedhandmovement task induced increaskdta power ithe medial prefrontal
cortex and the rostral ACC just prior tand immediately after movemerj84]. Theta power
increased agaiwhen the movement waswardedwhereas it decreased in unrewarded trials,
suggesting that theta activity may be associated with the assessment of AAWBREIG study
involving a gambling game in which participants chose either-hgkihigh-reward or low
risk/low-rewardbess, revealed geedbackinducedincrease in theta band power the frontal cortical
region that was higher in amplitude following highk bets[85]. Thus, theta band oscillations
may also be a frequency band of interest when studgingrdprocessingbnormalities, as in the

case of apathy.

One caveat to the study of neural oscillations is that oscillatory activity is almost always
represented aa percent power change relative to a baseline prior to a stimulus. Although this
accounts for intemdividual variability of baseline oscillations, resting oscillatory activity, that is
either pathologically high or low, may explain various behaviourababalities. However, this
aspect of neural oscillatory behaviour is often overlooked when, in fact, neural oscillatory changes
such as eventlated alpha or beta desynchronization, may be related to the absolute oscillatory
power at rest. Despite the patial significance of resting oscillatory power in motor control in
the case of PD, very few studies have examined absolute resting and relative moetatezht

oscillatory activity116].

Given the potential role of neural osatibns in healthy and pathological behaviour, an

investigation into the different aspects of oscillatory activity may provide insight into the
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underlying mechanisms of apathy in PD, and may act as a potential apathy biommathkesr.
chapter, we investiga behavioral and neural oscillatory characteristics associated with
motivational deficits in apathetic people with FEpecifically,we use EEG recordings to examine
both absolute and relative neural oscillatory activity of apathetic PDapathetic PDand

healthy subjects as they perform an incentivized motor task.
2.2 Materials and Methods
2.2.1 Subjects

We recruited 13 apathetic PD subjects, 14-apathetic PD subjects, and 13 healthy
control subjects for the stud$ubjects with PD were recruited from thBO Movement Disorders
Clinic while healthy subjects wemsther recruited from the community or were spouses of PD
patients. One subject from the apathetic PD group and one subject from thpatiogetic PD
group were excluded from the analysis due to €xge artifacts in the EEG data. An additional
non-apathetic PD subject was excluded due to a device malfunction. The remaining analyses
included 12 apathetic PD subjects (5 female, #0417 years), 12 neapathetic PD subjects (6
female, 67.7# 5.3 yeas) and 13 healthy subjects (8 female, 60.B.3 years). All subjecthad
normal or correctetb-normal vision and all except one apathetic subject were higidled. This
was corrected for during subsequent analyses (see Methods). Informed written eossent
obtained and the study was approved by the Un

Ethics Board and the Vancouver Gtal Health Ethics Committee.

Subjects were administered the following assessments prior the experiment: Starkstein
Apaty Scal e (SAS) and the Lille Apathy Rating

(BDI), and the Montreal Cognitive Assessment (MoCA). PD subjects were additionally
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admini stered the Unified Pa-URRYIheBASSwadusesle as e
for subsequent analysedl demographic and clinical scores are summarizedahle2.1. The

apathetic PD group had significantly greater depression scores than tapatbetic PD and

healthy groupsTherefore, depression score was included as a cavamigubsequent statistical
analyses. All subjects with PD had been prescribed a regularly monitored dosage of an
antiparkinsonian medication for at least 2 months prior to study enroliment and had shown a
satisfactory clinical response to the medicat@uring the experiment,ubjects with PD were

tested while on their usual dopaminergic medication.

