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Introduction

l. Introduction

Neurodegenerative disorders occur when neurons lose their structure or function due to the
process of neurodegenerati@sulting in cell deatiOertel et al. 2012)Because the process
of neuronal death is irreversible, these neurodegenerative diseases are irffQadblest al.
2012) In order to prevent these disorders from occurring, biomesligdleshave attempted
to identify a variety of factors that affetite progression oheurodegenerative disorders,
including age effects, genetics, environmental and systemic perturbations, diet, and

pharmaceutical influencékees et al. 2009)

Accordingly, this dissertation investigates changes in the oculomotor function, the
pupillomotor function, and the blink behavio 1) i n two neurodegener at
synucleinopathies (USYN) type, i.e. in the
(PD) and in the rare disease Multy@gstem Atrophy (MSA) in their manifest stage, 2) in
isolated rapid eye movemgREM) sleep behavior disorder (iRBDhich is accepted to be
a specific prodromal stage of both PD and MSA anid 8)r comparisort in the manifest
tauopathy Progressive Supranuclear Palsy (PSP) as a eisedise and 4) in healthy controls.

To assess the changes in oeusmd pupillomodr function and in blink behavior, the
Interleaved Pro/Anti Saccade Tg#RAST) and the newly developed method of Free Viewing
(FV) are employed.

Until 2022, very few articles have discussed oculomotor and pupillomotor dysfunctions in
manifest and prodroanl| USNM&ANnugka et al . 2 0l fact théPvaast K i n s
majority of the biomarkers for USYN so far
cognitive dysfunction and imaging of the central nervous systéS)(Miglis et al. 2021)

We systematically examined saa d e s , pupi l response, and Dbl i
(PD and MSA) and their corresponding prodrdR&D as well as in PSP and hisgl controls

- with both methods (IPAST and FV)as a novelty in a comparative desigkVide rangs of

eye movement parametesgre quantified, and the patient groups were compared to control

groups and each other.

1 The dissertation has been simplified using RBD rather than iRBD.
1



Introduction

This study aimed to identify biomarkers in the oculomotor, pupillomotor, and blink domains
among manifest and pr cednrfuture@rbtectibd tvidls withalisease o s s i b

modifying compouns.

Ideally, a diseasenodifying therapy should be administered in the prodromal phaee of
examplePD with the intention to delay or even prevent the manifestation of PD as defined by
the preence of the cardinal motor symptom, akinesia combined with tremor at rest or rigidity
(Miglis et al. 2021) With the inclusion of thdkBD, this dissertationcontains two further
novelties: firsy it provides the unique opportunity to systematically investigRB®, the
prodromal phase of PBNdMSA in comparison tats manifest stage§D and MSA)with the
same design and secQmutesents for the first timelata inRBD versus PD and MSA with the

techniqueof Free Viewing.

RBD has been identified as one of the most specific and common prodromal stages of PD
and othet S Y uch as dementia with Lewy bodies (DLB), &8A (Iranzo et al. 2014)Up
to 85% of patients with RBD progress to a n
within 10 to 20 yearg§lranzo et al. 2014)However, the latency between RBD diagis and
phenoconversion to USYN is | @rango,et d.2814)i ng m
Therefore, identifying patients with RBD who are likely to undergo phenoconversion using

highly sensitive and specific prodromal biomarkers and progression markers is crucial.

In summary, the RBD population is an ideahdidate group to identify biomarkers for
conversion and to benefit from diseamedifying therapies to delay or even prevent

phenoconversion towards manifest USYN groups

Thedissertatiorhas five aims: 1o confirm the limited data so faublished in PD, MSA
and especially in RBD with IPASTHanu gka et al . 2,019; Per kins

2) to generate&lata- for the first time ever with the Free Viewing paradigm on changes in
oculo- and pupillomotor function ahblink behavior in PD, MSAand RBD 3) to perform the
first comparative study in the three disorders PD, MSA and RBD under identical IPAST and
identical FV conditions with PSP and healthy subjects as control grodp$y identify- in
combination withewly developed sophisticated algbms for the analysis of IPAST and FV
data- changes which are specific indicators (biomarkers) for PD versus MSA, 5) to investigate
whether the changes identified in PD and/or MSA are already detectable (maybe tlea sma
degree) in the prodromal stage RBD (for PD or MSA)

2
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With this dissertation to the best of our knowledgethe aims 25 (use of Free Viewing),

are addressed for the first time ever in comparative research on PD akERBD.

The ultimate aim ofhe study of this dissertation is to contribute biomarkers to the growing
field of clinical trials with potential diseaswodifying compounds not only in patients
suffering from manifest PD and MSAJ. Levin et al. 2021; McFarthing et al. 202t in
particular for future neuroprotective studies in subjects identified to still be in theoprald
stage of PD and MSA i.e. in RBD.

In the following sectionwe presenthefirst paragraphs on the diseases investigated in the
foll owing segquen c,and RBOthe tabbfathiNPSRIDwedhy & gection
on sleep stage3he next section covers the anatomy and physiology of eye movement, pupil
reaction and blink response. It followsvo sectiors on the two methods used: IPAST and Free

Viewing, respectively

|.1. Alpha-SynucleinopathiedXS Y N)

Alphasynucleinopathie§USYN) are neurological disorders in which the protein alpha
synuclein forms pathological aggregateses et al. 2009)These aggregates are toxic and
damage certain classes of neurons (and glig)an the nervous system, which are particularly
vulnerable to these aggregates. In this study, we have investigated patients suffering from the
manifestUSYN PD or manifestUSYN MSA. Both diseases are characterized by the motor
symptoms of akinesia angjidity (Lees et al. 2009PD also features about 70 % a tremor at
rest, whereas th@iagnosis of MSA requires the early presence of autonomic dysfunctions in
the course of the disease. A further difference between PD and MSA is that MSA patients very
often express symptoms of cerebellar dysfunction, whereas the cerebellum in PD is intact
(Terao et al. 2019)

In the clinic especiallyn the early stages of the manifest disease, the clinical differential
diagnosis is a challenge, as their clinical appearance can be very $iragaret al. 2009;
Oertel et al. 2012; Terao et al. 2019Dn the othehand, the situation for PD versus MSA
patients is fundamentally different. For PD a highly effective symptomatic therapy is available
(L-DOPA, dopamine agonists, and other pharmaca, in the late stage deep brain stimulation)
whereasfor subjects sufferigfrom MSA no effective treatment is know@ertel et al. 2012;
Terao et al. 2019)In context with thigdissertation both PD andMSA have a decadieng

prodromal phaseéRBD is the most specific indicator for the prodromal stage of PD and MSA
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(Iranzo et al. 2014; Miglis et al. 202Iherefore, it has been difficult to distinguish between

PD and MSA not only in the early manifest stage but also in the prodromal stage.

In this dissertation, we have selected oculomata pupilomotor tasks in order to search for
a difference in ocukpupillomotor functions in manifest PD and MSA and to see whether these

differences if foundi would be alreadyesen in patients suffering froRBD.

I.1.1. Parkinson'sliseas€PD)
PD is a nerological disorder with an etiology thap to 15 percentas ageneticcourse
whereas 85 percent are idiopathic, although in most cases the aggregation of the phatein al

synuclein plays a role in its pathogendSisan et al. 2020)

The clinical motor symptoms &?D are caused by the degeneration of doparprnaducing
neurons in thesubstantia nigra pars compactehich leads to a shortage of dopamine, a
neurotransmitter that is essential for the control of movehees et al. 2009)'he symptoms
of PD typically include tremors, rigidity, slow movement (bradykinesia), and difficulty with

balance and coordinatidhees et al. 2009)

[.1.1.1. Epidemiology

According to reports, PD incidence and prevalence increasagé{fiwelves et al. 2003)
PDis acommon ageelated neurodegenerative disorder, affecting 1% of pexad60i 65,
but rises to a prevalence of 5% by the age of 80, indicating arekged tendencgReeve et
al. 2014) Parkinson's disease has an annual incidence of abpat1®0,000 peopléTwelves
et al. 2003)

According to agestandardized prevalence rates, the Aadiemale ratio was roughly 4 to
1 (Moisan etal. 2016) The prevalence of thchronicdisease primarily affecting the eldeity
predicted to double in the next 25 yeéid®rsey and Bloem 2018Patients' lives, as well as
the entirehealthcare system, are drastically affected by Parkinson's difeasestancethe
cost of managing and treating Parkinsorsease patients Bermanyis8.6100 per inpat i en
a 6month periodlvon Campenhausen et al. 201Therefore, the rising frequency of such
diseases, along with growing aging populations, poses a serious challenge to any country's
healthcare systemsna society. There is an unmet need for novel diseam®lifying
neuroprotective therapeutic optiors mitigate/improve or even prevent the coursethod
diseas€Miglis et al. 2021)
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[.1.1.2. Pathology Braak staging

Besideghelossof dopaminergic neuronthe neuropathological hallmark of PD is the Lewy
bodies that consist of aggregated alshiauclein(Lees et al. 2009)Braak et alin 2003
attempted to classify th@rogression opathologcal change®of Parkinson's disease, proposing
thata pathogennducing alphasynuclein aggregatioenters theentral nervous system via the
enteric nervous system thfe gastrointestinal tract and tbiactory bulbInstagd of Br aak 6
staginghypothesis olfactory bulb and the dorsal motor nucleus of the vagus are affected
the disease progresses to stdgeathology moves up to the brainstémeluding the locus
coeruleus (LC) in the pontine tegment(Braak et al. 2003)At the beginning of stage lll, the
substantia nigr (SN) is affected, antlewy bodes are observed in thgubstantianigra pars
compacta (SNdeading tahedegeneration of dopaminergic neurgBsaak et al. 2003Most
dopaminergic cell destruction happens at stage IV,thadhalamus and amygdala start to
degenerate. Stages V and VI are the beginningeotortical involvement, and the disease is

at its most severeondition(Braak et al. 2003)

I.1.1.3. Clinical symptoms and diagnosis

PDiscl i nically diagnosed accor di ncglDiagaostiche i Ul
Criteriao and <clinically defined by the pr
combination either with rigidity or rest tremor and latepostural instability and the absence
of other neurological symptoms and sig@&bb 1988; Calne et al. 1992; Leesae 2009;

Eggert et al. 2012Y he unilateral start of motor symptoms, the good response to levodopa, and
the slow progression of disease support the diagnosis (Egdert et al. 2012)n addition to
motoric symptomspther noamotoric symptomsnay manifest themselves HD patientslike
constipation orthostatic dysregulationsiyposmia,or psychiatric problems like apatand
depressionEggert et al. 2012; Lees et al0@®). Interestingly, these nonmotor symptoms
precede the manifestation of motor symptoms for yéaggert et al. 2012; Postuma et al.
2019)

PD patientsalways undergo a neurological examinatido evaluate the core motor

symptoms that are mandatory for diagn@kees et al. 2009)



Introduction

Unified Par ki nsonés Disease Rating Scale (UPDRS

One of theclinical diagnostic toolsised toquantify the intensity of PBymptoms is the
Uni fied Parkinsonoés D({Mswemnesnt®isdrlartSociety Taskéade e
on Rating Scal es f or. UMDRSWascneated hydesroloDistsaseaa s e
screening tool for monitoring theesponseto PD medications.Filling out the UPDRS
guestionnaire needs expertise and shdnddcompleted by raexpertwith experience in
Parkinson's diseas&xperts should beapable of ratinghe severity of symptoms and
responding to the questions presented in each UPDRS segment after inspedthien
patients. In total, UPDR8as sixpatts (Movement Disorder Society Task Force on Rating
Scal es f or Par kilphMeotatiGnpehdviorsardaosds 2)Théactiaties of
daily living (ADL), 3) Motor sections, 4) Complication$ therapy (in the past week), 5)
Modified Hoehn and Yahr Scale, and 6) Schwab and England ADL scale.

Since itsfirst introduction UPDRS has undgone several change3he Movement
Disorder SocietyJnified Parkinson's Disease Rating Scale (MDIBDRS) is a revised
UPDRS scale that addresses the limitations of the original UP{@R®8tz et al. 2008)
Additionally, UPDRS is used assemiquantitative assessment tool in a Parkinson's disease

diagnostic method called the levodopa test, as described in the following section.

Levodopatest

Levodopa is an amino acid that is the precursor to dopamine and is commonly used by
clinicianstor e pl eni sh t he dopamine | evels in the
usually taken as a pill{ combination with other medicationand unlike dopamine, it can get
absorbed in the blooahd travel toward the braii®ertel et al. 2012)As soon as it enters the
brain, it will be converted into dopamine by the enzyme, digearboxylase. Therefore,
restoring the dopamine level can improve motor function. Levodopa's effect on Parkinson's
disease has therefore been used to differentiate it from other neurological diskeddiSA

which is not responding to Levodof@ertel et al. 2012)

A neurologist conducts l@vodopa test after the patient withdraws any othpanonergic
medicatiomat least 8 hours after the last do3&e motor functions of the patients are evaluated

before the test and again 60 to 90 minutes after levodopa adminis(¢idal et al. 2012)

By using the UPDR4I, patients' responses to tHevodopa test are analyzed semi

guantitatively to assess their Parkinson's symptoms and if they havdiaangmmprovement,
6
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then it strongly suppog the clinical diagnosisof PD (Oertel et al. 2012)In general,
improvements over 30% are consideligtit, improvements over 50% are considered good,
and improvements over 80% are considered very ¢Oedel et al. 2012) evodopa testing
has a sensitivity of 75% araispecificity of 87% in patientwith Parkinson's diseag€larke
and Davies 2000)Tests withlevodopaassess only the brain's pesse to dopamimetic
compounds and thefore have limited differential diagnostic significance and depend on the

comparative diseag®ertel et al. Q12)

Imagng methods

Different parts of the brain are affected BYp and the most obvious loss is the
degeneration of the dopaminergic neurons in the substantiabeggs et al. 2009; Becker et
al. 1995) Depending on the population studied, researchers find that about 60% to 90% of
neurons irthesubstantia nigra are already destroyed bef@eymptoms become clinically
appareni{Becker et al. 1995)These neurons innervate the striatum with the dopaminergic
nigrostriatal projectionThe striatumis the largest nucleus in the basal ganglia, consisfing

the putamen and cauddteanciego et al. 2012)

A feedback circuit connects theasal gangliawith the cortex through the thalamus,
indicaing that the circuit iguned correctlyLanciego et al. 2012)nformation concerning
movement planning is sent to the striatum from the cereludéxc Basal gangliaoop
disruption would have a negative effect on the circuit's functionality, cavaimausproblems
(Lanciego et al. 2012)n Parkinsols diseasemotor symptoms appear when approximately
60% of the nigrostriatal pathway volume has been damaged. In other, akirgssia, rigidity,
and tremor symptoms arise when dopamine levels irshheand thebasal gangliai.e, the
putamen and caudate nucleus, are deficient by up to(86R&rman et al. 1989)

Dopamine transporter (DAT) singfghoton emissiotomputed tomograph{sPECT)

Thus, when motor symptoms of PD become manifest and the clinical diagnosis of manifest
PD can be made the pathological changes represent stage IV indhkkedoBraak staging
(Braak et al. Q03). To monitor the deterioration of dopaminergic neurons, brain imaging
techniques are widely used as clinical diagnasiids (StiasnyKolster et al. 2005; Meles et
al. 2017; Iranzo et al. 201@ne of the imaging methods is called@amine transporter (DAT)
singlephoton emission computed tomogragBYECT) which can image dopamine
transportefigand binding in the brailDAT-SPECTis now he most researched and widely

7
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accessible SPECT imaging method faisualizing the integrity of the dopaminergic
nigrostriatalinnervation of the basal gangl{&iza et al. 2012; Meles et al. 201Stiasny
Kolster et al. 2005; Iranzo et al. 2010)

As mentioned earlier,grostriatal dopaminergic neuron los®isehallmark ofPD. These
neurons releaseogamineas an essential neurotransmitter for the bramiefly, when
dopamines releasd in the synaptic cleftthe postsynaptic neuron uptakes a part péitd
some ofit will be re-uptakerby the presynaptic neurghranzo et al. 2011 DAT, which is a
transmembrane protein, is responsible for the reuptake prémegsgng methods like DAT
SPECT use an agent (loflupari28)) to bind the DATIn the striatum to be able to capture
and quantify themountof presynapticdopamineuptake site Thus DAT SPECT visualize
the presence of transporters. Based on the literdd¥@é0% of the DATs are reduced in
Par ki ns o mwbes thaldiseaseastrtsrtmnifest(Scherman et al. 1989n general,

DAT SPECT is used to evaluate the presynaptic dopamine neuronal deficiency in the

nigrostriatal pathway.

18FFluorodeoxyglucosé€l8~FDG)-positron emission tomography (PET)

PD patients have displayed additional brain deficits rather than striatal dopaminergic loss.
The brain activity pattern in PD patients should be investigated on a larger scale. Since the
brain uses glucose for its actiitone helpful measure could be monitoring the glucose
metabolism in the brain. A standard brain imaging meth8&Fluorodeoxyglucos€l8F
FDG)-positron emission tomography (PENisualizes the braid glucose metabolisms

(Janzen, Kogan, et al. 2022)

FDG-PETis a medical imaging technique that uses a radioactive tracer ¢8FeeDG
that allowsfor visualizationand assesss the metabolic activity of tissues in the bdii§eles
et al. 2021; Janzen, Kogan, et al. 2022)works by injecting a small amount of FDG, a
radioactive glucose analog, into the patient's body. FDG is takey oqgtabolically active
tissues, such as cancer cells or regions of the brain that are more active than normal. The PET
scanner then detects the radiation emitted by the traséotethe distribution and intensity
of metabolic activity in the body.8F-FDG-PET has been used in movement disorders and
Parkinson's disease to track brain metabolism or synaptic activity. Some studies have shown
that 18-FDG uptake has been reduced in PD pati@vtdes et al. 2021; Janzen, Kogan, et
al. 2022)
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DAT-SPECT and 18FDG-PET are two commonly accessible radionuclide imaging
modalities.DAT scan has long been established as a routine method in clinical routine. FDG
PET is especially valuable in the differential diagnosis of PD and atypical Parkinson's
syndromegJanzen, Kogan, et al. 2022; Meles et al. 2017)

Cardiac 123IMetaiodobenzylguanidine (MIBG) scintigraphy

Cardiacl23FMetaiodobenzylguanidineMIBG) scintigraphy is abthernuclearimaging
methodthat visualize the sympathetic innervation of the he@Janzen, Vadasz, et al. 2022;
Satoh et al. 1999PD patients with autonomic dysfuncti@howedsubstantially reduced
cardiacMIBG uptake(Braune et al. 1999)

1.1.2. Multiple system atroph{MSA)
Multiple System Atrophy (MSA) is a rare neurodegenerative disorder that affects numerous
parts of the body and brain arids difficult to diagnose the MSA ahe early stageas the

symptoms are similar to those of Plenning et al. 2004; Terao et al. 2019)

[.1.2.1. Epidemiology

TheU S YMSA is a relatively rare, fatal adutinset neurodegenerative disetsst affects
0.6-0.7/100,000 persons per yeaorldwide (Fanciulli and Wenning 2015l is estimated that
the prevalence of the disease under the age of 40 is abelLi®11.00,000, while it may rise to
7.8/100,000 after thgSchrag et al. 1999)

[.1.2.2. Pathology

MSA is an alphasynucleinopathy characterized by specific glioneuronal degeneration
affecting the striatonigral, olivopontocerebellar, and autonomic nervous systems, as well as
other regions of the central apdripheral nervous systerf\&enning et al. 2004; Fanciulli and
Wenning 2015)The clinical and pathological subtypes of MSA are the M3¥%ebellar type
(MSA-C) and MSAParkinsonism type (MS#) (Gilman et al. 2008)Most MSA instances in
the western world are MSR, while MSA-C is more commonn Asian populations, most
likely due to genes and environmental influen@edlinger 2020Q)

In the various MSA subtypedifferent parts of the brain are affected. M®Aas a greater
impact on the striatonigral system, whereas MSAhas a greater impact on the

olivopontocerebellar systerfWenning et al. 2004)MSA-P causes the putamen to shrink,
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whereas MSAC allows the striatm and substantia nigra to remain less affe(féenning et
al. 2004) MSA has also been linked to spinal cord cedklin parasympathetic preganglionic

nuclei(Wenning et al. 2004)

The following are the primary visuatlated regionf the brain that are most often
impactedin MSA: basal gangliacerebellum,inferior olivary nucleuglON), LC, the motor
cortex(MC), premotor corteXPMC), pontine nucleispinal cord,substantia nigrathalamus
(Armstrong 2014)

1.1.2.3. Clinical symptoms and diagnosis

It is often dfficult to diagnose MSA because it requires both clinical and laboratory
evaluationgOertel et al. 2012; Wenning et al. 2004; Braune et al. 199@pmprehensive
neurological examination and a complete history of medical conditions can help diagnose
MSA. Imaging tests such as magnetic resonance imaging (MRI) or positron emission
tomography (PET) can help with clinical diagnosiglditionally, MIBG can be used to
discriminate MSA patients from PD patierf®raune et al. 1999However, mly a post

mortem examination of brain tissue can provide a definitive diagnosis of MSA.

The symptoms of MSA can vary widely from person to personM&a usuallypresents
with early and severe autonomic dysfunction, Parkinsonism, and/or cerebellar dysfunction
(Wenninget al. 2004) Parkinsonian symptoms may include tremors, rigidity, bradykinesia
(slowness of movement), and postural instability. Cerebellar symptoms may include ataxia
(loss of coordination), dysarthria (slurred speech), and dysphagia (difficultyosivey).
Other symptoms may include sleep disordéos example nearly all MSA patients present
with RBD), breathing difficulties, and difficulty regulating body temperat{dreLevin et al.
2016)

Erectile dysfunction, urinary urgency/incontinence/nocturia, reduced blood pressure
management, vocal cord paralysis (stridor), reduced sweating, and dusky hands are some of
the consequences of autonomic dysfuncfibrievin et al. 2016)Orthostatic hypotension is
another indication of autonomic dysfunction, which frequently manifests as postural
disorientation, fatigue/weakness, inability to concentraid, ldurred vision\Wenning et al.