Table 2.1. Subject @mographic and clinical characteristic$

Apathetic PD  Non-apathetic PD Healthy
Mean = SD Mean = SD Mean = SD pvalue
Gender (F/IM) (5/7) (6/6) (8/5) -

Age (years) 70.1+ 4.7 67.7+5.3 69.9+ 7.3 0.535
MoCA 26.2+0.8 26.4+0.6 26.2+ 0.7 0.938
UPDRS Il 27.8 £2.3 24924 - 0.645
BDI 13.3+15 51+£1.3 49+1.5 <0.001
SAS 17.0£ 0.9 6.9+15 6.8+15 <0.001
LARS -20.7£ 1.6 -28.9+2.0 -30.8+0.8 <0.001
LEDD? 877.7 +£408.8 1015.1 £+ 651.5 - 0.544
A”“de(ﬁfizjam s 541.7) 5 (41.7) i 1.000
Cholinesterase 1(8.3) 0 (0) i 0.339

inhibitor use (n, %)

1 MoCA, Montreal Cognitive Assessment; UPDRS |Il, Unified Parkion s Di sease Rating Sca
Depression Inventory; SAS, Starkstein Apathy Scale; LARS, Lille Apathy Rating Scale

2LEDD, levodopa equivalent daily dosage in milligrams
3 Three group comparisons are done usingwag ANOVA, while two groupcompr i sons are done usi |

t-tests.
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2.2.2 Experimental Setup

Subjects were seated comfortabl y -redmcedf r ont
room. They performed an incentivized squeeze grip task using a grip force transducer (Hand

Dynamometer LoggeSensor NUE237, NeuLog, USA).
Maximum Voluntary Contraction Calibration

Subjects were instructed to squeeze as hard as they could over three exertions using their
dominant hand. The maximum force reached across the three exertions was recorded. Subjects
were then instructed to squeeze the grip force transducer so as to reach a red line on a graduated
scale displayed on the computer screen, withties visual feedback. The red line corresponded
to a target level of force that was either 40, 80, or 18Df#te maximum force recorded previously.

Each force level was presented three times in a randomized order, for a total of 9 trials. The 120%
level ensured that subjects were in fact squeezing to their maximum force. If this exceeded the
maximum force rearded, the highest force reached over the three 120% trials was recorded as the
new maximum force. If individuals reached or exceeded the red line indicating the 120% mark,
subjects were required to repeat the procedure again. The final maximum forcéhaalwas

obtained was termed the Maximum Voluntary Contraction (MVC).
Behavioral Task

At the start of each trial, subjects were presented with one of three monetary values ($1,
$10, or $50) for 2 s, indicating the maximum amount they could earn ftrigh@igure 2.1A).
Next, they were shown a graduated scale with the incentive at the top for 4 s. They were told that
they would earn a monetary amount proportional to how hard they squeezed the grip force

transducer (Figure 2.1B), with the maximum lggiihe monetary value presented at the beginning
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of the trial. At the end of each trial, feedback on the amount of money earned was displayed for 2

s, followed by 9 s of rest. Each subjectodos MV
scale. Ther®re, when subjects attained their MVC, they reached the midline and won half of the
monetary incentive. This was done to avoid ceiling effects. The task consisted of 45 trials, with 15

trials per monetary incentive presented in a mixed and randomized orde

Trial Winnings:
$0.19

Total Winnings:
$10.38 Rest:

9 seconds...

Figure 2.1. Behavioural Task.A) The screenshots were displayed in a successive order for eac
(shown from left to right). One the computer screebjexts were first presented with either $1, $1(
$50 in a randomized order. Next, a gradisi@le with the monetary value at the top appeared, w
signaled subjects to squeeze a hand grip device and allowed them to view their performantienia
At the end of the trial, the amount of money earned in the present trial and cumulativecaroreelwas
presented as feedback. Each trial was followed by a 9 s rest @riddbjects were required to squee
the corresponding grip force transducer to earn money.
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2.2.3 Behavioral Analysis

Grip force data

Grip force data, recorded at a samplingerat 15 Hz, were digitized and fed into the
computer runnindIATLAB (Mathworks, Natick, USA) The maximum force value reached over
each trial of the behavioural task was taken

trial. The GFR was thervaraged over trials for each money value.

To assess the modulation of grip force peeformed a twavay mixed analysis of variance
(ANOVA) with groups (apathetic Pnonapathetic PD, and healthy controls) as the between
factor and money value ($1 andO$%ve focused on these two money values as we expected the
largest behavioural differences to come from this compagres®the within factorSubsequently,
we performed poshoctwo-tailedt-tests for betweegroup comparisons anao-tailed pairedt-

tess for within-group comparisons.

To investigate whether the degree of apathy had an influence on GFR, all PD subjects were
re-groupedbased on higher and lower apathy scores. Due to the subjective nature of apathy scales,
PD subjects who had borderline #pascores that were either equal to or slightly above the clinical
cutoff may not have necessarily been clinically apathetic. Additionally, the SAS was found to be
more sensitive than other apathy scales, such as the LARS and NPI, in previous[Stjdies

Therefore, we combined those patients that scored below 18 on the SAS, creating a group of

nineteen filow apathyo PD subjects. Five subj e

as NnAhi gh sabjeadSee TableR2RWe performed a 2vay mixed ANOVA with the
new PD groupas the btween factor and money value ($1 and)&&0the within factorWe then

performed poshoc twotailed pairedt-tests comparing the $1 and $50 responses of the high
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apathy and low apathy PDaups as well as separate ttaied t-tests comparing the responses

between the two PD groups towards the $1 and $50 conditions.

Table 2.2.High and low apathy PD sibject demographic and clinical characteristic$

High Apathy PD Low Apathy PD
Mean + SD Mean + SD pvalue
Gender (F/M) (3/2) (8/11) -

Age (years) 70.8+5.3 68.4+5.0 0.392
MoCA 26.0+34 264+1.9 0.801
UPDRS Il 29.4+5.0 26.3+8.8 0.326
BDI 178+ 3.1 7.1+4.6 <0.001

SAS 20.0 +1.9 9.9+45 <0.001

LARS -18.0+4.5 -26.2+ 6.0 <0.001
LEDD? 856.4+ 486.8 970.1 + 558.8 0.666
A”tid‘?ﬁfij’jam use 2 (40.0) 8 (42.1) 0.941
onestese 169 00

Mo cCA, Montreal Cognitive Assessment ; UPDRBI || | Bec lU&s f i

Depression Inventory; SAS, Starkstein Apathy Scale; LARS, Lille Apathy Rating Scale

2 LEDD, levodopa equivalent daily dosage in milligrams

224 EEG  recording

Data were collected usingsd-channel EEG cap (Neuroscan Ltd.) &nel high impedance
ampifier Neuroscan SynAmpgCompumedics Neuroscan Ltd., VA, USA) at a sampling rate of
500 Hz. | mpedances wer e -Gek(plactrobe€dp mternafiodal, ©Old, u s i n

USA). From the original 64 electrodegcordingswere taken from 34 electrosleRecording
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electrodes were positioned according to the Internatior20IPEG Systerfl17]. Two additional
pairs of surface electromyographic electrodes were used to detect horizontal and vertical eye

movements for subsequent artifact removal.
2.2.5 Preprocessing

EEG data were preprocessed offline using cuskoitten scripts in MATLAB,
incorporating functions from thepensource MATLAB toolbox, EEGLAB[118]. Continuous
EEG recordings were segmented into 8 s epochs, which included 1 s of rest before thehstart of t
trial, 2 s of money presentation, 4 s of squeeze duration, and l-sgpesizing. Each epoch was
linearly detrended and bapass filtered between 1 and 50 Hz. Epochs were then concatenated
and banepass filtered again between 1 and 50 Hz. Using thé BB plug-in, clean_rawdata,
channels containing continuous artifacts were removed and interpolated using spherical spline
interpolation. Data were then-referenced to average reference and stereotypical artifacts, such
as eye blinks, eye movements andseie tension were separately removed using an automatic
artifact rejection method based ¢ime blind source separation algorithfi19] Independent
Component Analysis (ICA)ICA separates a multivariate signal into statistically independent
components representing linear combinations of the original varidl@@k Artifacts due to eye
movements and muscle activity are temporally independent from neural activity, which allows
them to be identified and removédeinally, any trial containing data with an absolute amplitude
exceeding 180 microvoltsag removedOn average, 2% of the trials were removed, which did
not differ between subject groupsneway ANOVA: p>0.4). Electrodes designating the scalp
distribution for the one lefhanded subject were flipped over the sagittal plane to accountyfor an

lateralized differences.
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2.2.6 EEG spectral analyses