2004; Armstrong 2014)
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1.1.3. REM sleep behavior disorder (RBD)

As mentioned earlier, rapid eye movement (REM) sleep behdigiorder (RBDhas been
identified as one of the most s p,esxchdsiPD, and
DLB, andMSA (Iranzo et al. 2014RBD is a parasomnia characterizeddsgam enactment
of often vivid or aggressive dreams with aggressm®ements such as kicking and punching
and vocalizations during the dream phase of sleep (sleep phases have been explained in section
1.5.Sleep i the secalled REM sleep(Miglis et al. 2021) These actionsf patientscan often

cause injury to themselves and/or their bed pastner

I.1.3.1. Epidemiology

The exact prevalence of RBD in the general population is not well known, but it is estimated
to bearound 1% in people over 60 years of,agéh men bemg more likely to be affectetian
women (HabaRubio et al. 2018)It was also found that a quarter of all PD patients
retrospectively already suffered from dream sleep disorder bitfereanifestation of motor

symptomgSixelDoring et al. 2014)

RBD may be associated witleveraheurological disorders, includiigD, DLB, andMSA.
Usually,RBD occurs prior to the onset ofdbe neurodegenerative disegs@szo et al. 2014)
Up to85% of patients witlisolatedRBD develogPD or DLB and rarely MSAwvithin 10 to 20

years(Iranzo et al. 2014)

1.1.3.2. Pathology

Patients with RBD manifegipairments in several neurological systems that are associated
with PD; The sublaterodorsal nucleus (SLD) is located in the brairfigarel-1) (Vetrivelan
et al. 2009;0ertel et al. 2020 Interneurons in the spinal cord are activated by the SLD,
resulting in the inhibition of spinal motor neurdi&trivelan et al. 2009)SLD has an indirect
inhibitory influence on the spinal motor neurons via excitatory connections to the ventromedial
medulla (VMM), which transmit inhibitory projections to the spinal motor neurons. The result
is muscle atonia, which is characteristidRiEEM sleep/American Academy dbleep Medicine
2014) In other words, inputs from REM atonia circuits inhibit motor neurons by activating
glycinergic and GammaAmino-Butyric acid (GABAergic) premotor neurons. When this
circuit is damaged (for example, by an SLD lesion), muscles miageninhibited efficiently,

allowing them to move during REM sleep. As a result, people may induce dream acting, which

11
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is one characteristic of RBD. On the other side, LC might inhibit the initiation and maintenance
of REM sleep; hence, LC must be suppegsbefore REMLuppi et al. 2006)

SNC

o
SLD
Muscle ‘LC

R4 \‘/V\W

Inhlbltory

Figurel-1. Schematic brain circuits responsible for REM sleHpe red cross signs indicate the damaged pathwe
RBD as a result of the lesion in SENc: sbstantia nigra pars compacteSLD: @blaterodorsal nucleysLC:locus
coeruleus DMV:dorsal motor nucleus of the vagudVIM: ventromedial medullalNs: spinal interneurons, MNs: sp
motor neurons (Adapted froifDertelet al, 2020))

RBD is also associated witheuronal degeneration in the brainstem. The coeruleus
subcoeruleus nuclear complex do@d comprise intracellular Lewy bodies similar to those
found in premotor stages BD (Iranzo et al. 2014 Braak reports that sleaplated centers
are affected in stage(Braak etal. 200Accor di ng t o Braakdavehypotl
gone througlconstipation analfactory dysfunctionBraak stage Ipefore experiencing a
sleep disturbancéBraakstage I). PD is associated witbSYN pathology in the olfactory
bulb, which contains a substantial amount of dopaminergic neusii®BD begins at Braak
stage ll, it implies that all RBDshouldhave olfactory bulb dysfunction, which is associated
with Braak stage (Braak et al. 2003)Therefore RBD patients who haverodromalUSYN
are expected to hawdfactory dysfunctionwhich isacommon symptonof PD (Hawkes et
al. 1999; Jarem, Vadasz, et al. 2022yompared tdealthycontrok, 35.797% of patients

12



Introduction

diagnosed with RBD have been observed to have an olfactory impaiiidghtet al. 2018)
Several studies have shown a significant likelihood that individuals with RBD who have

olfactoryimpairment would develop manifest Rlanzen, Vadasz, et al. 2022)

[.1.3.3. Clinical symptoms and diagnosis

Screening questionnaire

RBD can bescreened bysing some simple and widely used tools, such as clinical
screening questionnaires. There are several screening questionnaires with varied degrees of
sensitivity and specificity that can be used to identify patients that are suspected to have RBD
(Stiasny Kolster et al . 20.0n22007,IStiasn¥dlIsterset . 201
al. introduced the RBD screening questionnaire (RBDSQ), which includes ten questions
related to REM sleep behaviorSt i asny Kol.Jhere s a@tal scare of 13200 0 7 )
the RBDSQ, and any score greater than 5 indicates a potential RBD. Regarding sensitivity
and specificity, RBDSQ has a coefficient of 0.96 and 0.92 when compared tdguaiign
other sleep disordef(sSt i asny Kol.ster et al. 2007)

Imaging

The diagnosis of RBD usually involves a thorough medical history and physical
examination, along with a sleep study (polysogmaphy) to monitor brain activity, eye
movements, and muscle activity during sl¢@grtel et al. 2012)As a matter of facwideo
polysomnography (PSG) is mandatory for the RBD diagnosttetectthe loss of muscle
atonia during REM sleefREM sleep without atonigMiglis et al. 2021)

Although RBD is primarily diagnosed with a clinical evaluation aR&G with video
recording, imaging methods suchM&I and positron emission tomography (PET) can be
useful for assessing the underlying causes or complications of the diddeties et al. 2017,
2021)

For example, brain magnetic resonance imaging can be used to rule out other structural
abnormalities or lesions in theain that may cause RBD or mimic its symptaiieles et
al. 2021) It can also detect specific patterns of brain atrophylegeneration that are
associated with neurodegenerative disorders that may cause RBD, such as PD, MSA, or DLB.

FDG-PET imaging can be used to measure the metabolic activity or the levels of specific

neurotransmitters in the brain, which may help diffeegtiRBD from other disorders or
13
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monitor the progression of the diseg&®mgan et al. 2021)For example DAT SPECT
imaging can show a reduced uptake of dopamine in the striatum, a brain region involved in

movement ontrol and reward processing, in patients with RBD and Parkinson's disease.

1.2. Biomarkersfolds y nucl ei nopat hies (USYN)

As mentioned earlier,gople with RBD will be an appropriate cohort to study biomarkers.
For a biomarker to be considered optimal, it must have a combination of the following
characteristics: high sensitivity and specificity, reproducibility, affordability, and the ability
to manitor thediseaserogressas well as the effedf treatmen{Miglis et al. 2021) Some
methods used in clinical practice to identifgrigficial biomarkersvill be outlined below.

1.2.1. Cognitive deficits
Cognitive deterioration ia common symptorm RBD patients(Hogl et al. 2018)Those
with cognitive deficits have a greater chance of phenoconvefsspecially to DLB)han
RBD patients with normal cognitive functigRostuma et al. 2019 a follow-up study on
RBD patients over six years, Marchand et al. showed that developing dementia was strongly
associated with cogtive deficits (Génie¢ Marchand et al. 2018)Therefore, cognitive
impairmentis linked to a higher risk of developirfgLB in RBD (Miglis et al. 2021)and

could be considered an eanhgicator for DLB

One of the screening tests thasist irdetermininga person's risk of developing dementia
is Montreal Cognitive Assessment (MoC#gstwhich has been introduced by a group at
McGill University to identify mild cognitive dysfunctior(Nasreddine et al. 2005MoCA
test takes 102 minutesto administer and consists of 3fiestionsthat assesdifferent
aspects of cogntive function Orientation, shoftlongterm memory, executive
function/visuospatial ability, languageerbal fluency,abstraction, attentiorgnd working

memory

Using MoCA in clinical trials and research studiedien cognitive impairment is an
exclusion criterionis particularly advantageous since it is a readily accessible test that can

be quickly completed.

1.2.2. Nigrostriatal dopaminergic neuron loss
The progressof functional and structural brain imaging holds promise for the early
identification of prodromalParkinson's diseaséccordingly, the reductionof dopamine

transporter in the nigrostriatal aneaindividuals with RBDis common(lranzo et al. 2013)
14
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1.2.3. 18FFluorodeoxyglucos€l8FFDG)-positron emission tomography
(PET)

Since RBD is a very critical 18-FOGIPETohasa | st a

been used to probe the presence of abnobnahg | ucose met aboli-sm kno

related patternodo ( PDRBgan dt al. 282t)m¢reased BDRRViI t h
expression has been associated with disease progression, making it a prodromal progression
marker that could predict conversion lBYN subtypes (PD/DLB) as well as monitor the
course of theliseas€Huang et al. 2007; Kogan et al. 2021; Meles et al. 2021)

1.2.4. Autonomic dysfunction
Autonanic dysfunctionis present in both PD and MSA patients but in different manners;

In PDtheseautonomialysfunctionsarepostganglionic damage to sympathetic neuraimise
in MSA, the autonomic disturbances are due to damage to preganglionic neutbes of
autonomic nervous syste(Braune et al. 1999Histopathological and in vovstudies have
shown that there is no decrease in the postgangbanitacMIBG uptakein MSA, allowing
differentiation of PD and MSABraune et al. 1999)MIBG scintigraphy has not been
systematially used in RBD as a prodromal of PD and MSA.

Regardless of the fact that autonomic dysfunction in RBD patients is a diagnastier
(Miglis et al. 2021) additional research is nemtl to determine if autonomic impairment
might predict the phenoconversion of RBD ibS Y Bubtypes due to intiadividual

variability.

1.2.5. Eye movement biomarkers

Several studies have attempted to identify eye movement biomarkers forkPF ns on 6 s
disease Br ooks et al . 2017; Ha&2luHgkibeet ab 2022FHese 2 0 1 9 ;

studies have investigated eye movement abnormalities in RBD patients and have attempted
to identify promising biomarkers. Further details ofdh@ormalitiesare provided in the data

chapters of this dissertation.

There are several additionalomaikers, such as tissue biopsy, autonomic function, and
genetic testing, but none of them netle standards of precision and accuracy in predicting
RBD phenoconversion o U(®iglN et d. 2021; Doppler et al. 2017 addition, despite
a range of research methods,readily availablébiomarker exists to date for separating the
prodromal stageof PD, DLB, and MSAMiglis et al. 2021)
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The subsequent sectiaadldresseanother neurodegenerative disease that is not included
in the group oflSYN diseases (PD, MSA, and RBD).

|.3. Progressive supranuclear palsy (PSP)

Progressive supranuclear palsy (PSP) is a sporadic, progressive, neurodegenerative disease
(Litvan et al. 1996) The vast majority of PSP patients suffer from TauopaSgveral
researchrshave attempted to identify any environmental exposure as the rieadesSP.

There are averal theories concerning a froit the island of Guadeloug@own as Annona
Muricata as gotential causef PSP(Champy et al. 2004 Drinking well water, according
to Litvan et al might be another risk fact@ritvan et al. 2016)

[.3.1. Epidemiology
PSP is an adulinsetneurodegenerativélness that typically manifests after age 40
(Hoglinger et al. 2017)andthe prevalence is about@Gper 100,000 peoplgSchrag et al.
1999; Nath et al. 2001 owever, Japan, Switzerland, and the United Kingdom have reported
a greater frequency of P{Boyle-Gilchrist et al. 2016; Takigaavet al. 2016; Fleury et al.
2018) The average age of survival after the beginning of the illness is six (yedarsky
and Juncos 2008)\ccording to the studies available to date, the gendaitdison cannot
be definitively determined, but it does appear to be balanced in routine clinical practice.
Nevertheless, men are diagnosed later than women (33.4 versus 24.1 months after clinical
onset) and die earlier than women (37.0 versus @V&h and Burn 2000)

1.3.2. Pathology
The atypical parkinsonian syndrome, PBRyssociated withd&uprotein accumulation in
the brain (Tauopathy) N ¢ o nt r QY& D, MSA DLB, and their prodromal stage
RBD (Hoglinger et al. 2017)

PSP is an atypical parkinsonian disorder that pathologically is differentiable from PD by
symmetrical tissue loss in the frontal cortaxd basal gangliditvan et al. 1996; Hoglinger et
al. 2017; Armstrong et al. 20Q7)

Brain weightis reduced in PSP compared to normal, bradn abnormality often impacts
the midbrain Histological analysis has shown that teeternal globus pallidugGPg, the
subthalamic nucleu$STN), red nucleus, substantia nigra, periagueductal grey madtetine
tegmentumand dentate cerebellar nucleus are nearly invariably invdseele et al. 1964;

Armstrong et al. 2007)Additional brain areas affected by PSP include the reticularafitom
16



Introduction

the oculomotor system, the vestibular system, the superior colliculus (SC), and certain cortical

regions(Armstrong et al. 2007)

1.3.3. Clinical symptoms and diagnosis

PSP is associated with oculomotor dysfunction (slowed vertical saccades, vertical
supranuclear gaze palsy) akinesia and rigor, postural difficulties (falling backward), and frontal
loberelated cognitive impairmeriOertel et al. 2012)

Similar to Parkinson's disease, early symptoms of PSP are imprecispeuwinc, and often
misleading(Hoglinger et al. 2017Pisturbed balance, clear falls (backward), and dizziness are
some of the initial complaints of PSP patients. Akinetic rigidity, characterized by difficulty
initiating movements and upright gait (hyperextension of the neck), is another early symptom.
Slowdonvn and clumsiness are described, but to a lesser extent and more symmetrically

(without lateral emphasis) than in Parkinson's disé@setel et al. 2012)

The clinical diagnosis of PSP requires the presence of vertical gaze palsy or slowing of the
vertical saccades. It is important for physicians to measure the maximum amplitude of the
upward/downward gaze mawent, which is already decreasing with age or with other
neurodegenerative diseases. The PSP also moves the head before moving the eyes when aiming
to look at targets. Their eyes are wajeen, they have an astonished look (amazed), and their
blink rates g reducedOertel et al. 2012)

PSP patients respond poorly to adequate dopagiarteeatment, while PD patients resyl
well (Litvan et al. 1996)Another distinctioris the existence of resting trersan PD butthe
lack of tremos in PSP Steele, Richardson, ands2¢éwski published the initial description of
PSP in 1964Steele et al. 1964)

Additional diagnostic tools are imaging methods to prove the brain pathology n the PSP.
The hummingbird sign is the most persistent indication of MRI in PSP, which refers to the
appearance of the brainstem after patholiogsagittal view(Kato et al. 2003)Furthermore,
severe midbrain atrophy PSPcan manifest in the axial plane as the appearance of the morning
glory flower (Adachi et al. 2004)

|.4. Differential diagnosis
Both MSA and PSP patients are callagipecal Parkinsoran diseasesvhich refer to
progressive and disablingeurodegenerativeliseases exhibiting som@otor symptoms

associated witlPD (J. Levin et al. 2016)As indicated above, atypical parkinsamidisease
17
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may look like Parkinson's disease, but malsp suffer from additional symptomst found
in PD patientsTheir symptomsisuallyprogress faster, and they are not responding well to

levodopa treatmerft. Levin et al. 2016; Hoglinger et al. 2017)

MSA-P patients are often mistaken for PSP patients betatlsdhave some Parkinson's
symptomgJ. Levin et al. 2016)The postural stability of people with MSA is impaired from
the beginningwhile recurrent falihg backwardis uncommon at the onset, unlike persons
with PSP. Orthostatic hypotension is hardly noticeable in PSP, while neurogenic bladder
emptying disorders occur as the disease progresses. Lastly, PSP patients have severe frontal
executive dysfunction, like MSA-P patients. Having the smlled applause sign as
evidence of frontal disinhibition speaks against MBA

Table I-1 shows differential diagnosis comparisons between PD, MSA, and IRSP.
contrast to Parkinson's disease, MSA usually lacks the classic resting tdeievin et al.
2016) Instead, iis characterized by tremors of the hands that are irregular and are interrupted
by irregular movements (myoclonus). Accordingly, PSP patients do not tend to exhibit
tremors,butthey tend to fall backward, unlike patients with PD and MSA. The table below
clearly outlines other differences. In the PSP, there is an inability to perform as many claps
as the examiner, and this helps to distinguish it from PD and (Séevin et al. 2016)

Tablel-1. Differential diagnosis+: exist, (+): sometimes existnot exist, 2: uncertain. 5Y t I NJ Aya2y Qa RA&SIa$s
Multiple system atrophy; PSP: Progressive supranuclear. palsy

PD MSA PSP
Resttremor + (+)
Falls backward early (+) - +
Autonomic dysfunction - +
L-dopa-response + +) +)
Clapping /uninhibited - - +
Hyposmia + - ?
RBD + n
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Since RBD patients have a very important ruléhaprodromal stage diSYN disorders
(PD and MSA), as explained earlier, and have severe sleep disturbance, a brief introduction

to sleep is given in the next section.

1.5. Sleep
Sleep is a highly complex, dynaon and very tightly controlled process, which can have
significant effects on consciousness duringkefulness In addition to assisting in
physiological recovery processes, sleep plays an important role in memory formation and

function, and nervous systedevelopmenfWeel3 and Landwehr 2009)

Sleep is not uniform and has differesthges Figurel-2). NonREM1 (N1), NorRREM2
(N2), NonREM3 (N3), and REM are among the four sleep stages according to the American
Academy of Sleep MedicinfAASM 2014; American Academy of Sleep Miethe 2014)
criteria based opolysomnography (PSG) which includeseactroencephalogram (EEG),
electrooculogram (EOG), and electromyogram (EMG). As the body transitions from
wakefulness to sleep, stage N1 is the first sleep stage characterizetbbgcthaty in the
brain and slow and rolling eye movements, and a decrease in muscl@\eaB and
Landwehr 2009)

In N2, dable sleep is characterized by theta activity and tkerdplex waveform, no eye
movements, and diminished muscle tone. The deepest sleep stage, N3, is characterized by
delta activity in the brain, no eye movements, and a decrease in muscigVieslé and
Landwehr 2009)
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N Mo m T
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Sleep stages
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Figurel-2. Sleep stages of a normal young m&EM: rapid eye movement, W: wake stage, N1:RBM stage 1, N2:
non-REM stage 2, N3: ndREM stage 3 ( adapted from Wess e(\dleel and_.andwehr 2009)

Phases N1, N2, and N3 are referred to asRiBM stagegWeel3 and Landwehr 2009
general, the sleep cycle is an oscillation between the REM phase and {R&Mophase of
sleep.The REM (Rapid eye movement) stage is also known as dream sleep, paradoxical sleep,
or active sleep. REM is the stage in which there is theta brain activity, and the eyes move very
rapidly, but they do not send any visual information to the brain. Thidvé most of the
dreams occur while muscles get temporarily paralyzed (atonia). This stage is also characterized
by autonomic dysregulation, which manifests itself in faster and irregular pulse and respiratory

rates as well as higher blood presgiederich 2007)

PSG records overnight different functions like leg/arm movements, breathing irregularities,
eye novement, cardiac rhythm, and brain activities via electroencephalog(apigrican
Academy of Sleep Medicine 2014)sing PSG, the different sleep stages can be determined,
and potential abnormalities can be assessed. The recorded data are evaluated by a sleep

medicine specialist.

As mentioned earlier, the REM phase of sleep is the phase distuidedn RBD patients.
In RBD, the physiological atonia is abolish&tderefore specialists can monitor patients' sleep
stages in the sleep clinic to check whether stisfurbances are present to confirm whether
they have RBD or ndOertel et al. 2012)

The remainder of the introduction is devoted to the principles of eye moveeyent,

anatomy including the pupjlandadescription oblink behavior
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|.6. Introduction toeye movement

Even though the eyeansee anything in front of us, the best vision will be achieved in the
fovea (seesectionl.9). The foveais atiny eye area wittonly 1 mm depth that can detartly
afraction of the visual fieldKkandel et al. 2000)n order to explore an object, we should move
theimages of th@bjects to the foveavhichrequires two componentsd the gaze systenkye
movemenand heagnovement system¥he gaze and vestibulacular systems are responsible
for maintaining the stability of the picture of an item on the retina as the head or object moves
For more information regardintyevestibulo-ocular systenl refer the readers to the literature
(H. Collewijn 1985; Kandel et al. 2000)

In 1902, Raymond Dodge identified several eye movement mechanisms that assist the eye
in orienting itself so thahefovea may concentrate on the intended olffieotige 1902)Some
of these systems serve to maintain the head's positioning, while others facilitate the eye's
movement toward the targ&then it is necessary to move the eye from one position to another
(target), saccadic eye movements are practical. Whenever sreetarget that is moving and
the eye must follow it, smooth pursuit eye movement is advantagieousvin et al. 2011)
Vestibuloocular eye movements refer to instances in which theshifts in the opposite
direction of the head, necessitating a system to maintain the image's place on the retina.

Optokinetic movements consist of a slgsmooth pursuit phase and a rapid phase that assists
the eyeball in moving in the same direction as the visual (l¢ldCollewijn 1985) Finally,
when investigating a fixedbgect, the eye occasionally needs to remain motionless in orbit
Therefore, a fixation system should be present when observing a target to hold the eye still. In
other words, other eye movements need to be suppressed. However, how does the eye move
within the orbit, what signals does it receive, and which organs physically assist it in its
movement? The following sections provide an overview of the eye muscles and the nervous
system that transmits the movement signal. In addition, the various types af\esrmemt will

be addressed.

|.7. Extraoculamuscles

Understanding the anatomy of the eye, as well as the extraocular muscles, is necessary to
understand the eye's movemdiye movements are described as rotations around the eye's

three axes of rotationhorizontal, vertical, and torsiong@l. Levin et al. 2011)
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In eye anatomy, different terms describe different eye monemercluding abduction,
adduction, elevation, depression, intorsion, and extordiothevin et al. 2011) The terms
adductionand abduction areelated to rotations of the eye away from the nose and rotations
towards the noseespectivelyThe termelevation refers to the rotation of the eye vertically
upwards and the terndepression refers to the rotation of the esgetically downwards.
Intorsion bmgs the cornea’s top closer to the nose, whereas extorsion brings it further from the
nose Different muscles attached to the ep#dize these certain movemenggown inFigure
I-3.

(A) Lateral view (B) Superior view

Trochlea

Medial

rectus

mel
Lateral rectus k
Superior rectus

L= (\

Superiot

Superior oblique
oblique

Lateral
rectus

Superior
rectus

Inferior rectus
Inferior oblique

Figurel-3. Extraocular musclesA. Left eye lateral viewB.Superior view of the left efadapted from Kand€Kandel
et al. 2000).

Each eye is attached by six muscles: four rectus muscles (superior, inferior, medial, and
lateral) and two oblique muscles (superior and inferior)Levin et al. 2011; Kandel et al.
2000) Pupil tilting is caused by the oblique muscles pulling the rear of the eye toward their
insertions in theccipital bone. As a result, the superior oblique elevates the eye, whereas the

inferior oblique depresses it somewhat.