Time-frequency analysis was performed on the preprocessed data using a\ss#®en
complex Morletwavelet fora frequency range ofi 0 Hz . Both absofute a
frequency data were computed and averaged over trials for each subject, then averaged across
subjects to create group tiAfrequency plots (Figure 2AR). Relative time frequency dataas
definal as the 10*log10 change in power relative to 1 second of average baseline power before the

start of each trial

To identify the sensors showing the stronglesta, alpha, and beta modulation, we plotted
the grand average scalp distribution for eachueegy range across all subjects, taken as an
average relative power over the first 3 seconds of motor output for each of the{héta)(4lpha
(8-12 Hz), and beta (3220 Hz)frequency ranges (Figure 28). Nine commorcentreparietal
electrodes weralentified to have the highest theta, alpha, and beta modulation during squeezing
based on grandverage scalp distributionSz, C4, CP5, CPLLPz, CP2, CP6, Pz, and P4. These
electrodes were also consistent with electrodes found in previous literaghewwomovement

related desynchronizatidh21], [122], [123], [124], [117].

2.2.7 Determining channels of interest

In order to determine the EEG channels with the greatest theta, alpha, and beta power
differences between subject groups during different time periods, we performed sepavetg one
multivariate analysis oWariance (MANOVA) tests with subject group (apathetic PD,-non
apathetic PD, and healthy controls) as the independent varialdaemndthe nine centrgparietal
channels (Cz, C4, CP5, CP1, CPz, CP2, CP6, Pz, P4) as a dependent \MAAA/A is

partiaularly useful in detecting differences when response variables are correlated, as in the case
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of EEG channels. Specifically, we were interested in the rest period (1 s before the beginning of
the next trial) and squeezing period (first 3 s of the squeszed). For the rest period, omey
MANOVA was performed for absolute power in the beta, alpha and theta bands separately. For
the squeezing period, omaay MANOVA was performed on the relative and absolute power for
beta, alpha, and theta bands separafBhus, a total of nine ongay MANOVA tests were
performed to account for betwegnoup comparisons involving absolute power during rest,
absolute power during squeezing, and relative power during squeezing for each of the three
frequency bands of intese Subsequent ongay ANOVA tests were done to determine
differences between groups for each channel and Tukey HSBheodkests were done to

determine differences between individual groups.

Once we founda common group othannels with significant diéirences specifically
between the apathetic and rapathetic PD groups (CPz, CP1, CP2, Pigure 2.2C) we

computed an average tfese channels acrosach frequency band fafl further analyss.
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Figure 2.2. Timefrequency analysis and scalp distributionsA) Time frequency graphs depict change
power relative to baseline (relative power) from 1 to 50 Hz. The white lin@saaid O s indicate the star
the money presentation and squeezing periods, respec®jeBcalp distributions were taken as arrag:
across the first 3 s of squeezing and each frequency band of interest. Columns: ¢t @pha (812 Hz)
beta (1230 Hz). Rows (from top to bottom): healthy controls, Japathetic PD, and apathetic PD sub
groups.C) Average scalp distoution across all subject groups for each frequency band of interest. £
electrodesCPz, CP1, CP2, Pfor further analyses are shown in red.

2.2.8 Spectral statistics over the centreparietal area

Using the averaged datag performed separate tweay mixed ANOVAs for relative and

absolute theta, alpha, and beta power, including group (healtmgpadhetic PD, and apathetic
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PD) as a between group factor and time period as a within group fEiateperiods were defined

as: 0restd (1 s before the start of the next
incentive presentation on t helsfollowing brnset of scr e e
squeezing, during which the greatest evetdted theta, alpha, and beta modulation occlihs).

rest period was not included in any relative power analyses because this was the baseline period
that was normalized to 0. Additionallyye to the presence of a momentary increase in theta power

during the start of the squeeze period, an additional time period was included for the analysis of
the theta band and was d@bsaduriagdthetoriset of Sqaiepzing)e z e |

period(Figure 2.3)

Squeeze Initiation

Squeezing
Money
Rest Presentation l
S
Q
3
o]
o.
-3 -2 0 051 4 5
Time (s)

Figure 2.3. Schematic diagram of time frames used in spectral data analydiest:-3 to-2 s; Mone!
Presatation:-2 to 0 s; Squeeze Initiation: 0 to 0.5 s; Squeezing: 0.5 to 1 s. Blue line indicates th
evolution over time averaged over the frequency band of interest (ie. theta, alpha, or beta).

Ten separate onway ANOVA analyses compeng absolute power in the different
frequency bands between groups were performed for time periods averaged over rest, money

presentation, and squeezing duration. Fivewwag ANOVA tests were used to compare relative
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power in the different frequency bandbetween groups during the money presentation and
squeezing time periods. Tukey HSD phbet tests were subsequently performed to further
investigate significant differences between individual groups and correct for multiple

comparisons.

Correlation anlysis using all subjects was performbédtween resting alpha power and
relative alpha power during squeezing over the cqrareetal region (averaged over CPz, CP1,
CP2, and Pz). The same analysis was done between resting theta power and relativee¢heta po

during squeezing over the cenfarietal region.

Principal component regression (PCR) was performed to predict apathy scores of all PD
subjects based on power during particular time periods in the frequency bands of interest and other
demographic andlinically relevant factors. PCR was used in place of multiple linear regression
to correct for the presence of predictor variables that were highly correlated with one another. This
regression methodcconstructs new predictor variables, known as componessds linear
combinations of the original predictor variables and creates components to explain the observed
variability in the predictor variable$o do this, we first performed principal componemtalgsis
(PCA) on predictor variables to group highlyri@ated independent variables into independent
principal components, then conducted a multipledr regression dhe response variable on the
componentgFigure 2.4. Each variablevas normalizedy its mean andstandard deviatioto

account for diffeences in variancg.25].
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Figure 24. Principal component regressionN: number oubjects; K: number predictors; A: Numbe
components. We replace the NxK matrix of normalized data with a NxA matrix of data that surr
the original X matrix with A uncorrelated components. We then perform multiple linear regressior
of the regonse variable, y, on A. Retrievedrom https://learnche.org/pid/latemtiriable
modelling/principalcomponentsegression

2.2.9 Spectral comparisons between $1 and $50 conditions

In order to compare spectral differences in response to different money values, we
separated and grouped EEG triadséd on the $1 and $50 conditions and performed paiiests
on the $1 and $50 condition spectral data for each group sepasgtetyfically, wecompared the
averagaelative power ogr each time point of interest: rest, money presentation, and sugieezi

Mean power was computed over the theta, alpha, and beta bands separately.
2.3 Results
2.3.1 Behavioural results

Two-way mixed ANOVA on GFR values, with subject groups (apathetic PDapathetic
PD, and healthy controls) as the between factor and money y&luasd $50) as the within factor,
revealed a significant main effect of grolg§4,34)= 4.50,p = 0.018), a significant main effect of
money valueK(1,34) = 21.60p < 0.0001), and no interaction between group and money value
(p > 0.05).Posthoc paired-tests within each group showed that the GFR for the $50 condition
was significantly higher than the GFR for the@ihdition (Figure 2.3\). Independent posgtoc

t-tests comparing GFR between groups showed that apathetic PD subjects had a sigtofieantly
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GFR than healthy controls for both the $1 and $50 conditions, but no other significant differences