The medial rectus is responsible for adducting thewelyie the lateral rectus is responsible
for abducting it(L. Levin et al. 2011; Kandel et al. 20Q0)he lateral and medial rectus
coordinatea horizontal eye movemeiiixtraocular muscles in both eyes work together to move
the eyes simltaneously in the same directiddepending ortheeye's directionsome muscles

are contracted while others are relaxaglonist and antagonist muscleBhe agonist muscles
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shift the eyes ward the desired directigrnwhile antagonist muscles shift the eyes in the
opposite direction. When both agonist and antagonist muscles are equally active, neither can
win, and the eye remains motionless. For any type of eye movement to be generated, an
appropriate eye movement comna must be developed that allows sufficient increases in
agonist muscles and decreases in antagonist musbledollowing sections explaihow the
antagonist and agonist muscles play a role in saccade genddatitarstanding how the brain

controls thee muscles may help monitor any damage to the brain through eye movements.

|.8. Saccads

Saccades are thapideye movementhathelp usto adjust the direction of attention within
the visual field A sequence of fixations interconnected by saccadables us to bring visually
intriguing things to the center of our visual field, where eyesight sharpness is greats)(
(L. Levin et al. 2011; Kandel et al. 2000)

In a saccade, an eye movement is made by moving the eye as quickly as pbbsiblthe
eye makes a saccade, its velocity increases and then deseasrkly Sac@ades occur at
speeds up to 90QFer second(Kandel et al2000) The velocity of the saccadic eye is only
determined by the distance between the target and the fblreaduration and direction of
saccades can be altered intentionally, but their velocity is beyond our oitaralel et al.
2000) The only factors that can slow saccades are fatigue, drugs, or pathological conditions
(Dodge 1917; Babhill and Stark 1975)

1.8.1. Eyeposition andvelocity coded byextraocularmotor neurons

The motor impulses provided to the extraocular muscles must be understood in order to
determine how the brain creates eye movemdstgaocular muscles are innervated by
extraocular motor neurond. Levin & al. 2011) A direct correlation exists between the
velocity and position of the eye and the discharge frequency of extraocular motor neurons
(Kandel et al. 2000)

The underlying controller signgkenerating and directirthe saccades has two components:
pulseandstep(Leigh and Zee 20157 he pulse is a burst of action potentials in the extraocular
muscle motoneurons that generates the force to drive the eyes from one location to another.
Neurons that contribute to the pulse component are knowrcastory bursheurongEBN)
located in the brainstem reticular formati@cudder et al. 2002QAs the pulse contracts the

agonist musclepurst neurongnhibition in the medullary reticular formation relesthe
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antagonist muscle. Afterward, the pulse gradually changes®®& t oni ¢ acti vity
The dep response is the change time tonic discharge of motoneurons that is required to

maintain constanofce with the muscles to keep the eyes in a new position after the saccade

Consequently, a saccade signal generated by an ocular motor neuron displagsepulse
characteristicsKigure 1-4). Saccade amplitude is determined by shep's height, while the
pulse's heightletermines its sped@cudder et al. 20025accade duration is determined by
the pulse duration. iberent neural pathways are involved in determiniihgpulse and step
components of the motor signahenever the interaction between these components is
altered,referred to as pulsstep mismatctiBahill et al. 1975h)the behavior of saccades i
changedWhen no saccade is needed, the Omnipause ne(@étss)in the Ponsdisinhibit
EBNs(Scudder et al. 2002)

In summary,wo distinct stages comprise the pulse: antagonist and agdiogement of
the eyes requires the burst dischaigbe sent to the agonistuscle to be contractedt the
same time, the activity ofiotoneurongor the antagonishuscleis decreaseslo that they relax
For highvelocity saccades, inhibition of the antagonist is just as critidhkegxcitation of the
agonist(Bahill and Troost 1979)

Eye position

Eye Velocity

Pulse

} Step

Spike/s

oie HEHHHH

Figurel-4. Signals from motor neuromsdicate eye position and velocifjhe bottom plot shows the neural activity
(spike) and the above plot shows the eye position &atbcity(adapted from KandgKandel et al. 2000)

1.8.2. Main sequence
The link between duration and magnitude, as well as between peak velociypgiitdde

in the human saccade is referred to agithain sequence (Bahill et al. 1975ajhat could be
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applied to distinguish the saccades from other unknown types of eye movemeeés,
saccade duration and peak velocity are correlated. On the other hand, as the sawphilele

rises, its duration and peak velocity incregahill et al. 1975a)

1.8.3. Saccade circuits in tHarain

How arethe desired location and velocity of the elgtermined? The higher centers that
regulate gaze define only an intended shift in eye position. Interneurons in the brain stem
reticular formation subsequently convert this signal into the appteprelocity and location
instructions for the motor neurofButtnerEnnever and Buttnet988) Paramedian pontine
reticular formation (PPRF) and rostral medulla coordinate the horizontal compotieneye
movement with impulses traveling to the horizontal recti musdBsittnerEnnever and
Battner 1988) The Rostral interstitial nucleus of the meldiangitudinal fasciculugriMLF)
organizes the vertical component. The step and pulse components of the motor signal are

handled by separate neurons in each of these circuits.

Omnipause neuronscontrol both burst neurons (inhibit then)in the pontine
andmesencephaliaucleus that contribute to the production of oblique saccades with
horizontal and vertical componen(all directions) (ButtnerEnnever and Buittner 88).
Therefore, patients with brain stem lesions manifestifferent eye movement deficits
(Armstrong 2014; 2011)

1.8.4. Thecerebralcortex controls saccades

Although the pontine and mesephalic burst circuits control motor impulses necessary for
the generation of saccades, the question is which part of the brain sends the command to initiate
a saccade. Whenever a saccade is required, this command is executed. Consequently, higher
brain aeas related to more cognitive activities, such as the cerebral cortex, play a crucial role
in this proces¢ButtnerEnnever and Buttner 1988)ormally, the cortex exerts control over
the saccadic system through shgerior colliculus $C). In other words, the subject sends a
signal to therontal eye field FEF) to tell where the target,iand when a saccade is needed,
the FEF sends a signdirectly to the premotor nerves or through a relay inSG4Bttner

Ennever and Buttner 88).
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Visual and motor informationms integrated by thesCin the midbrainnto oculomotor
signals to the brain ste(@orris et al. 1997)SC consists othe followingfunctional regions
the superficial layers and the intermediate and deep |&§idieperformed on monkeys have
demonstrated that the superficial layers respond to visual stimul@tibite et al. 2017)
Meanwhile, the intermediate layezceives visual data from the prestriate, middle temporal,
and parietal cortexas well as motor information from tiéEF. It has been found that lesions
of a small part of th&&C have a negative effect on the latency, accuracy, and velocity of
saccadegViay 2003)

There is a representation of the fovea in the area cs@wamedthe "fixational zone".
During active visual fixation, the intermediate layers in this regetischargd strongly. In
order tosuppress saccade arfdcilitatevisual fixation thebasal ganglianhibition onthe SC
should be removedhen,SCwill continue exciting theOmnipause neurons/hoseactivity
prevens the saccade generatiorhese circuits and how they work have already been covered

in moredetailelsewheréMunoz et al. 2000)

1.8.5. Saccadic subtypes

After different clinical experiments and studies on different dispas®veral saccadic
subtypes have been demonstrated. This lethttmducing and classifying saccades into
different subtypegFigure 1-5). Based on thevarious analygs of different saccadic eye
movementecordings, terms like hypometric saccades, slow saccades, dysmetric saccades, and
other types have been us@hhill and Troost 1979)ach saccadic sujie occurs based on
responsible neurologitsignals Important saccadic subtypes will be described bélowever

in this dissertation based on the designed experiments we only measure normometric saccades.
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| SACCADIC EYE MOVEMENTS |
] |
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Figurel-5. Subtypes of saccadigemovementgtaken from(Bahill and Troost 1979)

1.8.5.1. Normometric saccades

A saccadas referred to as aormometric saccade when the pulse and stempatehedo
produce the appropriate refixation of the eye, thereby positioning the eye precisely in one step
to the desired locatioBahill and Troost 1979)Normometric saccades exhilitie main
sequence relationshipccording to the amplitude of the saccades, we can classify them into
macrcesaccadeandmicro-saccads.Nevertheless, macieaccades andicro-saccads cannot
be determined exclusively from their amplitudes.

Macro-saccades

The eye has a differemision resolution depending on where the stimulus is located on the
sensory surfacél herefore the human eye tries to orient itsefith minimal stepsso thatthe
visual target is located on the fov@dese eye steps are insaquence of the fixation and
saccadevhen scanning a scelfolfs 2009) Acute vision is significantly dependent on the
ability of the eye to align itself with the appropriate sequence of the sactduesthe length
of the saccade is2 degrees (different definitions among literature), researchers usually label

it as a macreaccadg€Rolfs 200).
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Micro-saccades

Micro-saccades are small rapid eye movements that happen during fixations and shift the

eye position a couple of times per secddddge first coined the term micsaccade 11907,

and it was widely adopted over the ye@sdge 1907)Howeveryvarious other terms atesed

in the literaturelike jerks, fixational saccade, minisaccade, ariewother termgBabhill et al.

1975b) Although detecting themicro-saccads needs moreonsiderationmost researchers,
especially those doing fragewing tasks with no visual targets, usualfine them based on

thar amplitude (Han Collewijn and Kowler 2008; Habibi et al. 2022)herefore in this
dissertationmicro-saccads have beerdefinad as saccades with an amplituoefewer than

two degrees.

1.8.5.2. Dysmetric saccade

Dysmetric saccadarecaused when the controller signal's step and pulse are not properly
matchedBabhill and Troost 1979)his implies that the eye cannot place itself at the destination
point during a single saccade and ned@fer overshoot or understidhe targetThe way eyes
deal with saccadic displacement is of great interest because it resuld from different
pathologies. As a matter of faelyes try to locate themselviesthe correct position by either
asingle step or multiple stepshich are calleddysmetricsinglestep and dysmetric multiple

steps, respectively.

Dysmetric single step

During saccades, when the sy@eunable to reach the target, a minor eye movement known
as a glissadic eye movement (slow, drifting eye movem(@&atsill et al. 1975b)is used to
redirect the eye towarthe intended locationDepending on whether the eye falls before or
after the target, singlstep dysmetric saccades are classified as either hypometric or

hypermetrigrespectively

Hypometric

Hypometric saccades agesubgroup of dysmetric singdtep saccades arae produced
when the eyes undershoot the desired location and can ifebatpulse component of the
saccadic control signal is too small (an errbn)this case, glissadic eye movement aids
movingthe eys toward the targdglissadic undershoot). Sometintkgre is no pulse in the
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control signal, which is termed "slow" or "pulseless" saccaded has been reported in
individuals withPSP(Bahill and Troost 1979; Troost and Daroff 1977)

Hypermetric

Hypermetric saccades aa@other type oflysmetric singlestep saccaddkatoccurwhen
the eyes overshoot the intended target. This can occur as a resiftiteofa dynamic or a
glissadicovershootDynamic overshoot is a type of saccaédaviowith alarge returrof 10-
100 deg/swhile glissadic overshoot is a slow drifting eye movement &itbturn velocity of
2-20 deg/qBahill et al. 1975c)Dynamic overshoot occurs when neuronal control signals are
reversed nonrandomhandglissadic overshoothappenswvhen the relationship betweethe

pulse and step componemgglamagedBahill and Troost 1979)

Dysmetricmultiple-step

As mentioned above, multiplep saccades often occur when the initial saccade is

dysmetric There aralifferentdysmetric multiplestep saccadegefined below:

Correctivesaccades

Corrective saccades often occur after a large saccade and serve to get the eyes to the target
after an undeshoot or overshootn a typical corrective saccade, theibrahould evaluate
visual data and deliver visual feedback to the eye to readjust it in the correct position. Time is
required for this process; thuthe corrective saccade must be triggered after roughly 150
milliseconds(Bahill and Troost 1979)Otherwise, it is unlikely to be a corrective saccade
because a visual feedback signal requires a long intersaccadic Steidigson the monkey
visual system have shown thasual response latency on awake rkeys primary visual
cortex (V1) andsuperior colliculuss up to 50 mswhich needs time to select the target and

generate a motor response leadmgbout 150 m@Nhite et al. 2017; Schmolesky et al. 1998)

For all the saccades described above, a specificrimgr@ design is required. When
watching a movie, the subject can choose any target on the screen without telling the examiner.
There are no predefined targets on the screen for such tasks. It is therefore impossible to
measure the difference between tbesitkd target location and where the eyes dropped (gained
amplitude). For this dissertation, we measure only normometric saccades. Various saccadic

subtypes have been explained to the reader for their information.
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1.9. Human eye @atomy
In Figurel-6, A, the key components of the eye that aid in human vision are shown. The
white portion of the eye is calléde sclera whereas the colored portion of the eye is cdted

iris, which is coered by thecornea.

The eye is intended to minimize optical distortion by focusing the visual picture onto the
retina(L. Levin et al. 2011)A hole in the iris called the pupibntrolsthe luminame variability
of the light entering the eyte keep the image quality and contrast; hexiseial acuitywill be
optimized The cornea and lens focus light that enters the pupil, which is subsequently
transmitted to photoreceptors, rodsd conest the retina's reaifhe majority of the retina
contains retinal neurons ahead of the photorecegtovgever, there ig spot in which light
could be projected directly onto photoreceptors. This region is referred tofasehéKandel

et al. 2000)Additionally, theoptic nerve fibers leave the retina via a region known agghe

disc.
Sclera . )
Dilator pupillae
Iris v ; Retina (including Rods,
\ 9 Cones , Ganglion cells, ...)
Cornea \\\
\ X
Anterior chamber\

Pupil — — Fovea

Lens /
AR

Ciliary body \
— Optic nerve
Sphincter pupillae

Figurel-6. Anatomy of the human eygA) The eye's major components and (B) a schematic enlargement of the pupil
(Modified from(L. Levin etla2011).

The ris influences the size of the pupil in a significant way. The iris is composed of two
distinct groups of smooth muscles, as illustrateeigrel-6 B. Muscles forming the sphincter
pupillae constrict the pupil at the pupillary margin in a circular pattern. Dilation of the pupil
occurs when dilator pupillae, a radially oriented muscle, is constrigtedllumination

becomes dim, the radial dilatorgillae muscle constricts and pulls the pupil open while the

30



Introduction

sphincter pupillae relaxgsen Doesshate Jurriaan and Alpern Mathew 19658 the other

hand, abright illumination will cause the circular sphiectpupillae muscle to constrict.
Consequentlythe pupil become smallerto control the amount ofght thatenters the retina
(ten Doesschate Jurriaan and Alpern Mathew 1965)

The iris sphincter (which is regulated by therasympathetic nervous system) has a more
potent and active influence over pupil size than the iris dilator system (which is controlled by
the sympathetic nervous systemyen thoughpupil size relies on the balance between a

parasympathetic and sympatit nervousystem(Giza et al. 2011)

1.9.1. Pupill

The resoluton and preciseness of the imagethe retina are finuned by the lens and pupll
size(L. Levin et al. 2011)Light entering the eye is the primary source of input that controls
the sympathetic and parasympathetic innervation of the iris mustigsple studies have
investigated the relationship between pupil size and different aspects of cognition likeycertaint
level, perception, learningnd decisiormaking(Wang and Munoz 20157 comprehensive
eye examination should include a pupillary test. The proper diagnosis of a visual pathway and
autonomic nervous system can behieved through careful observation, as well as a

comprehensive and detailed case history.

Recent advances have allowed quantitative pupillometry to be developed as an autonomic
testing tooBremner 2009)Standardization and consensus of testing protocols are required to
further develop pupillometry as a noninvasive routine test for autonomic dysfunction. Muppidi
et al. established a standardigagil light reflextechniqueto evaluatehe parasympathetic
and sympathetic contributions to thepil light reflexseparatelyMuppidi et al. 2013)They
set up an experiment starting with one minatedarkness adaptatiofollowed by light
stimulation of the eye while recording tpepil light reflex They concluded that the initial
pupil contraction after a lighstimulation indicates parasympathetic innervation, the 75%
recovery pupil diameter indicates mixed sympathetic and parasympathetic innervation, and the
pupil diameterat 5 second indicates pupil sympathetic innervati@rigurel-7). As a result,
they presented distinct parameters showing the autonomic nervous systaragestics

which varied dramatically acrosiferent patient groups
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Parasympathetic Mixed Sympathetic

A A
AN AN /j\.

Ya -

Pupil size

Time (s)

Figurel-7. Pupil light reflex A schematic representation of the pupil light reflex and its associated components that are
regulated by the sympathetic or parasympathetic nervous system. Mixed refers to innervations that asgrbpéthetic
and parasympathetiCAdapted from(Muppidi et al. 2013)

1.10. Blink rate

Twelve spontaneous eydinks occur per minute, interfering with the visible eye figld
Levin et al. 2011)Theblinking aids the secretion and dispersion of tears throughout the ocular
surface, thereby preventing eye dega.The regular tear cycle is disruptegldelayed blinking
(L. Levin et al. 2011)Consequentlya persormay have dry eye or secondary reflexive tears.
It has been shown that blink is influencedvayiouscharacteristics such as age, emotion, and
performancen mental activitySabhlin et al. 19985tudying blinks in great depth necessitates

well-isolated tasks ancbnsideration of other environmental variables, as well.

|.11. Main dissertatiorobjectives

The assessment of the oculomotor system is critical for the differential diagnosis of
neurodegenerative movematisorderss u ¢ h  a § PDUMLB, MISA, andheir prodrane
RBD, as well as th€auopathy SP. It might be difficult to di
in the early stages of the disease, especially when unusual features are present. Different
saccads pupil behavior and blinkrate can be measured using videased eye tracking to
determine the integrity of cortical and subcortical neural circuits, which can higpilitate
clinical diagnosis and improve oculomotor assessment and accuracy. With the development of
potentially neurpr ot ect i ve t her apaaopathy change$ io sacchds ¥md a n d
pupil behavior components duripgodromal stages diSYN and early stages dfauopathy

are of great interest and may eventually serve as prodromal biomarkers.
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The goal of thiglissertéion is to use videdoased eyracking to identify novel biomarkers
of disease in PD, RBD, MSAndPSP. RBD is prodromal fdd S Y, lnd abnormalities in
RBD that are indicative of conversion to PD or M&N be investigated hereéAnother goal
is to identify differences between PSP &h8 Y. Wherefore, hpatient groups were compared
with each other and with theealthy control CTRL) groups.Accordingly, this dissertation

comprisesgwo distinct research projects, each with a distinct focus:

Interleaved Pro/Anti Saccade Task (IPAST) The secondchapter describgsarticipants'
behaviorin the IPAST task: Previous research has demonstrated that patients with PD exhibit
systemic abnormalities in oculomotor and pupillometric paramégteskins et al. 2021,
Hanugka e whichhave béeg dt8buted basal ganglimamage in the brain. Thus,
the research objective is (1) whether saccadic abnornmalylary reactionandblinksduring
the IPAST are different in RBD patients than in healthy controls, and (2) to wiat éxtse
target parameters already exhibit abnormalities in RBD patients comparable to PD, MSA, and
PSP. (3) What are the distinctions betweerl®¥N andTauopathyPSP?

Free viewing (FV) The third chapter describethe behaviorof participantsin the free
viewing (FV) taskthat has been publishéHabibi et al. 2022)We use a straightforward FV
paradigm in which patientsepresentedvith a series of brief video clips on a computer screen
and are then free to view them in any way they like. This technique does not require extensive
preparatory instructions for the participant to perform the task. In FV, we specifically address
the followingquestions: 1) which saccade or pupil parameters are altered in patients with the
mani fest USYN P DauopathgPSRPSRParedhe abnanmneal pupil and saccade
responses observed in PD or MSA also detecta

these parameters, can we differentiate betwe
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ll. Taskl: Interleaved Pro/Anti Saccade Ta$RAST)

All of us interact with the environment withvarious voluntary andinvoluntary
behaviors. Oubehavior is under flexible and controlled action. For exanvpéeknow
how to swing a ball with a bat and how to take jp, @mag othersin some cases, there
are complex ways to accomplish a task that mékehallenging to describe how they

work.

The movement problems and the inability to inhibit automatic behavioral responses
and initiate voluntary responsae characteristic of patients with Plang et al. 2016)
Neurodegeneration of the substantia nigra and its damaged striatal pathway in PD causes
a slowing down of movement execution and impairmentcognitive control and

movement initiatior{(Becker et al. 1995)

Research on saccadige movements could provide insight into motor impairment and
response suppressianPD. Additionally, saccadic brain circuits have been extensively
studied(Munoz et al. 2000; Leigh and Zee 201B)e SCmedides saccades that happen
when visual stimuli appear sudderffanes and Wurtz 2001There are also saccades
that occur when there is no visual stimulus, and these saccades depend on upper brain
circuits like the frontal cortex arimhsal gangligoroviding critical inut toSC(Hanes and
Wurtz2001) In order to reveal how PD initiates and execut#gntarymotor responses,

an appropriate task needs to be designed.

One of thetasksthat capture and differentiate these types of sasdemta each other
is called Interleaved Pro/AntBaccade TaskKPAST). In 1978, Hallett established the
IPAST, which has since become one of the most commonly used endogenous saccade
paradigmg Hal | ett 1978, Everling et al etall997;
2019) Prosaccades commonly occur when participants make a rapid saccade to a
peripheral target with an abrupt ondeto-saccades are usually fast and without error.
The presaccade seeks to elicit the oculomotor systsetitsulusdriven feature.On the
other handthere are antsaccades thaequiresuppressinghe automatic saccadenard
the stimulus and instead ma§ a saccade away from the stimulésti-saccades are

34



Task 1: InterleawkPro/Anti Saccade Task (IPAST)

voluntary saccades that are triggered in the absence of atasyetland are associated

with a higher error rate

Thus a antisaccades defined as a saccattet is directed away from a peripheral
stimulusto the opposite directioif.o correctly perform the artiaccade task, participants
needto inhibit the automiac response towards tisimulus, invert the stimulus vector to
produce the correct motor vectand execute avoluntary saccadeway from the

stimulus

IPAST can also be used tuantify pupil sizevhichis controlled by a balance between
sympathetic and parasympathetic pathwasscribed in sectiol9.1 (Loewenfeld 1993)
Pupil size changes are also related to the LC funatibith is damaged in P[Braak et
al. 2003; Wang et al. 2016; Joshi et al. 2016)addition tosaccade and pupillary
responses, IPASa&llowsfor examiningtheblink rates. The IPAST jgherefore a welk

designed task that can monitor a wide range of behaviors.

Several studies have investigated IPAST in PD patients, showing that PD suffers from
saccadic impairments such as increasiegction error and prolonged saccadic reaction
time (Perkins et al. 2021; Chan et al. 2008)the introduction, it was described that the
objective of this study was to identityiomarkers in the prodromal stage d8YNs
diseasesBecauserRBD asthe prodromal stage of PD and MS4 suitableto discover
biomarkers by comparing the abnormalities between these g(bligiss et al. 2021)

Also, PSRas another atypical parkinsonian disor@eoften misdiagnosed from PD and
MSA in the earlier staged.itvan et al. 1996) Therefore we additionally investigated
PSP in order to find out wheth#AST can facilitate early detection of thisronic
disorder.

RBD has shown some similarities with PiDr example, aecent study has reped
an increased direction error for RBODHa n u g k a .eAtreceatlpublic2iomi &up
lab found that both RBD and PD exhibited significantly lower blink rates, lowered
pupillary constriction, and dilation responses than CTR&rkins et al. 2021 Although
there are pupjlsaccadeand blink changes reported in Pib studyhascompare the
RBD to PD, MSA, andPSP. Accordingly, we made the following questions and
hypothessin IPAST:
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Research question 1: Do RBD patients differ in their oculomparameters from
healthy CTRL. PD, and MSA"Abnormalities in the specific parameters should show up
gradually between the groups according to tbe slisease progressioficcording to the
preliminary studie¢ Ter ao et al . 2016, Perkins et al
et al. 1996x significant difference between PD and MSA patients WIliRL subjects
can be shown, whereas in RBD, as a prodromal stage, rather smaller differences in
oculomotor parameters can be shown compared to healthy CTRL groups (CTRL < RBD
<PD & MSA).

Research question 2: Do PSP patients differ in their oculomotor paranfrete
healthy CTRLs? Moreovedo PSP patients differ in their oculomotor parameters from
USYN groups ( RB DnPSPmtents ocdombt& dysf@nction is one of
the most prominent symptomSeveralstudies have been conducted to investigate th
abnormalities that occur in these patigit®ost and Daroff 1977; Armstrong 2011; Chen
et al. 2010; Habibi et al. 2022pn the basis of preliminary studies, we expected to find
significant impairments in ocupupillomotor deficits in PSP patients. We also compared
PSP groups with/SYN groups in order to gain an understanding of similarities and

differences in order to aid the early identification of these diseases.
The hypothesisofempari ng USYN groups to CTRL:

1. PD patients show longer latencies of saccades than healthy controls.

2. MSA patients show longer latencies of saccades than healthy controls.

3. PD patients shovhigher error rates in the execution of asdccades than
healthy control subjects.

4. MSA patients show higher error rates in the execution ofsaattades than
healthy control subjects.

5. RBD patients show higher error rates in the executioantfsaccades than

healthy control subjects.

PD patients show smaller saccade amplitude than healthy controls.

MSA patients show smaller saccade amplitude than healthy controls.

PD patients show lower blink rate than healthy control subjects.

© © N O

MSA patiens showa lower blink rate than healthy control subjects.
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10.RBD patients showa lower blink rate than healthy Control subjects.

11.PD patients show smaller pupil dilation size than healthy control subjects.
12. MSA patients show smaller pupil dilation size than tigatontrol subjects.
13.RBD patients show smaller pupil dilation size than healthy Control subjects.

Comparisons between the USYN groups:

14.RBD patients differ from PD and MSA Patients in their latencies of anti
saccades.

15.RBD patients differ in their rate ofrer in the execution of aniaccades from
PD and MSA patients.

16.RBD patients differ in their saccade amplitude from PD and MSA patients.

17.RBD patients differ in their blink rate from PD and MSA patients.

18.RBD patients differ in their pupil dilation size froPD and MSA patients.

Tauopathy group PSP versus CTRL:

19. PSP patients show longer latencies of saccades than healthy controls.

20.PSP patients show higher error rates in the execution okactades of
saccades than healthy controls.

21.PSP patients show smalleaccade amplitude than healthy controls.

22.PSP patients shoalower blink rate than healthy controls.

23.PSP patients show smaller pupil dilation size than healthy control subjects.

Tauopathy group PSP versus USYN groups:

24.PSP patients differ fronRBD and PD Patients in their latencies of anti
saccades.

25. PSP patients differ in their rate of error in the execution ofsattades from
RBD andPD patients.

26. PSP patients differ in their saccade amplitude from RB&PD patients.

27.PSP patients differ in thellink rate from RBDandPD patients.

28. PSP patients differ in their pupil dilation size from RBIPD patients.

Regardingthe Tauopathy groupit should be mentioned th&te PSP cohort has been
included in this dissertation as a confirmatory and exploratohort. We expected to
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find confirmatoryoculo- and pupillomotordeficits in PSP as reported in the literature

(Armstrong 2011)put also sought to find more alterations.

[1.1. Materials and methods

I1.1.1. Participants

This study consisted of five different groups of participamsrecruited patients with
PD, MSA, RBD, and PSP at University Clinic Marburg, department of neurology.
Healthy controls (CTRL) were recruited as part of a major research study at Queen's
University in Kingston, Canad@ep et al. 2022)Human rgearch ethics committees of
the Faculty of Medicine, University of Marburg (Protocol ID: 147/16) and the Faculty of
Health Sciences, Queen's University (Protocol IDs: P9%97; CNS00510)
approved the protocollhe Declaration of Helsinki was followed obtain voluntary

informed consent from each participéimicluded in the appendix)

Patients were coming from different places in Germadlypatients were recruited
from the outpatient clinic and the waatithedepartment oheurology in Marburg. RBD
patients and some PD patients waeen in the outpatient departmbgtProf. Wolfgang
Oertel and Dr. Annette Janzen. In addition, some RBD patients were recruited via the
hospital's recruitment system. At the beginning of the pidpect, | was responsible for
finding suitable patients for my researngtoject talking to theneurologists and then
obtaining consent from the patients to participate in my st@dyy individuals whose
condition had been verified bydeo-assisted polysomnography and by tieeirologists

(often following numerous testBAT-SPECT and biopsiesee beloywwere enrolled.

However, later in the data collection phase, a recruitment nurse was in charge of
assigning patients to each research grangh obtaining consent forms. Therefore, PD
patients, MSA patients, and PSP patients were recruited when they visited the outpatient
clinic or were hospitalized. Most of the patients came from a place near Marburg, but
there were also patients from all ov8ermany.Patients invited to our study were
reimbursed for petrol or cab costs. For patients who had a long journey (mostly RBD

patients), hotel costs were also covered by the sesburces

A variety of clinical tests were performed on all patientsjuding UPDRS llI, the
MoCA (Nasreddine etal. 20003BDSQ( St i asny Kol Becekrd 2tDeagdr. e 29i(
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InventoryIl (BDI-II) (Beck et al. 1996)andPD NonMotor Scale (PDNMSJStorch et
al. 2010)

As mentioned earlier, the MoCA questionnaire is used to monitor the risk of
developing dementia in RBD patients and is a cognitive assessiwol. Also, the
RBDSQ was used to determine the presence of RBD symptoms in participants.
Additionally, we cdlected the BDIIl scoresthat measure characteristics attitudasd
symptoms of depression using 21 gefport itemsThe other questionnaire we collected
was PDNMS which is used to assess a wide range of-mmor symptoms associated

with Parkinson's disease (PD)

In all cases, | gathered questionnaires myselgexior UPDRS, which waasssessed
with the patient's corresponding doct&ince questionnaires like MoCA cannot be
completed twice within a short time period, if the physicians had previously completed
them, | could not do them again. Insteadpuld only benefit from thenPatients who
had already been hospitalized for a few days had their questionnaires collected on the
same day or before the experiment, depending on the situdtitents who came to the
outpatient clinic for an appointmentwere only invited to our experiment were asked to
fill out the questionnaires on the same dagproximately 40 minutes were required to

complete all the questionnaires.

I1.1.1.1. Exclusion criteria

We did not recruit the following patients: 1) patients wittsexondary RBD or
parkinsonian syndrome (e.g., drimgluced, subcortical arteriosclerotic encephalopathy);
2) patients who were taking medications that may alter pupillary responses (e.g.,
anticholinergics, benzodiazepines, beta receptor blockers, piloeai other drugs if
indicated in the manufacturerdos i nformation

strabismus, or uncorrected refractive errar 5 diopters.

An extensivemedical and drug history was obtained from all RBD patidayts
corresponding doctorglong with a complete neurological examinatiohisTprocedure
was repeated twice a year to avoid including subjects suffering from secondary RBD in

the study This was part of the routine clinical diagnosis conducted by a rogistl
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independent of my projectn addition, we excluded RBD patients with cognitive
impairment (MoCA < 25), and this would presumably minimize the number of patients
likely to convert to DLB(Miglis et al. 2021) A MoCA score of less than 25 was
considered an exclusion criterion only for RBD patientsniotifor other patients.

Each cohort hathe maximum possible number of participants measured. The size of
each group wadetermined mainhboy t he di seaseds epi demiol of
patients who had attended Mar buefoggbbse Uni ve

recruited.

Following data collection, all data was processed through a fully automated pipeline,
where various objective filters and criter
characteristics=or example, a goochlibration, a reasonable number of saccades during
the task, a small number of blinks (ordad data as a result of eyelid closures or head
movements), or specific filters for certain parameters (acceptable reaction time for the
pupil when searching fgoupil constriction, explained in Sectib®.1). Patients with

poor data quality were excluded from these analyses.

[.1.12.Participantds characteristics

CTRL. Onehundred thirtytwo healthy agenatched CTRL participated in the study
(86 female: 62.3@9.87, 46 nale 62.95+ 9.92 that were collected in Canadéne CTRL
participantswere subject to a similar test structure in that we tried to have a common
room, experiment, and rules for implementation at each célrtiere were no clinical
guestionnaires provided for CTRL subjeci&able I1-1 has provided clinical and
demographic datarhere was not a or®-one matching of the control cohort to the
patient cohortsinstead, the approach aimed to utilize the extensoverol group and

encompass the entire age range of various patients.
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Tablell-1. IPAST articipants'clinical dataCTRL: Controlgroup;. 5Y w9a &f SSLJ 0 SKIF @A 2NJ RAa2NR
disease; MSAViultiple system atrophy; PSP: Progressive supranuclear, pdtsyA:Montreal cognitive assessment
UPDRS: Unified Parkinson's disease rating;scadleL Y . SO1 Q& R SRONBSPA hoBmbtorsympténysi 2 NB T
scale RBDS@@BD screening questionnaire

Group participants Age at time of MoCA score UPDRS Il BDI-II PDNMS RBDSQ
measurement
(years) Score
All: 62.67 £9.90 - - -

CTRL 132(86F,46M) F: 62.30+9.87
M: 62.95+ 9.92
RBD 39(3F,36M) All: 64.66 +5.73 28.18 +1.75 1.63+1.45 8.01+7.52 855+4.47  10.45+1.87
F. 72.33+1.15
M: 64.02+5.57
PD 37 (8F,29M) All: 66.05+8.28 27.51+3.45 14.02+10.22 10.91+10.43 7.60 +5.10  5.95+ 3.94
F: 67.12+5.71
M: 67.75 % 9.06
MSA  14(6F,8M)  All: 63.71+7.36 27+ 2.97 20+10.12  13+5.16 11+4.43 5+3.08
F: 62.33:8.73
M: 64.75+ 7.14
PSP 8(2F,6M) All: 67.62 +6.98 27+ 1.2 24+ 8.07 12 +5.17 9+3.96 2+1.08
F: 66.50 +0.70
M: 68 +8.78
RBD. Thirty-nine patients 8 female: 72.33 4.15 36 male: 64.0Z 5.57) with video
polysomnography¢onfirmed RBD (Darien IL, AASM, 2014yere included in this study.
Mean UPDRSII, MoCA, and BDHII scores inRBD were 1.63, 28.18, and 810
respectivelyThere are 39 highly phenotyped RB@tients who constitute a substantial
and sufficient number of participanisee power calculations the appendixTables of

statistic$

PD. In this study, PD patients were diagnosed in accordance with the United Kingdom
Brain Bank CriteriaThirty-seven PD & female: 67.12 + 5.71, 29 mal@7.75 + 9.06)
were included in the study/ patients had de novo P[D2 had been treated with
dopaminergic medication (estate),14 patients had not been administered mieesfor
at least 12 hours (defined as -ethte), and4d had an unknown medication status.
Accordingly, all four groups were pooled into one PD grouptduée relativelyslight
variance between on and off states in saccadic beh@vameron et al. 2012Mean
UPDRSIII, MoCA, and BDHII scores inPDwere14.02 27.51, and 10.91respectively.
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The average disease duration for PD patients antesurement dateas 2.66 + 3.38

years. As a result, PD patients were recruited relatively early after being diagnosed.

In terms of the number of participants, 37 patients with PD are considered to be a
sufficient and substantial number of participants (see power calculatitiresappendix:

Tables of statistigs

MSA. Fourteen MSA patients (6 female: 62.838.73, 8male:64.75+ 7.14) were
diagnosed according to the second consensus statement on the diagnosig GflM&@A
et al. 2008)Mean UPDRSII, MoCA, and BDHII scores in MSA wer9, 27, and 13,
respectively Although thenumber of 14 appears to be low, for a monocentric trial this is

acceptable.

PSP.Eight PSP patients2(female:66.50 + 0.70, 6 male: 68 + 8)/&ere diagnosed
according to the National Institute of Neurological Disorders and Stroke and the Society
for PSP (NINDSSPSP) and Hdoglinger et glHoglinger et al. 2017griteria. Mean
UPDRSIII, MoCA, and BDHII scores inPSP were 24, 27, and 12respectively
Originally a group ofL3 PSP patierstwasinvestigated, bub had to be excluded from the

data analysis due tmad calibration and bad data qualitg. if a patient moves his head).

11.1.2. Task description

The pro/anti-saccaddask consisted of two different triglBigurell-1): Pro andanti-
saccade trials. Each trial started with a black screenc(@m2)on an empty pagéhat
lasted1000ms (TI: inter-trial intervd). Then &ixation point (0.5diameter, ~44 cd/m2)
appeared in the middle of the scre@umbjects were supposed to look at the fixation point
as long as it was ther€he fixation point was displayed for 1000s, and its color was
either red or gree.he geencolor fixation point revealed thero-saccade trialandthe
redcolor revealed thenti-saccade trial. Fixatiowasfollowed by a 200ns gapand then
a peripheraWhite stimulus (0.5° diameter, ~62 cd/m&asdisplayed on either 1Qo the

left or right of the fixation point.

There were written instructions for the patients ow o perform the pro/antiaccade
task These instructions were provided to each participant prior tash¢are included

in the appendix In pro-saccade trials, participants weodd to look toward the stimulus
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as soon as Wasdisplayed. In antsaccade trialgparticipants weré¢old to look in the
opposite direction of the stimulus as soon as it appeared. Tleee&WOpro-saccade and

60 antisaccade trialdn total,a block of 120 trialsvasrandomly displayed to subjects.
Participants wereinaware of the subsequent coming trials when theyheaask. The
experiment was run two times withshortbreaktime in betweenFor each subject, we
collected 240 trials lasting 13.8 minutes. The time in which the task was explained and
trained depended very much on the individual. Including calibréite®, teaching time,

and recording time, IPAST required nearly 20 minutes. This session was followed by the
second experiment (FV) which will explainedin the next chapter. Approximately 35
minutes were dedicated to IPAST and.FAdditional time was rquired forcompleting

clinical questionnaires.

Inter Trial interval
(1000ms)

Fixation

(1000ms) .

Gap
(200ms)

Target
(1000ms)

A) Pro-saccade B) Anti-saccade

Figure II-1. Pro/AntiSaccade Taslk\) Proceedings of a prsaccade triabnd B)Proceeding®f an antisaccade
trial. There is a 100Ms intertrial interval during which the screen is blank. Thera blackbackgroumn (0.1cd/m2),
a centralfixation pointappears FIX: 0.5° diameter 4&d/m2) that lasts 1000ns. TheFIX colorevealed thdask type
(green: presaccade red: antisaccade) After then, FIX disappeared followed by a blank screearound 200
millisecondggap period)Following the gap interval, a peripherghite stimulus (0.5° diametef2 cd/m2) emerged
10° horizontally to the left or right of the FIX locatiénrowsrepresent the direction of the saccade from the center
screen to the screen edges.

11.1.3. Eyetracker
A video-based monocular eye tracker was used to monitor eye location, pupil size, and
blink rate at a rate of 50Biz (Eyelink1000 Plus, SR Research Ltd, OsdepON,

Canada). Stimuli werdisplayedon a 17inch LCD monitor with a screen resolution of
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1280x 1024 pixels (6MHz refresh rate), corresponding to a viewing angle 6ix326°,

and the distance between the eyes and the monitor and infrared eeaseadjusted at

60 cm (an optimum distance between the camera and th¢. éyie recordings and
calibrations weredone monocularly, using the right eye as the reference point. The
location of the eye was first calibrated using a +poat grid (eight arouththe periphery

and one central). Stimuli were flashed randomly over the screen, and participants were
required to focus on each one until the next appeared. Following calibration, the
procedure was repeated to ensure that the average error between faxaktistimulus
wasless thanl® and that there was no loss of dgacking.Video-based eydracking
devices were regularly tested to verify that observed significant differences were not
attributable to differences in locatiohhis study used a spectroteeto ensure that the
eyetrackers displays emitted an identical amount of brightness, which had no impact on
pupil baseline, constriction, or dilation levels. All data were taken in a windowless testing
room inside thalepartment of neurology, Marbyrgith all lights, turnedoff to ensure

that the onlyillumination sourcavas the computer display.

I1.1.4. Model schematic
Figurell-2 depictsthe epochs during which saccade and blim&se measured. Further

sections describe the proceduremioredetail.

. Gap Viable trials (90 —800 ms]
ITI (1000ms) FIX (1000ms [ZOREY) Stimulus & Response (1000ms)

()
@  Regular latency
S (140ms:800ms)
!
Express latency saccade | ff
REEuIarlalEngsa:cadE
ITI epoch FIX epoch
T T T I I T T T T 1
2200 -2000 -1500 -1200 -900 400 200 o T 500 800 1000
90 139

Time from target onset (ms)

Figure I-2. A timelapse depiction oflPAST The top panel depicts the experiment paradigm; the task
begins with a1000 ms intertrial interval (2200:-1200 ms; time zero isconsideredas the time that the
target stimulus appeas) and is followed by the fixation dot in thmiddle of the screen that is either red
(anti-saccade) or green (pimaccade) and lasts 100fhs €1200 ms:200 ms). The Gap period lasts 200
ms before thetarget stimulus appears The target stimulus arres at time zero and remains on the left or
right side of the screen for about 100@s At the bottom panels, eyéraces are depictedThe express
saccadeshappen from 90 to B9 ms, and regular latency saccades from 14® 800 ms Viable trials are
the cambination of both express and viable trialShe range of ITI blink epoch£000: -1500 ms) and FIX
blink epochs-000:-400 ms) are shown by the purple shaded boX€k.Iner-trial Interval; FIX: Fixation.
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II.2. Saccade analgs

All saccades were marked for direction, amplitude, peak velocity, and duf@oen
et al. 2021) Saccades were defined as eye movements amihstantaneous velocity
greater thar20 deg/sanda duration longer thaaO ms. We computed thescore of the
velocity-amplitude relationship for each eye movement that was initially coded as a
saccade in order to distinguish aphysiological data from real saccades. Specifically,
initially coded saccadewhose zscore was > +8tandard deviatiorSD) wereconsidered

outside the range of a normal saccade aactvremoved.

I1.2.1. Saccade reaction time

The time elapsed between ttime of stimulusonsetand the beginning of the first
saccade is referred to aaccad reaction time (SRT). Based on the latency, saccades
could be categorized tm different types. Some saccades could heelatively short
latenciesbut the others could last longer. We defih&d different saccadesomparative
to the literature (etailedin the following sectionskexpress (90nsOSRTO140ms) and
regular latency saccades) ms <SRT< 800ms).Saccades occurring after 80% are
extremely rare. These delayed saccadee excluded fromanaly®s because thewere
outliers whose impactwould distort the interpretation of an individual's behavior and

skills.

11.2.2. Expresdatencysaccads

The termexpress latency saccatederived from the study by Fischer and Boch in
1983 on monkeys andas studied by Fisher and Ramsperger in 1984 in human eye
movementg Fischer and Boch 198Bischer and Ramsperger 19883sed on thetudies
mentioned abovby Fischer etl., monkeyswerefound to havea latency of about (70
120 ms)which is longer in huma(90-140 ms).Express latency saccaslalso depend
on different factors like stimulus characteristics, tasg@buluseccentricity, the amount

of training, and different laboratory conditioffSscher and Ramsperger 1984)

During fixations, the eyes are actively held in place by groups of neurons that inhibit
saccades. Researchers have identified neurons in the substantia nigra pars reticulata
(SNpr)which become silent during fixation, and this process does not depend on whether
visual stimuli are present or abs@vunoz and Wurtz 1993Munoz and Wurtz revealed
in 1993 that the fixation neurons at the rostral pole of the intermediate layersS§& the
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play a key role in maintaining fixation and preventing the involuntary execution of
saccade@Munoz and Wurtz 1993However expressdtency saccadenore occuin the

gap scenario whehe fixation point disappesabout 200 mbefore targestimulusonset

and afteintensive trainingThe SCis acritical areathathas been found toortributeto

the modulation and generation ekpress latency saccad@orris and Munoz 1995)
Dorris and Munozhypothesized that during the gap period, the monkey's saccadic
generating system would be disinhibited by thedpwactivity of fixation cells in th&C
(Dorris and Munoz 1995)This, in turn, will result in a faster saccadic reaction time
(express latency saccajeThese saccades have a high probability of being incorrect

since theyresult fromspontaneous judgments with little time for thought.

11.2.3. Regular latency saccades

Saccades that take longer to begin are typically more precise or uralgngber
assessment jor to happeningEverling et al. 1997)According to previous studies,
regularlatencysaccadewere defined as those with a latency greater thamis4Berkins
et al. 2021; Coe and Munoz 201%enerally, observers' responses to-aaticades are
slower (around 25@50ms) than theiresponses to prsaccades (mean around 12580
ms) (Kandel et al. 2000)

11.2.4. Direction error

Direction error is defined as failing to make saccades in the direction they are supposed
to gaze (toward the targgimulusin pro-saccade trials and away from the tagjghulus
in antiksaccade trialsErrors are more likely to occur as tasks become more complicated;
antisaccade trials are excellent candidates for driving direction errors. Other variables
such adack of attention, forgetfulness, and cognitive difficultiesght all have an effect
on the subjects' performan(@ahill and Stark 1975As a result of the lower number of

errors in presaccade trials, we only considered direction siiroantisaccadérials.