were found

After reorganizing the PD subject groups i
PD group two-way mixed ANOVA on GFR between gebt groups (apathetic and napathetic
PD) and money values ($1 and $50) showed a significant main effect of nkghe32] = 14.28,
p = 0.001) and a significant main effect of grodff1(22) = 4.38p < 0.05), but no significant
interaction between mogeand groupk(1,22) = 0.56p > 0.4) Two-tailed paired-tests revealed
that the responses to the $1 and $50 conditions of high apathy PD subjects did not differ
significantly ¢(4) =-1.85,p = 0.138), but differed significantly in the low apathy PDupd(18)
=-4.63 ,p < 0.001) (Figure 2.B). Comparisons betwedhe two groups showed a marginally
nonsignificant difference between the response to thedtition (twotailed t-test;t(22) =-
1.95, p = 0.065). However, the response to the $50 canditin the low apathy group was
significantly higher than that of the high apatrpup (twetailedt-test;t(22) =-2.44,p = 0.023).
Furthermore, there was no significant difference in UPDRS 3 scores between the two groups (two

tailedt-test;p > 0.05), suggesting that disease severity was not a main factor in observed behaviour.
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Figure 2.5 Behavioural results.A) Mean grip force response (GFR) shown as a percentage of the total
maximum voluntary contraction (MVC) for apathetic PD, +agrathetic PD, red healthy control subjects

in response to $1, $10, and $50. Error barg-8iEM. Asterisks indicate a significant difference (paired

test) between $1 and $50 conditions. *p<00% < 0.005, ***p < 0.0005.B) Mean GFR for high apathy

PD (n=5), low apdty PD (n=19), and healthy control subjects in response to $1, $10, and $50. Asterisks
indicate a significant difference (pairetest) between $1 and $50 conditions. *p<00H < 0.005,

*** p < 0.0005, N.S. = nesignificant.

2.3.2 Channels of interest

Oneway MANOVA using the 9 selected cenfparietal channels showed a significant

difference in theta band power between subject groups for absolute theta power during squeezing
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(F(2,34)=1.82p<0. 05; Pillai 6s Tr ac ¢eloweverDQTukepHSD pgstar t i al
hoc tests specifically comparing apathetic and-aypathetic PD groups showed no significant

differences for anyhanrels. Although onavay MANOVA showed no significant difference

between groups for absolute resting theta powét,84)=1.71p= 0. 068 ; Pil |l ai 6s T
parti al d2 = 0.36) and r eF@AH)=VUdlpchOt d6Fgowern | d
Trace = 0.639, partial dsihgTukepPHSB poghpc tastashowed d u a |

significant differences between the two PD groups in the CP1 and Pz electrodes for absolute resting
theta power and in the CPz, CP1, and Pz electrodes for relative theta power during squeezing

(Table 2.2.

Oneway MANOVA also showed a significant difference between subject groups for

absolute resting alpha powét(2,34) =1.80p< 0. 05; Pill ai 6s?2=D88,ce = C
absolute alpha power during squeeziR(2(34) =2.23p< 0. 05 ; Pillaids Trace
= 0.43),and relative alpha power during squeeziR(®(34) =2.53p= 0. 005 Pill ai o
0903, pat i al d2 = 0. 45) -hoc feséty, enly abJolute eestingrISha pomer s t

the CPz, CPz, CP2, and Pz electrodes was significantly greater in apathetic PD subjects compared

to both norapathetic PD subject amgalthy subjectsliable 2.3.

For the beta frequency band, no comparisons showed significant differences between

groups in any of the 9 selected EEG channels.
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Relative - Squeezing
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Table 2.3. Theta band: TukeyHSD test results after MANOVA. The table shows betwegmnoup comparisons
for absolute resting theta power, absolute theta power during squeezing, and relative theta power during ¢
in four centreparietal electrodes. The mean and standard devigi&isfor each group and electrode are shoy
Results are only presented for the four electrodes (CPz, CP1, CP2, Pz) that were used for subsequent an
had significant differences in power between apathetic anégpathetic PD groups. Boldedvalues denote
statistical significancep(< 0.05).
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Table 2.4. Alpha band: Tukey HSD test results after MANOVAThe table shows betwegmoup comparison:
for absolute resting alpha power, absolute alpha power during squeezing, and relative alpha power durin
squeezing in four centrparietal electrodes. The mean and standard deviations (SD) for each group and el
are shown. Results are only presented for the four electrodes (CPz, CP1, CP2, Pz) that were used for su
analyses and had significanffdrences in power between apathetic and-apathetic PD groups. Boldgdvalues
denote statistical significancp € 0.05).
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2.3.3 Relative and absolute theta power
Relative theta power