I1.3. Pupilanalyss

Pupil analyss in the IPAST paradigrareintended to describe pupillary responses
during the catral fixation epochKigurell-3). The pupil light response (i,€onstriction)
is momentarily elicited during this interval by the presence of the fixation f[Beonause
pupil size is sensitive to the eye position, pugmalyses were conducted utilizing just
pupil recordings from a 120@s window when the subjeutas fixating on the central
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fixation point. The analysis windolegnwith the onset of the fixation point aedded

at the onset of the peripheral stimulus, as shovigarell -3.

Gap
FIX (1000ms (200ms)

Peak dilation
velocity

? Constriction time

Dilation size

T T T
1200 -900 -400  -200 0
Time from target onset (ms)

Figure 11-3. Pupil responseThe pupil constriction and dilation durinthe fixation period until the
target stimulus onset hae been shown. Time zero shows the targgimulus onset. Constriction timehas
been considered the time when the biggest constriction occurrétie biggest dilation velocity after
constriction time until target appearance has been referred to as Peak dilation veldtigy. pupil size

difference betweeipeak congiction sizeand targetstimulusonset represents dilation siz€lX: fixation

I1.3.1. Identifying IPAST trials for pupil analgs

Pupil metrics are sensitive measurements that can be influencedarimus
circumstances, requiring active central fixationtbg participants. As a result, not all
trials are suitable for pupil anas If even one of the following conditions is not met

the trial isconsideredinsuitable fopupil analyss.
1) Fixation onset time

The presence of the fixation cue indicates the start of a trial, as it is also the stimulus
that initiates pupil responses during the fixation pefdting ITI, participants who gaze
away from the center may be unable to initiate central fixation serffigiearly to provide
adequate pupillary data to analyZe. be included in our pupil study, individudlad to

initiate fixation within 150ms of thefixation points presentation.
2) Maintenance of fixation

As previously stated, deviations in eye position from central fixation can cause pupil
measurements to be distorted. Thesticipants had to maintain fixation for a trial to be

included in our pupil analgs. When participants look more th&i away from the
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fixation pointover the 150ns following thefixation pointonset and until the beginning

of the peripheral stimulyshe trial has been removed
3) Blinks

During the FIX window, eye blinks can disrupt pupil monitoribgnearinterpolation
has been used replace missing pupil values during eye blirikepending on how long
the blink lasts, this interpolation may be inaccurate in capturingaticara¢ pupil
responseTherefore, the number of trials was limited by considetirggblink duration
and frequencyA maximum of one blink within the fixation period, which lasts no longer
than 200 ms, was taken into account for pupil arslys

11.3.2. Pre-processingf pupil signal

Pupil size was reported as pupil area (pixels) within thgeari (100 to 10000 units
with a precision of 1 unit) by Eyelink 1000 plus. Cornea optical distortion can impact
pupil size quantifications up to 1Q%nd thereforawe limited the noise by drift correction
between the trials. Other camera factors could also affect pupil size, particularly when the
eye getawayfrom the center of the screen.

We resampled the Pupil signalhich is noisdess and preprocessed and has
consequently some lost data (including blinks too), by using the Smaperving
piecewise cubic interpolation function of MATLAB.

We smoothed the zemormalized pupil traces for each participant usihgfal LAB
smoothing tool lpcal regression using vggited linear least squares and adesjree
polynomial model with a 58ample span). We next obtained the first derivative of the
smoothed traces (pupil velocity)Wereapplied the smoothing algorithm, as the derivative
amplifies any residual noise and vidwtherwise result in false alarms when detecting
trustworthy parameters from the traces. We used a running signkedest (tailed i.e.,
negative velocity in the constriction condition and positive velocity in the dilation
condition) to identify thenoment at which the velocity curves were significantljedént

from a baseline velocity.

I1.3.2.1. Fixation onset time

As previously mentioned, the fixation onset time watcal in pupil analysesWe
considered a limited time window within that subjeetre supposed to be arourtle
48



Task 1: Interleaved Pro/Anti Saccade Task (IPAST)

fixation point. Trials in which subjects weskwerthan 150 ms have been removed from

theanalyse®f CTRL, RBD, and PD, and any subjects with temainingtrials equal to

5 have been involved. We had atlow a higher delay amount for the MSA and PSP

patients as they haccansiderablelelay. Therefore, for these two diseases, the beginning
of pupil responses, which was pupil constriction, could not be consideliethle.

However we considered the pupil dilation quantification reliable for these two groups.

11.3.2.2. Peak onstrictiontime

Thetime thatthe pupil reached théighest amount of constrictiomas computed as

the peakconstrictiontime.

I1.3.2.3. Dilation sizeandvelocity

Following the maximum pupil constriction size, the pupil dilates until it reaches a
stable state, which was not the objective of this study. We evdlpapél dilationuntil
the target appeadandcomputed the peak dilation velocity duritige dilation phase.

The term "dilation size at thargetonset” refers to the difference between the size of
the pupil atits maximum constrictiomnd the size of the pupil at the time of the target
onset.

[1.4. Blink rate

There can be several data losses during vizssed eye trackindue toblinking or
other circumstances that may cause the pupil to be covenedimhportant to distinguish
true blinks from other data lost. Pupil area data was further clarifiddtewmine when
specific blinks were responsible for data IoBse maximum allowed blink (or data lost)
in every trial was less than 40 times. Blinks witbre than 600 ms lengths were ignored

andnot considered in the blink rate or blink duratamalyses

The pupil area has been normalized for each trial using equatidtiXéls represeat
pupil area, and they spaed between 100 and 000 pixels Therefore the numbers
below 10wereremoved.Throughout all of the trials, the naero mean of the pupil area

was maintained at 3Qt was chosen arbitrarilynore details heréCoe et al. 202))
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oo 1 G 1 O — ZOTT (1)
aQweo pTm

Thepupil datawas smoothetb find the part of the data that was indicative of eye loss.

The abnormal pupil area was considered as the AZID or A300> 400.

To calculate the highelocity data (>1000), a smoothed velocity profile of A300 (with
the help ofa threepoint kernel)was calculated. This data was then cleaned up by

removing highvelocity data and abnormal pupil areas.

In order to replace the removed data, linear interpolation was applied between the
preceding and following data points. In ortiesmooth this signal, a large-point kernel
was applied to the loMfrequency model. After smoothing, the signal was subtracted from
the A300.

With the lowfrequency modulation removed from A300, a flattened A300 was created
with bolded highvelocity changes, which made it easier to identify the beginning and
end of lost data. After a blink, it takes some time for the eyelid to completely cover the
pupil, so the camera continues to collect pupil data until it loses it. This results in a change
in pupil sze around the data loss, which is recorded prior to and after a blink. As a result,
the blink appears shorter than it really@Gansequently, these variations were thought to
be part of the blink.

The beginning and ending times of the data loss were uked to calculate the
beginning and ending times of a complete blink using the A300's smoothed absolute
velocity, with a trialby-trial dynamic threshold/Ve differentiated between data loss due
to a blink and data loss due to some other interference bas#ata loss duratio®@nly

real blinkswereconsidered in this dissertation.

11.5. Statistical analyss

Based on Ethiapplication,using variance analysis (ANOVA, single factorial, fixed
effects) it was determined that an effect size of f = 0.355, withppfied significance
level of 5% and a test power of 80%, would require a sample size of n=23 participants in

each group.
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The minimum sample size was considered 20% more (n=28) to compensate for an
approximated failure rate of 20%, taking into accounteast 10% dropout during
execution (e.g., as a consequence of insufficiently possible calibration) and, in addition,
a technical data loss during the later data analysis of about 10% (often due to too strong
interfering artifacts/missing values within ttezorded eyrack, such as too pronounced

blinking or a pupil obscured by the eyelid)

However, two patient groups, MSA and PSP, were too rare and difficeltriait and
the minimal sample size was not met. Neverthekbegppower analysisising G*Power
software of the two indicated groups revealed that both groups were statistically

distinguishable from other groups (details in appendix).

We examined the normality distribution of the data using the -an®le
Kolmogorov+Smirnov tes{in MATLAB) ; however, because the data were not distributed
randomly, anon-parametric test was selectddhe significant statistical differences were
determined using a pairwise nparametric test, ManWhitney-U-test (Mann and
Whitney 1947) in MATLAB. In view of the exploratory nature of the study, multiple
comparison adjustments were not consideelertheless, a comparison of tesults
before and aftaheBonferroni adjustment is presentedriablell -6, which demonstrates

thatmostof theresults remaied unchanged.

[1.6. Results

11.6.1. The cumulativesaccade reaction tim&8RT) distribution
To illustrate a general overview of the date, calculated the histogram 8RTduring
the pro and arisaccaddrials for both correct and error saccade tydd®e cumulative
distribution of SRT for correct and direction error trials in both pand antisaccade
tasks is depicted iRigurell-4, A, and B.Saccades befotarget onsettime zerg have
no label of correct or error because thsre target on the screen yand all the saccades
are randomly initiatedln Figurell-4, A, and B,Pro saccade trials across groups are
represented by curves that extend above the baseline line, whereas direction error is

represented by lines that extend below the baseline line.

There was no clear diffenee inreaction time between CTRL afRBD, PD, ad PSP

groupsin pro-saccaddrials, as all patients showed almost the same pattern as CTRL.
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However, MSA displayed much faster reaction times than CTRL, as indicated by the
MSA curve going higher than CTRL({&igurell-4, A). While CTRL and RBD early
peaks inantrsaccade triagl were almost aligned, patients and CTRL pedikered
dramatically Therefore, antsaccaddrials are well suited toevealing the differences
between patients and CTRL.
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Figurell-4. Cumulative saccadic reaction time (SRiEfribution of group responses frosB00 to 600ms for the
(A) prosaccade and (B) ardiaccaddrials. At a particular reaction time, each distribution reflects the cumulative
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11.6.2. Correct mediasaccade reaction time (SRT)

Figurell-5 depicts theSRT of the viable trials (regular plus expréateng saccades).
CTRL (178 ms) exhibited asignificanty longer reaction time than MSA (1581s,
U=572.5,z=-2.39 P<.05) in pro-saccade trials thatere correctly performedtowards
the target). Irpro-saccaddrials, although other patient grouRBD: 174 ms, PD: 172
ms, PSP: 189.5 majso showed longer reaction time than M88ne ofthecomparisos

wassignificant

During antisaccade trialsCTRL (262 ms) had afaster SRT than PD (275 ms,
U=1862.5 z=-2.09 P<.05), MSA(314ms,U=528.5 z=2.33, P<.05), and PSF386ms,
176.5 z=3.18, P<.01). Additionally, RBD (279 ms) and PDhad faster reaction times
than PSRU=60, z=-2.71, P<.01 andU=71.5, z=2.20, P<.05, respectively.
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11.6.3. Expresdatencysaccades

CTRL showedexpress latency saccaddes 0fl4,64 %, while RBD, PD, MSA, and
PSP showed respectiggpress latency saccadees 0fl2.5%, 25%, 21.25%, and13.47
% (Figurell-6). In prosaccade trials, CTRL haasignificantly lower express latency
saccadeatethan PD (U=1925, z=2.07,P<.05) andMSA (U=596.5, z=2.23,P<.05).
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11.6.4. Regular latency saccades

Patients with more expregsatencysaccades had fewer regulatencysaccades. In
pro-saccade trial@-igurell-7), CTRL (72.77%) displayechigherreguladatencysaccade
rates than both PU=1558.00, z=3.455, 54.16 %, P<.001) and MSA (41.36 %,
U=386.00, z=3.61,P<.001) Theregularlatencysaccade rate of MSA was even lower
than that of RB[069.74%, U=161.50, z=2.25,P<.05). PSP displayed to have a regular
latencysaccade rate of 57.94.

In antisaccade trials, CTRL had more regutencysaccade$82.08 %)than PD
(69.16 %,U=1713.00, z=2.87, P<.01), MSA (53.33 %,U=337, z=3.93,P<.001) and
PSP(72.08 %,U=298.5, z=2.10,P<.05). This is because themeremore correct ai
saccadgin CTRL compared to other PD, MSA, and PSP but not RBSA had a lower
regularlatencysacade rate than both RB@83.33 %,U=117.5, z=3.11,P<.01)and PD
(U=161.5, z=2.05,P<.05).
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11.6.5. Anti-saccadelirectionerror
The percentage of antiaccaé errors ovemll viable, expressand regular latency

saccades have been representdegarell-8, A to C.

Figurell-8, A shows the antsaccade direction error raite viable trials(expresst+
regular) There was no difference between CTRL (8%.and RBD (19.16 but CTRL
showedalowerdirection erroratecompared to P[{31.09 U=1264.5, z=4.55,P<.001),
MSA (41.66 U=499, z=9544P<.01), and PSP (57.36)=59, z=4.2, P<.001). RBD had
a lower direction error than PQU=385, z=;3.49 P<.001), MSA (U=148, z=2.52,
P<.05), and PSRUJ=17, z=3.93,P<.001). PDpatients had a smaller direction error than
PSP U=55, z=2.76 P<.01) patientsPSP patients nearly had the greatest direction error.
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Figurell-8. Direction errorin viable (A), ExpresB), and regular (Qxtency saccaded.he horizontal solidrie on
eachd NB dzLJQ & RBHowislthe iiliargZ TRA: Controlgrolip w. 5Y w9a &af SSLJ 0SKIF GA2NJ RA&2N
disease; MSA: Multiple system atrophy; PSP: Progressive supranuclear palsy.

In express latency saccalBD (9.1 %) patients had a higher direction erratethan
CTRL (4.2 %, U=1726 z=2.82 P<.01) and RBD 3.3 %,U=505.5, z=2.24, P<.05)
(Figurell-8, B). MSA (14.1%) also showed more direction error than CTRI=$74.5,
z=-2.38, P<.05) and RBD (=170, z=2.08, P<.05). No other comparisons exe
significantly different (PSP: 6.2%).

As shown inFigurell-8, C, the anti-saccade direction erraaite in regular epochgas
lowerin CTRL (10.83%) compared to PP18.33%, U=1333, z=4.29,P<.001) and PSP
(44.35%, U=88.5, z=3.96,P<.001). RED (11.66%) also showed lower emscompared
to PD(U=445.5, z=2.87,P<.01) and PSRU=24, z=3.74,P<.001).PSP withthehighest
direction erroralso showednore errorsthan PD(U=51, z=2.88, P<.01) and MSA
(17.34%,U=255, z=2.08 P<.05).

11.6.6. Correctsaccademplitude

Figurell-9 showsthe presaccades amplituder all groups and all saccades (viable
trials). Comparisons only happened between-gaoccadetrials because otthe high
amplitude variatiosin antisaccade trialdDuringcorrectpro-saccadérials, CTRL(9.36
degreesilisplayeda bigger saccade amplitude than FED/ degreesU=1184, z=4.85,
P<.001), MSA (8.37 degreesJ=410,z=-3.46,P<.001), and PSP (7.58 degreé&s=104,
z=-3.82, P<.001). RBD saccade amplitud€9.23 degreey was also bigger than PD
(U=364, z=3.71, P<.001), MA (U=119, z=3.1, P<.01), and PB U=30, z=3.56,
P<.001). Moreover, PD showed bigger saccade amplitude than PE@R65, z=2.46,
P<.05).
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[1.7. Blink results

I1.7.1. Blink rate during the intetrial interval

Blinks that occurred duringhe ITI period (Figure 11-10), in CTRL (14.16) were
insignificantly higher thanin RBD (10.83 U=2092 z=1.89 P=0.06) and PD X1.66,
U=2162.5 z=1.18 P=0.23) but significantly higher thaim MSA (5.83,U=532, z=2.66,
P<.01), andin PSP(zero,U=32.5, z=4.45,P<.001). PSP showed the lowest blink rate
and was lower thaim RBD (U=34, z=3.47,P<.001), PD (=16, z=3.92,P<.001), and
MSA (U=17.5, z=2.68,P<.01)too.
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Task 1: Interleaved Prahti Saccade Task (IPAST)

During antisaccade trials, CTIR(14.16) had more blinks than RBD (8.38=2066,
z=1.98,P<.05), MSA (7.5U=540.5 z=2.6, P<.05), and PSP (0.41=53.5, z=4.27,
P<.001). PSPappeared to have lower blink than RED=37, z=3.38, P<.001), PD
(13.33,U=33, z=3.42,P<.001), and MSA(U=24.5, z=2.179,P<.05). In conclusion
PSP had the lowest blink rate durithg ITI period in both anti and preaccade trials.
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Figurell-10. Blink rate during the intefrial intervalfor each group duringA) presaccade and (B) arsaccade
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11.7.2. Blink rate during the fixation period

The fixation period is the time that fixation is on the screen (see method). Bhaks
occured duringthefixation period in anti and preaccade trials habeen measured and
compared across the grouffsigure I1-11). During presaccadetrials, CTRL (11.6)
showed a higher blink rate th&BD (5,U=2004, z=2.21,P<.05), MSA (1.25 U=474.5,
z=-3.03,P<.01), and PSP (zert)J=66.5 z=4.15 P<.001). RBDshoweda higher blink
rate compared to P§BP=38.5, z=3.34,P<.001). PD(14.1)also represented more blinks
than MSA(U=142.5, z=2.46,P<.05) and PSIPU=27.5, z=3.59,P<.001).
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During antisaccade trials, CTR(8.33) hadmore blinks than MSA1.25,U=642, z=
1.94,P<.05) and PSP (zerty=130, z=3.59,P<.001) PSP had lower blinks than RBD
(3.3,U=57.5, z=2.81,P<.01), PD (10.83U=41, z=3.19 P<.01), and MSA [J=27.5,
z=-2.01,P<.05).

A — % B
—_
100 x 3 100
) * 5 —%
© * —_ %
= —k *
_{’2 o) * 5
£ x
e} ° :
©
2 t ° A A
@ A
c &
S50 g ® ° 507 § Z
T A
x A
c
© e £ ‘? £ A
IS ap 4
Z A A
= o."S s
m A
'
CTRL PD PSP CTRL RBD PD MSA PSP
(134) (39) (37) (14) 6) (134) (39) (37) (14) (8)
Pro-saccade Anti-saccade

Figurell-11. Blink rate during the fixation periddr each group duringA) presaccade and (B) artaccadeThe
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11.8. Pupil results

Pupil traces for all cohorts are showrFigurell-12, and since there was no variation
in pupil baseline across groups, they have been normalized to baseline. Each trace
represents the average of all potential trials that met the inclusion criteria. Theatimpe s
ranges from 150 to 1208s following thefixation pointonsetA rebound follows a brief
period of constrictionWe next compared the pupil traces using multiple megaased

from these traces
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Task 1: Interleaved Pro/Anti Saccade Task (IPAST)

I1.8.1. Fixation onset time

The fxation onset time for all patients has been showhigurell-13. CTRL had a
median reaction time a@f7.26ms which was comparable to RBB2(86ms) but faster
than PD 124.36 ms, U=1349, z=4.23, P<.001), MSA @25.32ms, U=159, z=5.1,
P<.001), and PSR2{6.74ms,U=30, z=4.47,P<.001).RBD was faster than PIJE409,
z=-3.24 P<.01), MSA (U=50, z=4.49 P<.001), and PSRJ=9, z=4.16 P<.001).
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Figurell-13. Fixationonsettime. When each patient group looks at the fixation point after it appésshown in
the vertical axisThe horizontal solidre oneachd N2 dzLJQ & RHouislthe migdinZ TRA: Control grouRBD:
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FurthermorePSP was slower than PD (U=45-305,P<.01) and MSAU=42, z=

0.95,P<.01).

In order to assesonstriction timefixation onset timewvas taken into account. The
results of pupil constriction for PSP patiemtsre unreliable due to theiconsideralt#

delay, but they have not been removed from the figures.
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11.8.2. Pupil peak constriction time

The time that maximunpupil constriction hasachievedhas been shown iRigure

II-14. CTRL hada peak constriction time of 853 ms which was not different from RBD
(861 ms) but was lower than PD (895.5 s1850.5, z=2.087, P<.05) and MSA (1006
ms U=312, z=3.48, P<.00]). Additionally, RBD was faster than MSAJE92.5, z=

3.14,P<.01). PSP had eonstriction time of 1017.5 miowever, as mentioned earlier,

these results were nobnsideredeliable Therefore, inFigurell-14, the comparisons

between other groups and PSP are presented toled

During anttsaccade trials, CTRL had a lower constriction time (856 ms) than MSA
(1056 ms,U=333 z=3.33 P<.001). Moreover, RBD (847 ms) showed a lower
constriction time than MSA=93, z=3.13, P<.01). PD constriction timg62 ms)was

comparable t&€TRL.
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Task 1: Interleaved Pro/Anti Saceabtiask (IPAST)

11.8.3. Dilation size

After the pupil caghtits maximum level of constriction, it stadto dilate, and the
difference between theeakpupil constriction sizeand the size of the pupil at the target
onsetwasc a | a s Figurkllel5,d& shbves that m préascadirialg, e .
CTRL (Pro:56.5 anti: 60) hada bigger dilation size thaRBD (Pro: 36, anti: 41), PD
(Pro:22, anti: 30.25), MSA (Pro:8, anti: 9), and PSRPro:6.25 anti: 8).
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Tablell-2 provides the details of the statistical analysis for comparing CTRL subjects

with other patients.

Tablell-2. Pupil dilation sizén CTRIversis patients CTRL: Control group; RBD: REM sleep behavior disorder; PD:

tIFNJAyaz2yQa RA&ASHAST a{!Y adAZ GALIXS aeadsSy FIiNRLKET
Mann-Whitney-U-Test Pro Anti
CTRL-RBD U 1835 2031.5
z -2.77 -2.05
P-value 0.006 0.039
CTRL-PD U 1446 1600.5
z -3.64 -3.04
P-value 0.0002 0.002
CTRL-MSA U 258.5 219.5
z -3.87 -4.15
P-value 0.0001 0.00003
CTRL-PSP U 74 88.5
z -4.08 -3.95
P-value 0.00004 0.00007
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Task 1: Interleaved Pro/Anti Saccade Task (IPAST)

There was no difference between RBD and PD in pdifation size(Table II-3).
However RBD had a bigger dilation size than MSA in jRx.01) and antisaccade trials
(P<.00)). Furthermore, RBD had a bigger dilation size than PSP in both pro and anti
saccade trial$pthP<.001). PD in presaccade trials was bigger than {BR.05), while
in antisaccade trial]S°D appeared to hawebigger dilation size compared both MSA
(P<.05) and PSPR<.01).

Tablell-3. Pupil dilation size at target onset: comparagient groupstogether. CTRL: Control group; RBD: REM

a3t SSLI 0SKI @GA2NI RAa2NRSNI t §femtatroply; PFRI Prof@ssiveRupearsitlearS T
palsy.
Mann-Whitney-U-Test Pro Anti

RBD-PD U 554 574

Z -1.57 -1.35

P-value 0.11 0.17
RBD- MSA U 104 72.5

z -2.88 -3.58

P-value 0.003 0.0003
RBD- PSP U 335 28

z -3.46 -3.62

P-value 0.0005 0.0002
PD- MSA U 143 110

Z -1.72 -2.52

P-value 0.08 0.011
PD-PSP U 66 575

Z -2.37 -2.63

P-value 0.018 0.008
MSA-PSP U 335 38

Z -1.12 -0.77

P-value 0.26 0.43

11.8.4. Peak dilation velocity
The maximum(Peak)velocity inthedilation periodrevealed a sigficant difference
between CTRland all other group@=igurell-16).
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Peak dilation velocity (pixels/s)

Task 1: Interleaved Pro/Anti Saccade Task (IPAST)
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Tablell-4 shows thatn prosaccaddrials CTRL (395 had faster dilation velocity
compared to RB (308 P<.01), PD (304.5 P<.05), MSA (22Q P<.01), and PSP
(150.75 P<.001). In antisaccade trialsCTRL (421) had faster dilation velocity
compared to RB (321, P<.01), PD (314.75 P<.01), MSA (253 P<.01), and PSP (181

P<.001).

F GNRLIK&T

Tablell-4. Pupil dilation velocitin CTRIversuspatients CTRL: Control group; RBD: REM sleep behavior disorder; PD:

tINJAyaz2yQa RA&SHAST a{!Y adzAZ GALIX S aeadsSYy FIiNRLKeT
Mann-Whitney-U-Test Pro Anti
CTRL-RBD U 1716.5 17455
V4 -3.20 -3.10
P-value 0.0013 0.0019
CTRL-PD U 1834 1701
z -2.15 -2.66
P-value 0.031 0.007
CTRL-MSA U 372.5 392.5
z -3.05 -2.91
P-value 0.002 0.003
CTRL-PSP U 84.5 108.5
z -3.98 -3.77
P-value 0.00006 0.0001
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Task 1: Interleaved Pro/Anti Saccade Task (IPAST)

RBD revealed significant differences with PSP in both(f01) and antisaccade
trials (P<01)(Tablell-5). Other comparisons between the groups demonstatedller
dilation size in PSP than PD in both pRx(01) and antsaccade trialsSR<.05). In ant
saccade trials, PSP hagmaller dilation size than MSA°K.05).

Tablell-5. Pupil dilation velocitycomparing Patients togethe€ETRL: Control group; RBD: REM sleep behavior
disorder; PDt  NJ Ayaz2zyQa RA&aSIHaAST a{!Y adzZ GALX S aeaisSy

Mann-Whitney-U-Test Pro Anti
RBD-PD U 684.5 683.5
4 -0.18 -0.19

P-value 0.853 0.84
RBD- MSA U 172 177.5
4 -1.37 -1.25

P-value 0.16 0.21

RBD- PSP U 455 48.5
4 -3.128 -3.04
P-value 0.0017 0.002
PD- MSA U 169 175.5
4 -1.11 -0.96

P-value 0.26 0.33

PD-PSP V) 57.5 63.5
Z -2.63 -2.45

P-value 0.008 0.01

MSA-PSP U 225 63.5
Z -1.96 -2.45
P-value 0.049 0.014

11.9. Results summary

An overview of the findings can be foundTablell-6. Arrows indicate the statistic
findings, whereas one arrow indicates a single asterisk, tewsimdicate two asterisks,
and three arrows indicate three asterisks. The arrows goimmhward andupward,
indicating a drop and a rise in the relevant metric, respectiVilg.table preidesonly
a summary of the findings plus the possitdsults if considering multiple comparisons

correction (by removing red arrows)
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Task 1: Interleaved Pro/Anti Saccade Task (IPAST)

Tablell-6. IPAST results summaihe arrows indicate how the parameter mentioned in the first column changed

between theifst and second groups. Upward: increase, downward: decrdai® symbol indicates there were no

comparisons madéhe red arrows indicate that these arrows would have been removed if the Bonferroni correction

had been appliefhew alpha level for compaans between CTRL and patients: 0.05/4, 0.01/4, 0.001/4, and for

comparisons between patients: 0.05/6, 0.01/6, 0.001@G)RL: Control group; RBD: REM sleep behavior disorder;

t5Y tFENJAYya2y Qa8 RA&SHAST Rdoreséiveasupranudlendipdsy 88 4G SY F I NRPLK&T t {

Variable RBD |[PD |MSA |[PSP |[RBD |RBD |[RBD |PD |PD [MSA
z Z z z z z z z z z
CTRL|CTRLCTRL|CTRL|PD |[MSA |PSP |MSA |PSP |PSP
Correct median SR Pro Z
Ant ' EEE, 7z Z
Express latency | Pro y ¥
saccades
Regular latency | Pro 77 2 77 7 Y
saccades _
Ant Z 22| 7 §y g
ITI blink rate Pro 7 | 727 WA gyl W
Anti| 7 Z |27 WY Wyl v
Fixation blink rate | Pro| Z 27|77 YWY v |9y
Anti 7 | 727 vy yyl v
Direction error Anti 991 W 991222 72 |22 Z
viable
Direction error | Anti 9 |9 Z z
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Direction error Anti Y gy ZZ 77 7 zZ | 7
regular
Correct amplitude | Pro 22\ 224722199199 | 99 g
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[1.10. IPAST discussion

Across RBD patients, saccade reactiaqress latency saccagjalirection errors,
saccade amplitudes, and peak constriction times were noroalever, there were
abnormalities in the blink rate anpupil dilation profiles in RBD.Due to LC's
involvementn both pupil and blink pathways in the br@loshi et al. 2016}hese results
suggest that LC may be affected in RBD patients earlier than the dopaminergic system
in line with theBraak hypothesi@raak et al. 2003)'herefore, blinks and pupil behavior

can serve as biomarkers for PD and MSA.

A comparison of RBD with manifesiSYN has been performed order to predict
whether RBD would convert to MSA or PB.lower expresdatencysaccadeate and
direction errorrate were observed in RBD than in both PD and MSA. Additionally, a
greater amplitude was observed in RBD when compared to PD and MSA.r8i&)
however, did not differ between RBD, PD, and M&#conclusion, direction error and
express latency saccade rate could not help in any prediction of RBD phenoconversion to
PD or MSA. Howeversaccade amplitude was more reduced in MSA than inRizh
may be more characteristic of MSA disease rather than PD. Also, blink rate reslurction
both RBD and MSA with no difference implicated that maybe blink can assist the

phenoconversion prediction.

When it came to puprlesponsesRBD almost did not differ from PD, but it did differ
significantly from MSA. There was langerpupil constriction time and amallerpupil
dilation size inMSA compared tdRBD. In fact, the pupil abnormalities seen thS Y N
groups were pronounced in MSW/hetherthe pupil could predict the phenoconversion

needs to bstudied more

There was a similar pattern of abnormalities betweefdnepathyandU S Y dvoups
except for express saccades. However, the abnormalities in PSP were more severe than
those in RBD and PD. Blintatewasthe main difference between PSP and MSA. Overall,
it wasnot easyto distinguish PSP from MSA. By looking at IPAST parametachsas

express saccades and blink r&#8P mayediagnoseckarlier in the disease course.

In most cases, our findings were consistent with those il curpi@\sous report
(Perkins et al. 2021Even thoughPerkins et al. founthat RBD had shorter SRT than
PD in antisaccade trials, we found no difference between RBD and PD in the current
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Task 1: Interleaved Pro/Anti Saccade Task (IPAST)

study. RBD and PD did not exhibit blink rate reductions in-gamade trials,
contradictingPerkins et affindings. We found more RBD abnorriées than in the
previous studybut our overall resultwereconsistent. Aside from that, we also included
cohorts from the MSA and PSP.

The results of our recent papétfabibi et al. 2022)ndicated that saccade amplitude
was reduced in both PD and MSA duringefkeewing (FV), as well as in RBD in certain
saccade directions. The fact that the IPAST task complexityred from FV might
explain why RBD had a normal saccade amplitude in the current study. As for pupil
dilation, we found abnormal pupil dilation RBD in IPAST, but normal pupil dilation
in FV. In the next chapter, FV will be described in detail, but briefly, FV stimulates the
whole retina, whereas IPAST only stimuktee fovea. This might explain the lower
MSA dilation size in IPAST contrary to FV, which shows a larger MSA dilation. In
addition, the dilation size of RBD decreased in IPAST, while it remained unchanged in
FV.

11.10.1. Saccade&eaction time

Consistent with the literaturd?D patients could not generate voluntary responses
easily, so their reaction time in ansiaccade trials hascreasedBriand et al. 1999; Chan
et al. 2005; Amador et al. 2006; Terao et al. 2016; Lu et al. 2019; Perkins et al. 2021)
Some studies have demstrated thathe FEF activity level is related t8RT in antk
saccade taskéverling and Munoz 2000)Furthermore, it has beenuiod that the
variability in saccadic reaction times can also be attributed tleviet of activity in the
FEF and SGaccade neuroradter the target appearan@orris et al. 1997Everling and
Munoz 2000) Studying saccadic reaction time can helpetser understanihefunction
of thecortical area and how litas been affected in these neurological disor@ersador
et al. 2006)

Here we showed th&D latency in AntiSaccade trials differed from CTRL, which is
similar to otherstudeswhich found that PDatencydiffered from CTRL(Briand et al.
1999; Chan et al. 2005; Amador et al. 2006; Teraw. &016; Lu et al. 2019; Perkins et
al. 2021) In a recent paper published in our group, it has lbepartedthat there is a
significantdifferencein SRTbetween RBD and PD in ardaccade trial§Perkins et al.

2021) However, we discovered no difference between RBD andnP&ur current
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investigatios (Figurell-5), which might be attributed to the fact that we used early PD
patients who hadnaveragallnessdurationof fewerthan two years, whilen Perkins et

al., there weremore elderly PD patientsMore research is required to determine the
differences infSRT between PD and RB®specially when the PD group is stratified in
the PD with RBD and PD without RBD

In pro-saccade trials, ihas been reportatiat the MSA group had a long8RT than
CTRL and POBrooks et al. 2017)T'hiswas not thesameasour findings, which revealed
that MSA had a quicker reaction time in psaccade trialsHowever in antisaccade
trials, MSA had alonger reaction timethan CTRL (Figure 11-5). Another research
assessed the latency of saccades toward a jumping stimulus on the screen and found that
MSA patients had a shorter saccadic latency than CTRL subjects, although theatifferen
was not significan{Rottach et al. 1996 Meanwhile, according to tretudy abovePD
patients had a mhagreater delay than CTRL individuals.

Brooks et al found that MSA patients had slow8RTthan CTRL individuals over a
short period of timgBrooks et al. 2017)nitiating a saccade with a prolonged latency
may be causd by the disease's impact on the frontal cortex and systems regulating
attention and target selecti@@verling and Munoz 2000; Terao et al. 2Q16)e fact that
PD and MSA had slower reaction timasantisaccade trials (voluntary movemettitan
CTRL might be utilized as a biwarker in thediagnosis of thearly stages of the disease

to diagnose it more quickly.

We found that PSP had a significantly longer SRT than CTRL, &id,RBD.
According to Perneczky et.abaccade latency is related to frontal and parietafielge
volume(Perneczky et al. 2011 he FEF contributes to the transfer of visual signals into
saccadic commands. In PSP patients, deficiencies in the FEF and other midbrain areas

responsible fosaccadic generation might explain the latency of saccades.

11.10.2. Expressand regulaftatencysaccades
While visual processing of an item begins immediately upon its appearance in the
visual field, this process takes time to mat@kéunoz et al. 1998)When aneye
movement occurs prior to adequate visual processing, it is called anticipatory and not
visually promptedDorris and Munoz 1998Visually guided saccade needs at |eGfst
ms tobe initiatedandoccurs 90ms after target ons@lunoz et al. 1998)Other sacades
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before90 mscan be anticipatory saccades toward one of two possible target locations
There isa50% chance that anticipatory saccades go correctly towards one of twa targets

while the visuallydriven saccadesrealmost triggered successfu(lieeman et al. 2019)

Increasedxpresdatencysaccadeatewas not presented in RBD patie(fsgurell -6),
but we found that PD and MSA had more express latency saccades than CTRL in pro
saccade trialsn line with the other studig®erkins et al. 2021; Chan et al. 200B)this
experimentit wasimpossible to determine whether expriedencysaccades increase in
the prodromal stage of ttieS Y diseases, RBD. Nevertheless, the significant differences
in expresslatency saccade direction error between RBD, PD, and MSA led us to
hypothesize that exprekgencysaccade deficiency is associatethvihe later course of
the diseaseTo be more precisghe high frequency oéxpress latency saccadmay
indicate an underlying pathology in the system controlling fixation or saccadic
suppressior(Biscaldi et al. 1996; Cavegn and Biscaldi 1998¢cordingly, the wel
known deficits in PD and MSBasal ganglianight describe the higher numberresjpress
latency saccadein these diseas@d/enning et al. 2004)

The presence of express saccades was not significantly different between PSP and any
other group. PSP patienshowedregular latency saccadef~igure 11-7) rather than
express saccades due to the impaired frontal(Blmvn et al. 2010)PD and MSA had
fewer regular latency saccades, which made sense because they had more express
saccades. A significant difference was found between MSA and RBD in terms of regular
latency saccades. The MSA group had fewer regular latency saccadessacatue
trials than the PD group. As compared with otbe Y d¥oups, MSA exhibited more
difficulty with saccade initiation, suggesting that saccadic generating systems are more

impaired

11.10.3. Anti-saccade idection error

Direction errors are caused byiaability to suppress the automatic response and make
a voluntary response (argaccade). A togplown control should be applied to the saceade
generating neurons in the FEF and SC in order to prevent the saccade from initiating
before the stimulus appeai@oe and Munoz 2017Although this controlling system
deteriorates with age, patients with frontal lobe laashl gangliaeficiency demonstrate

higher direction error§Coe and Munoz 2017)his provides valuable insight into the
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neural nechanism underlying saccadic inhibition as a result of the direction error.
Consequently, comparirig S Y ddoups withTauopathymight be helpful, since these are
groups that have weklinown deficits in théasal gangliand frontal lobes.

In our study, RBIid not show any directiogrrors, contrary to a recent study showing
RBD has a higher rate of directi@nrorsthan CTRI subjectt Ha nu g k a .&heir al . 20
experiment design was more complex than ours since they had no gaps between the trials
and they had targets in horizontal and vertical directiBnsoks et alin 2017showed
thatthe PD and MSAgroups represented more direction error than CTRhile there
was no difference between MSA amD. This was aligned with our study that
differentiatel PD and MSA groups from CTRL based on direction efffayurell -8).

In Perkins et alstudy, the percenageof direction error was higher in PD compared to
CTRL and RBD(Perkins et al. 2021)We were able to replicateher findings and
moreoverwe displayed that CTRL and RBDdgewerdirection errorgviable saccades)
not only than PD but alsthanMSA and PSRFigurell-8). The high rate of direction
error in both groups was related to deficits grefrontal or basal ganglia circuitry,
resulting in impaired inhibition of automatic responses and impaired voluntary responses
(Chan et al. 2005; Brooks et al. 2017)

By looking atthe direction error of thexpress latency saccalevhich occurred
between 90:140ns after target appearandeSP patientsverenot different from other
groups butin regular saccadePSPrepresented very high direction err@arbutt et al
showed that in anaccade trials, PSP patients shugh direction error thamay be
explained by the very severe cognitive impairmeassthe results ofrontal lobe
dysfunctionshown in PSKBrown et al. 2010; Garbutt et al. 2008)

11.10.4. Saccademplitude

Comparing the saccade amplieuidetween the groupsdicated significant saccade
amplitudedecreases in PD, MSA, and PSP. Making larger saccades bytHRBDhose
of two otherU S Y d¥oups, PD and MSA, was fascinating in terms of establishing if there

is any change in amplitude along the course of the illness.

The length of the saccadespretty muchdependent on thexcitatory andnhibitory

burst neuron$EBN/IBN), and the saccade amplitude is determined based on the length
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of the burst neuron&firing period (Leigh and Zee 2015; Scudder et al. 20@) the
other handOPNinhibitstheburst neirons Any damage tourst neuronbrings the need
for a more sbng power to compensaterfthe inhibitory power coming from OPN.
Therefore € will produce enough drive for the remaining healtiyrst neurongo
overcome th®©PNinhibitions.Rebuilding this circuit bringmore fluctuations and more
error saccade®ecause initiating the first saccadeusally unsiccesful, there would
be more small saccades trying to foviate the eye in the correct position. PSP is a good
example to lookatin this fadion because therie brainstem damagendburst neurons
are partly affectedwhile the brainstem anderebellum are relately spared in PD
However,projections frombasal gangliseem importanbecause projections frothe
FEF and dorsolateral prefrontal cortex (DLPF@ach the SC via SNpwhich is an
inhibitory gateway(Munoz and Everling 2004)

Decreasd saccade amplitude iRD andMSA patients was consistewith other
studes(Ter ao et al . 2016 ; Per kins et al . 2021;
that hae shown that MSA patientshad hypometric saccade$PAST only included
saccades that were directed horizontally, whereas in our earlier refdalzhi et al.
2022)we distinguished saccades into two categorlesrizontal and vertical. We found
that RBD patients exhibited normal saccades in the horizontal direction but reduced
saccade size in the vertical direction.

PD and MSA mayavesaccade amplitude disbances because of impairments of the
basal ganglia, whereas affected saccade amplitnd®BD only in the vertical direction
may reflect progressively deterioration as disease severity increases from prodromal
(RBD) to manifes{PD and MSA]Terao et al. 2016)

Different studieshave shown that PSP had snedccade¢Bhidayasiri et al. 2001,
Chen et al. 200; Marx et al. 2012)In generalit is difficult for PSP to generate self

paced saccades but also suppress unwanted saccades.

PSP represented the smallest saccattgsficantly smaller than CTRL, RBD, and PD
(Figurell-9). This shovs that althougHJSYN groups had decreased saccade amplitude

PSP represented even smaller saccades.
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Analyzing the amplitude and saccades of the PSP gsaupre challenging because
we should consider the dynamic overshoot saccasleescribed b{Otero-Millan et al.
2013) Occasionally, the saccadic delay of a subsequent saccade is approximately zero
after the preceding saccaaehich is called dynamic overshoot. Neglecting dyaamic

overshoot mayjeadto thewrong conclusion that PSP hsisortlatency saccades.

Given that we conducted a longitudinal probe experiment and discovered that RBD
patients had a lower saccade rate during follpavisits(Results are not published yet),

moreresearch on saccadmplitude alterations is necessary.

11.10.5. Blink rate

Blink rate is an important metric that can easily distinguish PSP from all other cohorts
(Armstrong 2011)Furthermore, detecting reduced blink rates in RBD and MSA, but not
in PD, suggests that those with loviéink ratesin RBD may phenoconvert to MSAn
PD patients, we did not find a decreased blink rate, but it has been documented that PD
patients have a decreased blink rate, which may be useful in diagBsikins et al.
2021; Fitzpatrick et al. 2012)

The sage ofPD disease has been reported to have a strong effect on bliakoh@D
patients in the advanced stages arentep to have strong blink reducti@harson et al.
1982) We found that PD patientsad no significant blitkk reductionin the ITI period
compared to CTRL. Even though we expectddirgk reduction in PDwe sawa blink
reduction in RBD patients antisaccade trialdt is partly different fromPerkins et al.
study, in which has beerreported thathe Blink rate reducedin both RBD and PD
(Perkins et al. 2021)

Given that advancedParkinsonism is associated with sevemgpairment of the
dopaminergic nigrostriatal pathwagScherman et al. 198%here may be a correlation
between decreadblink rates and decreased dopamine activity. Considering thabmost
our patients had modest impairments amgein the earlier stages of the diseasesth
generally normal blink rates may lexplainable This may be proven bgeparating

treated andintreated®D patients and comparing the blink rate

PSP patients hatie lowest blink rate among the groupdich isavery welkknown

disease characteristic and has been reppraadously(Lubarsky and Juncos 2008SP
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showed almost zero blink rate duritinge ITlIand fixation periodFigurell-10andFigure
I1-11).

MSA patients had a lower blink rate than CTRL patients but a higher blink rate than
PSP patients. Displaying significantly fewer blinkdMSA than PD during fixation may
aid in the early detection of MSA patients. This necessitates researching MSA patients at
an early stage of the disease and performing longitudinal studies, which is very difficult
given that the majority of MSA patients arrigethe hospital at an advanced stage of the

disease.

I11.10.6. Pupil constriction time

By distinguishing RBD from MSA based on pupil constriction time, we hypothisize
that pupil constriction time could be a better predictor of phenmsion to PD than
MSA. In bath pro andanti-saccadérials in another studyPD has been shown to have a
longer constriction time than CTR(Wang et al. 2016)This is consistent with our
findings in pro-saccade studie@-igure 11-14), which indicated that PD had langer
constriction timehan CTRL It has been suggested by Micieli ettakt the prolonged
constriction time could be due to a reduced parasympathetic activation relative to an
overactive sympathetic syste(Micieli et al. 1991) Furthermore,pupil light reflex
abnormalities can be caused by deficits in the LC, which is the main noradrenergic
nucleus in the brain stem. Pupil responses are affected by LC alostyi et al. 2016)
which is one of several impaired brain areas in PD.

Additionally, we showed that MSA also had a longer constriction time than CTRL and
RBD. Moreover MSA patients have impaired parasympathetic innervations in the brain
(Fanciulli and Wenning 2015which may have an impact on the pupil's constriction
phase. Another investigation has verified the association between parasympathetic
dysfunction and the length argize of pupil constriction(Aydogmus et al. 2017)
According to research by Park et alpil constriction is slowed down in the MSA while
also correlating with the severity of the diseéi®ark et al. 2019)Additionally, because
the pupil's constriction and dilation phases are linked, an abnormality in one phase is

likely to result in an abnormality in the other.
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11.10.7. Pupil dlation size

According to our findinggpupil dilation sze was decreased in RBD patients compared
to CTRL (Figurell-15). This is indeed an interesting result, showing that even though all
saccadic metrics were intact in RBD, pupil metrics displayed abnormalities. This suggests
that the start of saccadic impaients might happen later in the course of the disease while
pupil impairments start earlier. This is in agreement with the Braak staging that says
disease degeneration starts from the lower level of the brain stem going up and involving
more areaBraak et al. 2003)Because LC involves earlier than the area controlling
saccades (e.g. superior colliculus) in the Braak staging hypothesis, pupil abnormality is

expected to be more pronounced than saccades in RBD.