A two-way ANOVA on relative theta power averaged across CPz, CP2, & Pz
electrodes (Figure @.C) with subject group as the betwesubject factorapathetic PD, nen
apathetic PD, healthy controls) and tifn@me as the within subject factpnoney presentation,
squeeze initiation, squeezingdvealeda significant mai effect of group £(2,34) = 11.7p =
0.0001), a significant interaction between group and time fr&t®34) = ,p = 0.040), and no
main effect of timdrame. Oneway ANOVA revealed significant differences between apathetic
and norapathetic PD subjectduring money presentatiofr(R,34) = 7.30p < 0.002), squeeze
initiation (F(2,34) = 7.97p = 0.001), and squeezing(@,34) = 11.6p < 0.001). Fothe money
presentation period, apathetic PD subjects showed significantly lower relative thetaMower (
0.83,SD= 0.89) compared to both n@pathetic PD subjectd/(= 0.09,SD= 0.75,p = 0.017)
and healthy subjectd/(= 0.29,SD=0.67,p = 0.002). More specifically, during squeeze initiation,
apathetic PD subjects had a significantly lower theta peoempared to both neapathetic PD
subjects and healthy subjects. The same was true for the squeezing: apathetic PD Bubjects (
1.29,SD = 1.40) showed significantly lower theta power compared to botkapathetic PD
subjects M = 0.16,SD= 0.99,p = 0.005) and healthy subjects! = 0.72,SD= 0.77,p < 0.001)

(Figure 2.6B; top).
Absolutetheta power
A two-way ANOVA on absolutetheta power averaged across CPz, CP12,@Rd Pz

electrodeswith subject group as the betwesubject factor(apathetic PDnonapathetic PD,

healthy controls) and timieame as the within subject factfrest, money presentation, squeeze

45



initiation, squeezingdhowed a significant main effect of time frank€24,34) = 3.86p = 0.026),
consistent with previous knowledge of aphehavior during motor output. There was also a
significant main effect of groupg=(2,34) = 7.01p = 0.003). Additionally, there was a significant
interaction between group and time frank€2(68) = 2.12p = 0.009).Oneway ANOVAs for

each time frame xealed that there was a significant difference between groups for absolute theta
power during restR(2,34) = 6.67p = 0.004), money presentatioR(2,34) = 7.43, p = 0.002),
squeeze initiationH(2,34) = 7.50p = 0.002), and squeezin§(@,34) = 3.72, p= 0.035). Tukey

HSD posthoc comparisons revealed that only during rest, apathetic PD subjects had a significantly
higher absolute theta poweM < 207.36,SD= 210.84) compared to both napathetic PDNI =
79.59,SD = 50.87,p = 0.042) and healthy sulgis M = 31.24,SD=15.25,p = 0.003) (Figure

2.6B; bottom).

46



Figure 2.6 Relative and absolute theta power over timeA) Relative (left) and absolute (right) th
power time courses weretexcted by taking the average theta power over cgrarietal electrodes (CF
CP1, CP2, and Pz). Values for relative theta power are shown in dB and values for absolute th
are shown in u¥. -2 s is the time of money presentation and 0 s isitedf squeeze onset. Shaded ¢
denote the SEMB) Average relative (top) and absolute (bottom) theta power were computed f
subject group during rest2.82 s, absolute power only), money presentati@rO(s), and two periods
squeezing (@5 s and 0.8 s).*p<0.05,** p < 0.005, ***p < 0.0005
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