Pupil dilation sizewasable to distinguish RBD and Ptom MSA and PSP when
compared(Figure 11-15). Several investigationdhave shown that PD dramatically
decreased pupil dilation when compared to CTRérkins et al. 2021; hg et al. 2016)

Pupil dilation pathways are mediated by ($zabadi 2018)The LC transmits inhibitory
projections to theedingerWestphal nucleus (EW) cholinergic nucleus that suffers
from 50% neurodegeneration in RBlunter 1985) As a result of neurodegenerative
changes in both LC and EW, sympathetic and parasympathetic innervation circuits are
not tuned in PDsuggestinglifferences between CTRL and PD.

Additionally, we demonstratethat MSA had decreased pupil dilation size compared
to CTRL (Figurell-15). The MSA pupil dilation change in IPAST was contrary to our
previous findings in FHabibi et al. 2022)that MSA had a larger pupil dilation size
than CTRL. However, the task condition and its impact on the eye differed between
IPAST and FV FurthermoreRBD had a bigger dilation sizban MSA.These findings
imply that the dilation sizemight gradually derease from CTRL to RBDOas the
prodromal phageand subsequently to the manifest stages, PD and. MSA

11.10.8. Pupil peak dlation velocity

ATUSYN groups, RBdemondrided slawerdpupldiBitidn velocity
(Figure I1-16) and PSPdisplayed the slowest pupil velocityhere was no difference
within USYN gr oups existerca dofcorgmon dyraptoms in prodromal and
manifest stagedMSA patients similar to those shown by other studies, displayed lower
dilation velocity thanCTRL (Park et al. 2019)According b Park et al., the Unified
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Multiple System Atrophy Rating Scale (UMSARS) in MSA patients is inversely
connected with Pupillometric characteristics, particularly average constriction and
dilation velocities. The UMSRS part | scale measures the intensitgutmnomic
symptoms The association between the UMSRS and pupil dilation velocity demonstrates

a clear link between autonomic dysfunction and pupil alterations.

[1.11. Conclusion

Besides finding biomarkers in the RBD group, we intended to compaltk $h¥ aid
Tauopathygroups together in order to identify underlying differences between the two
groups. A brief overview of our results is provided in the following paragraph in order to

determine how closely they support the initial hypothesis.

The RBD group Isowedregularsaccades bultered fixation break, blink, and pupil
behavior compared to the CTRL grolgD and MSAexhibited high indices of direction
error, exaggerate@xpress latency saccajelamaged saccade amplitude, and damaged
pupillary profiles In all patient groups, damage to pupil responses gvaaer than
saccadic behavipmdicatingthat pupilbrain circuitsmay be impacted before saccadic
control areasCompared to CTRL, the PBnd MSAdeficits weremore severe than the
RBD deficit. Furthermore, MSAnvolved more damage to saccadic and pupillometric
functions along with a lower blink rate than CTRL. The lack of significant differences
between PD and MSAhowedthat IPAST was not able to distinguish teéwo groups
except in some cases (fixation blink raeation onset timeand dilation size at target
onset) Finally, PSP, the group with the lowest number of participants, shihneedost
seveedeficiency in all saccades, blinkand pupil metrics. 8P showed more differences
with RBD and PD rather than MSA.

To conclude, we demonstrated that pupil responses and blink rate chaggeban
suitable candidates for biomarker applications. Furthermore, PSP differed almost
significantly from PD on all metrics, including blinks, pupil, and saccades. Therefore,
IPAST is a valuable todlor monitoring the neural mechanisms associated with eye

movements, pupil, and blinks that could be applied in clinical settings.

To confirm the data in MSA and PD we havedoruit more patientsn the next step,

it will be necessary to determine when these defillsstart to emergén patients with
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RBD. Qur future objective will be to determine if the markers progress along with the

development of RBoward phenoconversion.
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lll. Task 2 Free viewing

In the IPAST part, like in othestudies we tried to use atructured task to identify
abnormal saccade responses in neurodegenerative disedses ki ns et al . 202
et al. 2019; Chan et al. 2005)ere, we employ the simple FV paradigm in which pasie
are shown a series of short video clips on a computer screen, and they are free to view
these clips however they choo@ata has been publishédabibi et al. 2022) This
approach does not allow for a detailed assessment of saccade dysmetria, but it allows for
a richer assessment of saccade and paghiaviorto be recorded in a dynamic visual
setting with a high temporal and spatial resolution in order to reveaftrabiities. Most
importantly, this setting does not require extensive preparatory instructions for the
participant to perform the task. We use the FV paradigm for the investigation of
oculdpupillo-motor functiors in the prodromal (RBD) and manifest stage§ USYN (i n
this study PD and MSA) in comparison to PSP which Taaopathywith well-known
oculomotor deficits. We specifically address the following questions: 1) which saccade
or pupil parameters when captured with FY are altered in patients withe manifest
USYN PD and ThuSpathyBSP? 2) using these parameters, does the FV
paradigm allowusto differentiate between patients wals YN and PSP? 3) are abnormal
pupil and saccade responses observed in PD or MSA also detectablgioditenal
USYN stage RBD?

[11.1. Materials and methods

II.1.1. Participants

We included five different groups of participants. Patients diagnosed with PD, MSA,
RBD, and PSP were recruited in tlepartment ofneurology PhilippgJniversity
Marburg. CTRL subjects wereamiited as part of a large study within thaculty of
Heal th Sciences at Queen §YepetalRO2xThesstiudyy i n Ki
protocol was approved ke human research ethics board of the Faculty of Medicine,
PhilippsUniversity Marburg (Protocol ID: 147/16) and the Faculty of Health Sciences,
Queends Univer sityor97PCNSD0610)0 Volurtay : inforifnedY S
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consent was obtained from egudrticipant after a verbal and written explanation of the

study, following the Declaration of Helsinfincluded in the appendix)

All patients recruited were 48B4 years of age. All patients underwent clinical testing
with the MoCA(Nasreddine et al. 2008YPDRS II1,BDI-Il (Beck et al. 1996)PDNMS
(Storch et al. 2010pnd the RBDS@ St i asny Kol.ster et al. 2007

I11.1.1.1. Exclusioncriteria

For FV, the same exclusion criteria asIBAST mentionedin the sectionExclusion

criteriall.1.1.1) were applied.

ML.1.1.2.Par t i chapaendids s

RBD. Forty-six patients (5 females, 41 males, age range:-bl6&4 years) with video
polysomnographygonfirmed RBD (Darien IL, AASM, 2014) had mean UPDRIS
MoCA, and BD!}I scores equal to 1.61, 28.2, and 7.7, respectively. All RBD patients
were interviewd for a medical and drug history in detail and received a complete
neurological examinatiorilhis procedure was repeated byeurologisttwice over a
period of 1 year to reduce the risk of including subjects with secondary RBD in the study.
This was parof the routine clinical diagnosis conducted by a neurologist, independent of
my project After 6 months, we closely monitored the specialists' reports to exclude
anyone who indicated the first diagnosis of RBD was incorrect (fortunately, this never
happ@ed to any of our participants)n addition, we excluded RBD patients with
cognitive impairment (MoCA < 25), and this would presumably minimize the number of
patients likely to convert to DLBMiglis et al. 2021) Clinical and demographic data are
provided inTablelll -1.
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Tablelll-1. FV participants' linical data CTRL: Control group; RBD: REM sie€pK | A 2 NJ RA&2NRSNIT t 5Y

disease; MSA: Multiple system atrophy; PSP: Progressive supranuclear palsy; MoCA: Montreal cognitive assessment;
Pt5w{Y !'YAFTASR tIFINJAyazyua RAaSF&S NI Ay dotar€mpodd . 5LY
scale; RBDSQ: RBD screening questionnaire.

Number of Age at time of MOCA UPDRS Il

Group Participants measurement (yrs) Score Score

BDI-II PDNMS RBDSQ

CTRL 132 (86F, 46M) All=62.52 + 9.93 -
F=62.30 £ 9.93

M=62.95 + 10.03

RBD 46 (SF, 41M) All=65.17 £ 5.81 282+ .73 1.61 = 1.41 7.7£734 8.4+ 443 10.07£2.31
F= 7235+297
M= 64.30 £ 5.47

PD 27 ((2F, 25M) All=66.26 £ 9.20 27.8+2.89 1573 £ 1243 840+7.18 7.14 £ 481 6.42+ 3.99
F=67.08 + 3.65
M=66.2 + 9.54

MSA 17 (7F, 10M) All=62.82 + 7.47 26.7 + 3.07 2745+ 11.12 11.0+6.76 10.36 £ 5.28 55+333
F=61.84 1738l

M=63.5]1 £7.56

PSP 10 (5F, 5M) All=69.51 £5.10 208+ 7.12 347 £ 19.57 16.5 + 1321 9.6 +5.04 3.2+ 2137
F=68.33 + |.86

M=7070£7.19

PD. All PD patients were diagnosed according to the United Kingdom Brain Bank
Criteria. Twentyseven PD patients (2 females, 25 males, age range: 88.1 years)
were included: 7 PD patients were de novo PD patients, 3 PD patients were investigated
under teatment with dopaminergic medication {state), 14 PD patients were at least 12
hours without medication (defined edtate),and three with unknown medication status.
Given the relatively minor variation in saccadic behavior between on and off states, all
three groups were pooled into a single PD group, as previously refOdaettron et al.
2012) Mean UPDRSII, MoCA, and BDFHII scoresfor PD were 15.7, 27.8, and 8.4,
respectively.

MSA. Seventeen MSA patients (7 females, 10 males, age range7318years) were
diagnosed according to the second consensus statement on the diagnosigGilM&@
et al. 2008)Mean UPDRSII, MoCA, and BDHII scores in MSA were 27.4, 26.7, and
11.0, respectively.
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PSP. Ten PSP patients (5 females, 5 males, age range:-62252 years) were
diagnosed according to the National Institute of Neurological Disorders and Stroke and
the Society for PSP (NINDSPSP) and Hoglinger et ariteria(Hoglinger et al. 2017)

PSP patients showed sevar®tor and cognitive problems with mean UPDRS
MoCA, and BDHI scores 0f34.7 and 20.8, and 16.5, respectively.

Control participants (CTRL ). One hundred thirtywo healthy agenatched CTRL
participated in the study (86 female, 46 male, age range: 88.8 years). Age is known
to influence many saccade parameters (e.g., increased saccade latency, decreased saccade
frequency, decreased saccade amplitude, and vel@Ciby) and Munoz 2017; Munoz et
al. 1998; Dowiasch et al. 2013)o control for age effects, we created a separate CTRL
group for each patient group. For each group, we selected CTRL that had a maximum of
+1 year age difference with each patigfg(relll-1). We confirmed that each control
group was matched in age to its corresponding patient group. The CTRL groups,
therefore, had different numbers and overlapping individuals in each groemontrol
group in theFV project closely resembles the dnem IPAST project, although there are
also some differences in its compogitio

PSP(n=10) -| o
ctrlPSP(n=37) - (@)
MSA(n=17) - @o
ctrIMSA(n=75)
PD(n=27) | ® @ o
ctrlPD(n=110) - G 00
RBD(n=46) e o0 o em® QITOO QD © O
ctrlRBD(n=109)
s  so 55 e & 70 75 s 8

Age (Years)

Figurelll-1. Age distribution of all participant® each disease (filled circles)dacontrol (empty circles) group.
Thick and thin vertical lines represent the median and mean values, respectively, for each group. Numbers in the
parenthesis show the number of subjects in each group. Thesemstatistical difference in age distribution between
each patient group from the corresponding CTRL g(dlann-Whitney-U-test: all P<.05)CTRL: Control group; RBD:
w9a afSSL) 6SKFEPA2NI RAA2NRSNIT t5Y t | NJ RryggiessiyesapraRukléaS I 4 ST
palsy.
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111.1.2. Eyetracking task

Participants were seated with their heads resiing headrest in a dark, windowless
room, with a curtain drawn between them and the operator to limit any potential
distractions.Despite this, PSP patients occasionally made a backward head movement
during eye tracking. To prevent this from happening again, an experimenter used their
hands to keep their head in a stable position on the chin and forehead rest. Additionally,
the partcipants were seated in a chidnatincluded a backrest to keep them from falling
backward. Occasionally, we used a pillow to bridge the space between their neck and the
backrest of the chair. We attempted to keep the amount of head motion to a minimum
while collecting the data. Additionally, if participants pushed back, the eye tracker
stopped recording, and the task was recalibrated.

A video-based monocular eye tracker was used to monitor eye paaititpupil size
at a rate of 500 Hz (EyelirkO00 PlusSR Research Ltd, Osgoode, ON, Canada). Stimuli
were shown on a tinch LCD panel 1280x1024 pixels, 3zit color, 60 Hz refresh rate
corresponding to a viewing angle 0f°3226° controlled by the operator through a Dell
Latitude E7440 Laptop. Videosane delivered at 30 fps using custom software in Ubuntu
13 to interface with the eye tracker via the SR Research ARl distance between the
eyes and the monitor and infrared camera was adjtst®dcm, the optimum distance
between theamera and the ey All recordings and calibrations were conducted
monocularly, using the right eye as the reference point. To begin, -paimegrid was
used to calibrate the eye location (eight around the periphery and one central). The stimuli
were flashed in randomafterns across the screen, and the participant was required to
focus on each one until the next appeared. Following calibration, the procedure was
repeated to ensure that the average error between fixation and stimulus was I&%s than
and that there wasorloss of eye tracking. To verify that observed substantial variations
were not attributable to differences in location, both widased eydracking devices
were subjected to rigorous testing on a regular and recurring basis to assure consistency
acrosgnachines. This study used a spectrometer to ensure that tirackers displays
emitted an identical amount of luminance, which had no impact on pupil baseline,

constriction, or dilation levels
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II1.1.3. Visual stimuli

Videos were displayed dhemonitor, and all participants viewed a total of 10 movies
(vertical boundary black lines Figurelll -2A). Each movievas approximately 1 minute
in duration and consisted of 15 video clips that were ~25 s in duration (mean = 3.76,
mode = 4)We made video clips of scenes with and without humans, animals, buildings,
cars, and the clips were randomly assembled sovibaing was similar to watching
television and changing the channel every few seconds. The clips were presented in a
fixed sequence within each movie, but the order of the 10 movies was randomized
between participants. The task required no instructi@pénticipants simply viewed the
video clips. Clip changes produced a large visual perturbation that stimulated much of the
central retina, producing a large visual transient siiiite et al. 2017¢arried to all

central visual areas that altered ongoing saccadeapilbehavior
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Figurelll-2. Experiment paradigrfA) lllustration of all movie trials. Every movie consisted of ~17 different scenes
(clips), which lasted ~60s in total. The gray boxes showlithevith lower luminanceandthe white boxes show clips
with higher luminanceThe underneath panel shows an examjpleghow we gain the appropriate clip changes to gain
pupilanalysesRed lines show clip transitions with negative luminancedigadto pupil dilation) and green lines
show clip transitions with positive luminance defiead to pupil constriction). (B) Different analyses of the diata
each epoch of panel A. The black line shows the mearcade rate after thelip change(all rectargles in panel A)
and the blue line shows the miesaccade rate in the same epochs. Pupil dilation and constriction are the pupll
responses of the trials indicated with red and green vertical lines, respectively, in panel A. The shadedvariée sho
time at which the steadgtate response was calculate@ther descriptions on the image pertain to the times when
these parameters were collected

We computed the luminance changes at each clip change that impacted pupil size. We
defined fdel tinduminaamce bdatween the tuaemtgrame and the previous

frame. We then selected the top 20% of positive luminance deltas (clips with the greatest
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increases in luminance; green vertical limeBigurelll -2A) and the top 20%f negative
deltas (clips with the greatest decreases in luminance; red verticahlifigsirelll -2A).

This resulted in 30 positive delta clips and 30 negative delta clips which were used to
analyze pupil constriction and dilation responses.

l1l.2. Saccadanalyses

We divided the analyses into: 1) ldevel statistics independent of video content and
2) analyses aligned on clip chandegyurelll-2B). Auto-marking scripts developed in
MATLAB were used toclassify each trial and all eye movements (saccades, fixations,
and pupil size). All saccades were marked for direction, amplitude, peak velocity, and
duration (Coe et al. 2021)We computed the -gcore of the velociamplitude
relationship (mairsequencéBaloh et al. 1975)for each eye movement that was initially
coded as a saccade to distinguish-pbysiological data from real saccades. Specifically,
initially coded saccades whosaeore was > +3 SD were considered outside the range of
a normal saccadend were removed. This resultedtlre removal of 4% of the initially
detected saccades. We then defined maceoc c ades as anhplitudsamd c ades
micro-saccadegOteroMillan et al. 2011; 2013; Susana Martin€@onde et al. 2006;
Alexander et al. 2019; Susana Martir@ande et al. 2004; S. Martin€onde et al. 2000)

asall saccades < 2amplitude.

[I1.2.1. Main sequence

As mentioned inl.8.2, the main sequencés a fundamental relationship between
saccades' amplitude and peak velo@@shill et al. 19753)which measures the integrity
of the brainstem saccade premotor cir¢uiischei and Fuchs 1972)e measured the
amplitude and peak velocity of all saccades ard plotted peak velocitysaa function
of log amplitude for each participant, which produces a linear relatio(Bhhill et al.
19753. We then fit a linear function to the resulting datg(re 11 -3). Analysis was

repeated for eaafroup participanto make comparisor(seéll.6.1.5).
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Figurelll-3. Main sequenceThe nain sequence of saccade peak velocity against amplitude in one representative
CTRL subject. TheaXis ishe amplitude on a logarithmic scale. The linear fitting line is applied over all data points of
the subject in 10 trials (Movies1D) in all directions.

I11.2.2. Gaze distribution

We defined any period between successive saccades as a fixation pegadraifabd
the fixation duration. Fixation durations < 50 ms were excluded because they have been
shown to not activate the fixation system in the braing&engeron and Guitton 2001)
The coordinates of each fixation were used to create gaze distributionWWeapseated
a 2D histogram with 32 x 26 bins (bin size:df visual angle) of all fixations within a
given movie. We then applied a Gaussian smoothing function (SD = 0.5 pixels) to the
resulting image, which produced an average heatmap of the probability of gaze for each
participant across all 10 movies. We atsdculated the difference in gaze distribution for
each patient group and its respective control group to genédidference gaze
probabilityd maps. To summarize these differem@zeprobability maps, we extracted
the data along the horizontal and et meridian (an averaged +5° strip across the

meridian) of the difference maps to produce 2D line plots to illustrate the differences
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better. Lastlycenterbias the excessive time gazing at tbenterof the screerfTseng et al.
2009) was calculated for each participant and was defined as the m&aarsund the

centerof the probability map for each participant.

111.2.3. Saccade directions

We computed the frequenggaccadecount/viewingduration) and average saccade
amplitude in each of 60 different saccade directions (each bin wasld& angle). In
subsequerdnalyseswe separated horizontal and vertical saccades because PSP patients
have vertical gazeanpairments specificallyBhidayasiri et al. 2001)All saccades with
direction + 45 of the horizontal meridian were defined as horizontal, and all saccades +

45 of the vertical meridian were defined as vertical.

111.2.4. Clip alignedanalyses

The clip transitions produced transient changes in saccade andopbpuior We
computed the macr@nd micresaccade rate (saccades / s) for each participant using a
peristimulus time histogram (PSTH, 2 ms bin width due to the 500 Hz sampléwate).
then smoothed these PSTH traces using a MATLAB smoothing function (localsiegre
using weighted linear least squares and alégtee polynomial model with a S@ample
span). For each participant, we extracted various parameters from these curves. The
smoothing served to reduce the probability of false alarms in detecting nfe&xdipg
and peaks in the curves and was verified
observing the detected parameté&i@: macresaccades, we computed a baseline rate for
each participant200 to +50 ms relative to the clip change) as wetha magnitude and
timing of the dip in macrsaccade rateithin an epoch from 7200 ms post clip change
(Asaccade (ReinggdrardsSwampe h9§9Moreover, we calculateithe peak
macraesaccade rate aftédneclip transition (maximum value from the time of suppression
to 300 ms post cliphange), and the steady state maaocade rate (averaged from 1000

3000 ms after clip change).

A similar set of micresaccade parameters was extracted for each participant.-Micro
saccade PSTHs were cregtaad we computed a baseline rate (average nate-200 to
+50 ms relative to clip change). We computed the magnitude and timing of the

suppression in micrsaccade rate in the epoch from4@ ms after clip change, and we
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computed the steady state mis@ccade rate, which was the average over arhel@0

3000 ms after clip change.

[11.3. Pupil analyss

We measured the mean global luminance of every frame of every movie by computing
the luminance gamma functions of the red, green, and blue color gamuts at various output
levels. We then used those functiemsompute the luminance of every pixel in the frame
and averaged across all pixels to get the mean screen luminance for thaSttesee.
luminance changes drive the pupil to reactd it has a negative correlation with pupil
size. To that purpose, wassessed all luminance changes in clip transitions to see how
they affect pupil response, and we reportednieanpupil size of the entire group for
each clip changeNe correlated the mean pupil size with the mean screen luminance

(cd/m2) across clips feeach participantigurelll -4).
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Figurelll-4. Pupil sensitivity to luminance chandrupil size change versus luminarach circle represents the
averagepupil size of the entire corresponding group at a clip change. The lines represent the linear fit across the data.
The dashed lines represent the CTRLs of the samecodled patient groups, while the solid line refers to patients.
RBD: REM sleep behavidisorder; PD: Parkinson's disease; MSA: Multiple system atrophy; PSP: Progressive
supranuclear palsy

We extracted various parameters from the-aligned pupil responses from the
negative and positive luminance delta clip changes. For each particigasmeothed

each of the 30 zeroormalized clipaligned pupil traces using a MATLAB smoothing
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function (local regression using weighted linear least squares andegtse polynomial
model with a 58sample span). We then took the first derivative of theathed traces
(pupil velocity) We applied the smoothing function again because the derivative
amplifies any remaining noise and would otherwise result in false alarms in detecting
reliable parameters from the traces. We determined the point where abgywelrves

were significantly different from a baseline velocity (epoctdf ms relative to the clip
change) using a running signeshk test (itailed; i.e., negative velocity in the
constriction condition, and positive velocity in the dilation coodi}i
Constriction/dilation latency for each participant was taken as the point where the curves
were significantly different from baseline for at least 10 consecutive samples within an
epoch from 106600 ms post clip change in the constriction conditionl 206600 ms

post clip change in the dilation condition (to account for the slower dilation response).
We also extracted the point where the velocity curves again became not significantly
different from the baseline, and the difference in pupil size ketwbhat point and
baseline was taken as the delthe pak velocity for each participant was the maximum
velocity in an epoch starting from the constriction/dilation latency (described above) for
200 ms. The time of peak velocity was also extracted. ligjnal steadystate pupil
parameter was extracted and was defined as the pupil size fror8@000ns post clip

change.

l1l.4. Unified Parkinson's Disease Rating Sq/&®DRS IlI)

All patients underwent theJPDRSIII and/or Movement Disorder Society (MDS)
UPDRS scores as part of their clinical routine. We converted all-MPBRS scores to
UPDRS scores for consistency. We utilized the formula proposed by Goetz et al. for this
purposg(Goetz et al. 2012)0n the same day dke eye movement assessment, UPDRS

1l and all other clinical data were collected.

Finally, we tested the correlation of all eye movenamd pupilparameters versus
UPDRSIII scores to examine the relationship between the severity of mgséunction

and oculomotor and pupillometry parameters.

111.5. Statistical analyess
All statistical comparisons were performed in MATLA&1d SPSS. The data

distribution was tested using tkénesample KolmogorosEmirnov testand it was not
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normally distributed. Therefore, weseda pairwise nofparametric test, MarWhitney
U-test(Mann and Whitney 1947}o determine the significant sttics.For the sake of
simplicity, only P-values were reported in the test; other test statistics are included in the
appendix.Multiple comparison adjustments were excluded due to the exploratory aspect
of the study.However, a comparison of thesults before and after the Bonferroni
adjustment is provided imablelll -2. We performed different statistical comparisons to
address our main gstons. First, we compared patients to CTRL. We consistently report
the patient values followed by CTRL unless stated otherwise. We then compared across
patient groups to first determine if the prodrora8YN group RBD started to reflect
abnormalitiesthat were already present in PD and MSA and then to identify which

abnormalities reliably differentiated PSP from #f&YN groups.

[11.6. Results

I11.6.1. Low-level saccade statistics

I11.6.1.1. Gazedistributionmaps

We first analged the distributions of all fixations for the 10 miesi of free viewing
from all participants, which produced gaze distribution maps. Patient gifeigpsd]ll -5,
top row) and theicorresponding CTRL groupEBigurelll -5, bottom row) all had a strong
centerbias (indicated in yellow), spending most of their time fixating on logatasound
thes c r e e n §Tsengeeah 2089)Ve subtracted the gaze distribution maps of CTRL
groups from the patient groups to reveal the differences icetiterbias Eigurelll -5B).
PD, MSA and PSP groups all had a significantly greataterbias than CTRLKigure
[11-5C; PD: 0.0043 average gazel/visual degree versus 0.68305, MSA: 0.0042
versus 0.003%<.01, PSP: 0.0047 versus 0.008%.0001). That means patient groups
spent less timexploring the peripheral parts of the video clips than CTRL. We then
compared the patient groups to one another. RBD and MSA had a significantly smaller
centerbias than PSP (RBD versus P3#.001, MSA versus PSHP<.05). We also
looked at the differencan gaze distributions between patients and controls along the
horizontal and vertical meridian&igurelll-5D; patientCTRL). The PSP group had a

greater centerbias along horizontal and vertical meridians compared to all other groups.
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I11.6.1.2. Saccadandfixation duration distributions

We computed lowevel statistics of saccade frequency, direction, and ampliagde,
well as fixation durations. For these analyses, we separated-samades from micro
saccades. All patient groups made fewer maaarades than CTRIFigure Il -6A;
RBD: 1.74 saccades/s versus 1.B9,05; PD: 1.51 versus 1.8P<.0001; MSA: 1.49
versus 1.92P<.0001; PSP: 1.13 versus 1.9%.0001). Among patient groups, RBD had
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a higher macrgaccade frequency, not only relative to PR.05)and MSA £<.05) but
also relative to PSHP&.001). Both PD and MSA had a higher masexcade rate relative

to PSP (botli?<.05). The overall micrsaccade ratd={gurelll -6B) was not significantly
different across groups. As a direct result of fewer maagzades, PSP and PD had
longer fixation durations than CTREi@urelll -6C; PD: 384 ms versus 357« .05; PSP:
416 versus 34&<.001). PSP also had significantly longer fixation durations than RBD
(P<.01) and MSA P<.05).
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Figurelll-6. Saccade frequency and median fixation durat{@) Macro-saccade rate per second for each group.
The most important finding is the difference between RBD and PD. (B)}ddawade rate per second. (C) Median
Fixation durdéion of each group.
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I11.6.1.3. Distributionof macre and micresaccade directions

PSP patients develop vertical gaze palsy during disease progi@ssistrong 201).
To determine if there were directional biases in the distribution of saccade directions, we
computed the frequency of maeaad micresaccades in 60 different directiofsSgure
ll1-7A-B). PD, MSA, and PSP had reduced horizontal maeczade frequency
compared to CTRL, but RBD did not diffdfigurelll -7C; RBD: 1.21 saccades/s versus
1.28,P=0.08; PD: 1.05 versus 1.2B<.01; MSA: 0.97 versus 1.28<.01; PSP: 1.05
versus 1.31P<.05). Overall micresaccade frequency in horizontal directionl diot
differ between patient groups and CTREdurelll-7D). Vertical macresaccades were
reduced in all patient groups relative to CTREiglre Ill-7E, RBD: 0.51 saccades/s
versus 0.63P<.001, PD: 0.44 versus 0.68<.0001, MSA: 0.42 versus 0.6R<.0001,
and PSP: 0.07 versus 0.62<.0001). Comparisons amora@SYN groups revealed a
significant difference between RBD and MSA<(05), while allaSYN groups had more
vertical macresaccades than PSP (&k.001). PSP displayed lower vertical micro
saccade frequency than CTREidurelll-7F, 0.15 saccades/s versus 0.P§,05, all
other comparisons of micigaccades between patients and CTRL were not significant
(all P>0.05))and lower than all patient groufsl P<.05).
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Figurelll-7. Saccaddrequencyin different directions(A) Polar histogram of macreaccade frequency and (B)
Polar histogram ofnicro-saccade frequency for every group. Polar coordinates are saccade directions, and each circle
represents the average macro/miesaccade frequency within each group. (C) and (D) Horizontal macro and micro
saccadefrequency, respectively. (E) and (FErtical macro and micrgaccade frequency of each individual,
respectively.

I11.6.1.4. Saccade amplitude

We determined the average saccade amplitude for each of the 60 diref€igume (
l11-8A-B). PSP participants made the smallest maaccade amplitude in all directions,
followed by MSA, then PD, and finally RBD, while CTRL made the largest macro
saccadesHigurelll -8A).
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Horizontal macresaccade amplitude was reduced in all patient groups compared to
CTRL (Figurelll-8C; RBD: 7.04 saccades/s versus 7B9,05, PD: 6.76 versus 7.46,
P<.01, MSA: 6.46 versus 7.68<.0001, and PSP: 4.30 versus 7.8%,0001). RBD
made larger macreaccades than MSA€.01) andPSP P<.0001). AllaSYN groups
made larger horizontal maesaccades than PSRED/PD versus PSAR<.001, MSA
versus PSPP<.01). Horizontal micresaccade amplitude was significantly larger in PSP
versus CTRL Figurelll-8D; 1.33 degree versus 1R<.01, all other comparisons of
patients to CTRL were not significant (all P >0.05)). PSP had a horizontal larger micro
saccade amplitle than RBDR<.05) and PDR<.01).
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Figurelll-8. Characteristic of saccade amplitude in different directig¢Ay.Polar histogram of macrsaccade
amplitude, (B) Polar histogram oficro-saccade amplitude for each group. Polar coordinates are saccade directions,
and each circle represents the average saccade amplitude within each group. The bin angle was 10 degrees. (C) and
(D) Horizontal macroand micresaccade amplitude, respeatly. (E) and (F) Vertical maerand micresaccade
amplitude, respectively.

Vertical macresaccades had reduced amplitude in PD, MSA, and PSP relative to
CTRL (Figure lll-8E; PD: 5.35 degree versus 5.8%:.05, MSA: 4.60 versus 5.97,
P<.0001, and PSP: 3.44 versus 5.82,0001). Comparisons @SYN groups showed
that both RBD and PD had larger vertical masaccade amplitude than MSREBD
versus MSAP<.001, PD versus MSAP<.01), while PSP had smaller vertical amplitude
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compared to all group¥/érsus RBD and POP<.001, versus MSAP<.01). PSP had a

smaller vertical micresaccade amplitude than CTRYI -8F; 1.11 versus 1.18#<.05).

I11.6.1.5. Saccadamplitudevelocity relationship

The average main sequence (saccade amplitude vs. véBaloh et al. 1975)see
Figurelll -3 for single subject fit) of all groups showed that PSP patients had significantly
slower saccades than CTRL and all other patient grdtigsre 111-9A). The slopes of
the individual ©partici pant sFigureiiladB.iPSBhadtyjuence
significantly slower saccades compared to CTRL (PSP: 118.37 degree/s versus 154.18,
P<.01, all other comparisons of patients to CTRL were not significarR¥8ll05)). PSP
also hadsignificantly slower saccades compared to REB=.001), PD P<.001), and
MSA (P<.01).
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Figurelll-9. Main sequence(A) The nain sequence of all patient groups along with their matched CTRL.-The X
axis isthe amplitude on a logarithmic scale. The linear fitting line is applied over all data points of the subjects in 10
different movies in all direction@B) The $ope of the fitline for the main sequence of each individual.

111.6.2. Clip-aligned changes in saccade rate

The clip transition represents a large perturbation in visual input to the brain. We
examined the results of saccade and pupil responses that were influertbedebglip
changes. About 65 ms after clip change, there was a momentary suppression in macro
saccade rate, followed by a rebound that started ~120 ms and peaked at approximately

200-250 ms Figurelll-10A). Finally, the saccade rate returned to a steady statefrate
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about 406600 ms aftethe clip changeThe baseline saccade rate prior to clip change
was reduced in all patient grouggdurelll -11A), but the depth of the suppression was
not different across groupBigurelll-11B). Most importantly although the start of the
saccade rebound (1200 ms after clip change) was similar in patients and conthals,
peak of therebound was significantly reduced in all patient groups relative to controls
(Figurelll -10B; RBD: 4.70 saccades/s versus 523,01, PD: 4.20 versus 5.08<.001,
MSA: 4.05 versus 5.8<.001, and PSP: 3.70 versus 5.2&,0001). RBD had a higher
saccade peak than PB<4.05) and PSPR<.001). The average saccade rate in the epoch
10003000 ms (stedy state) after the clip changeas reduced in all patient groups
relative to CTRL Figurelll-10C; RBD: 1.57 saccades/s versus 174,01, PD: 1.36
versus 1.65P<.0001, MSA: 1.29 versus 1.78<.0001, and PSP: 0.92 versus 1.79,
P<.001). RBD had a higher steady state saccade rate compared R<RIB)( MSA
(P<.05), and PSPP<.001). PD also had a higher saccade rate compared tdPRIIB).
When we separated the clips for high and low luminanea]id not observe differences

in thesaccade rate based e luminance levels of the clips.

The mcro-saccade rate was also affected by the clip chaRggiré 111-10D). In
CTRL, the micresaccade rate dropped ~70 ms after clip change, and this suppression
persisted until ~500 ms before returning to a steady state. The magnitude of suppression
of micro-sac@ade rate was reduced in PD and PSP relative to CFRurgelll -10; RBD:
-0.67 saccades/s versis67,P=.54, PD:-0.53 versus0.67,P<.05, MSA:-0.70 versus
-0.67, P=.90, and PSP:-0.42 versus-0.72, P<.05). RBD and MSA had larger
suppressions than PSP {{p<.05). Steady state micigaccade rate (1068000 ms after
clip change) did not differ between the groups.
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Figurelll-10. Saccades rate after clip chand®) Macro-saccade rate after cliphange. The black horizontal line
shows the epoch in which the average masagcade peak was measured. Every trace represents the mean-macro
saccades of all participants in all tria(8) Median macresaccade peak for each participaf€) Median macre
saccade rate in steady statéD) Micro-saccade rate after clip change. Every trace represents the meansaiccades
of all participants in all trials. The black horizontal line shows the epoch in which thesawc@de rate suppression
has been measuredE)Median of micresaccade suppression magnitudg) Median micresaccade rate in steady
state.

Figure 1l1-11 shows the saccade rate baseline and suppression after clip changes
(extracted fromFigure Il1-10A). The sccade rate baseline was reduced in all patient
groups compared to CTRIFigurelll-11A; RBD: 1.45saccades/s versus69 P<.05,
PD:1.16versusl.61, P<.01, MSA: 1.31versusl.73 P<.001, and PSP0.80versusl.73

P<.001). Furthermore, PSP hatbwer saccade rate th&BD (P<.01), PD P<.05), and
MSA (P<.05).

Saccade rate suppressiwasintactin all patientsrelative to CTRL Figurelll -11B;
RBD: 0.42saccades/s versQs48 P=.34, PD:0.33versu.45 P=.10, MSA: 0.34versus
0.49 P=.06, and PSP0.36versus0.49 P=.21). Therefore all patient groups showed a

reduction in the saccade rate baseline, but suppression did not change significantly.
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Saccade rate baseline

Saccade suppression
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Figurelll-11. Saccade ratdaseline and suppression magnituaféer clip change(A) Saccade rate baselin€he
average saccade rate in the epoch fre200 to +50 ms relative to the clip chan@ Saccade suppression following
clip changeThe minimum saccade rate within an epoch fronr200 ms post clip change.

111.6.3. Clip-alignedchanges ipupil size

Changes in lgbal luminance evoke transient pupil respor{tegwenfeld 1993)and

the clip changes includesignificant luminance changes on the screen that drive changes

in pupil size. For the clip changes with the 20% most significant luminance increase

(Figurelll -12A), a robust constriction of the pupil was initiated ~300 ms after clip change

and peaked at ~800 ms, followed by a gradual increase in pupil size over the next 2 s. The

absolute pupil constriction change was smaller in PSPith@mRL butfailed to reach a

significance levelKigurelll -12B; PSP:169.21 pixels versu217.73,P=.19). MSA and
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PD had a bigger pupil constriction delta than CTRL but failed to r@sigimificance level
(PD:-262.9 pixels versu235.26,P=.25, MSA:-273.96 versus212.53,P=.06 ). RBD

was very similar to CTRL in the size of pupil constriction delta (RBI36.53 jxels
versus245.25P=.72). MSA had a significantly greater pupil constriction delta than PSP
(P<.05). Relative pupil size ithe steady state following luminance increaseég(re
[11-12C) was more constricted in MSA relative to CTRL (RBD54,16 pixels versus
168.11P=.80, PD=-179.92 versusl53.62 P=.53, MSA:-231,52 versusl48.86 P<.01,

and PSP:116.27 versus148.86,P=.11). In the steady state epoch, MSA had more
constriction than RBDR<.05) and PSPR<.05).
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For the clip changes with the 20% greatest decrease in global luminance, there was a
robust dilation of the pupil that began ~400 ms after clip gbafollowed by an increase
in pupil size until a steady state was reached at approximately 10G0guse(l1 -12D).
However, there were significant differences in the magnitude of this dilation response
across groups. MSA had larger pupil dilation compared to CTRL, while PSP elicited
smaller dilation tha CTRL, but this was not significanFigure Il -12E, RBD: 84.59
pixels versus 88.7R=.51, PD: 84.85 versus 88.35.80, MSA: 110.36 versus 79.18,
P<.05, andPSP 62.44 versus 78.8P=.25). Pupildilationwas larger in MSA than PSP
(P<.05). Relative to CTRL, median pupil size after dilation in steady state was bigger in
MSA (Figure ll1-12F, 129.09 pixels versus 89.2B<.05) while it was smaller (not
significant) in PSP (68.46 pixels versus 8685,10). RBD and PD displayed a similar
pupil dilation with CTRL (RBD: 95.75 pixels versus 101.88;.91, PD: 97.75 versus
92.95,P=.64). MSA had larger pupil dilation in steady state than FFSF0E).

Some of these changes in the dynamics of pupil respdofewing luminance
changes could be the result of different baseline pupil sizes in the different disorders. It is
intriguing that pupil baseline size was elevated in MSA, but slightly reduced in PD and
RBD (Figurelll-4). Baseline pupil size was greatly reduced in PSP, compared to CTRL
and theaSYN groups.

111.6.4. Correlations between oculomotor and clinical assessment

A correlation analysis with thelPDRSIII scores of all patients from all groups and their
saccadeFRigurelll-13; Figurelll-14) and pupil Figurelll-15) parameters was performed. We
also repeated thenalyseswvithout including the PSP patients to isolate the correlations for the

aSYN groups.
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Figurelll-13. Relation between UPDRIBand saccad€A) Negative correlation between saccade frequency and
UPDRS3II score(B)Negative correlation between saccade amplitude and URDR&re(C)Negative correlation
between saccade peak and UPBRScore(D)Negative correlation between saccade ratesieady state and
UPDRSII. The solid and dashed black fiseow the linear fit over data including PSP and without PSP, respectively.

Spearman correlation revealed that mesaocade frequency was negatively
associated witlthe severity of motor symptomin the combined patient groupigure
[11-13A; with PSP =-0.38,P<.001; without PSP:=-0.31,P<.05). Saccade amplitude
was alsonegatively correlated with UPDRIS (Figure 111-13B, with PSP:r=-0.39,
P=.0002, without PSR:=-0.33,P=.003). The rebound in saccade rate following the clip
changes was negatively correlatediie UPDRS scoreHigurelll -13C, with PSP =-
0.41,P<.0001, without PSP:=-0.36,P<.001), as well as the steady state saccade rate
10063000 ms after clip changé&igurelll-13D, with PSP:r=-0.44, P<.001, without

PSPr=-0.37,P<.001).
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Figurelll-14. UPDR®I correlation with micresaccade(A) Relationship between micigaccade rate after clip
change and UPDRI& (B) Relationship between micigaccade suppression magnitude after clip change and UPDRS
II.
Neithermicro-saccad rate Figurelll -14A) nor micro-saccae suppression magnitude
(Figure 111-14B) was correlated withthe UPDRS score, either with or withot®SP

included.
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Figurelll-15. Relation between UPDRIS and pupil(A) @rrelation between pupil dilation delta and UPBDIRS
score.(B) Correlation between pupil dilation in steady state and URDIRSore.(C) Correlation between pupil
constriction delta and UPDRIEscore(D) @rrelation between pupil constriction in steady state and URIDIRBhe
solid and dashed black line shethe 1st-degree polynomial fitting curve over data including PSP and without PSP,
respectively.

We did not identify any significant correlations between pupil parameters and UPDRS
scores [igurelll -15A-D).
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I11.6.5. Results summary

Tablelll -2 providesan overview of the findings. Statistics are indicated by arrows,
with one arrow representiraneasterisk, two arrows representing two asterisks, and three
arrows representing three asterisks. In each of the graphs, the arrows point dogvnward
upward indicating a decrease or an increase in the relevant metric, respeciinely.
fewernumber ofarrows beneath the column RBD versus CTRL indicated that there were
fewer statistically significant differences between these two groups. On the other hand,
otherdiseases exhil@ti more discrepancies with CTRL, especially PSP exdtkhtite
mostsignificant ones (more than one arrow). The other columns of importance are those
that comparé RBD to PD and MSA, and the results indichtieat the differencesere
more between RBD and MSA than between RBD and PD. On the other hand, PD

demonstrated only one significant difference when compared to MSA.

Tablelll-2. FV esults summaryThe arravs represent the difference between the first and second groups in terms
of the parameter provided in the first column. For example, a downward arrow next to the group comparisons RBD
T CTRL indicates that the corresponding variable has dropped in RBiZer&la€ TRIThe red arrows indicate that
these arrows would have been removed if the Bonferroni correction had been gppliedipha level for comparisons
between CTRL and patients: 0.05/4, 0.01/4, 0.001/4, and for comparisons between patients:0001365,0.001/6)

/ ¢w[Y [/ 2yGNRf 3INRAzZLIT w. 5Y w9a afSSL) 0SKIFKGPA2NI RAA2NRSNI

Progressive supranuclear palsy
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[11.7. Discussion

In thisexploratory study, we investigated parameters of dpufmllo-motor function
in the manifesaSYN PD, MSA, and the prodromalSYN RBD in comparison to the
TauopathyPSP.We employed a Free Viewing paradigm (FVin combination with
novel analysis methods of saccade and pogililavios- to study the abovenentioned
movement disorders. Previous studies have used visually guided saccade tasks to quantify
horizontal and vertial gaze abnormalites Hanugka et al . 2019; Per
When uninstructed participants watched short video clips for only 10 minutes, this FV
paradigm allowed us to answer the three questions lined out in the introduction as.follow
1) FV revealed qualitatively similar vertical gaze abnormalities as reported for the
visually guided saccade task, but in addition, we describe several novel findings related
to saccade and pupilehavioras detailed below; 2) theehavioal results fron FV
differentiated between patients walsYN and PSRin principle in line with the results
obtained with the visually guided saccade task; and 3) in 8N prodrome RBD, the
FV paradigm allowed us to identify already discrete, but dissactadic abnormalities,

which however are less pronounced than in PD and MSA patients.

[I1.7.1. Saccade abnormalities in neurodegeneration

All patient groups had altered sacchgbaviorduring the freeviewing task, including
increasedatenterbias Figurelll -5) and reduced saccade amplitude and frequd¥igyie
[l -7-Figurelll -8). These basic deficits mean patients with neurodegenerative disorders
harvested less visual information from the peripheral visual display and instead focused
their limited resources on tleenterof the screen, which would greatly reduce their ability

to process the whole gist of any clip.

The clip transitions had a profound impact on saccade produdtiguaré Il -10).
Within ~70 ms of clip transition, the maesaccade rate plunged to a naafir120ms
before rebounding. This initial suppression in saccade rate was the result of large changes
in the visual display at clip changé&eingold and Stampe 19980d was likely produced
by visual input passing through the SC to the brainstem @BittnerEnnever et al.
1999) which gate all saccades via direct inhibition EBNs and IBNs (King 1977,
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Strassma et al. 1987)n the PPRF and the riMLF. OPNs have transient visual responses
(Everling et al. 1998)and so the visual perturbatiproduced by the clip change, which

is known toactivate neurons in the S@Vhite et al. 2017)likely led to an increase in
OPN discharge which would immediately inhibit saccade burst neurons in the riMLF and

PPRF and lead to saccade suppression.

In structured oculomotor tasks, visuattyggered saccades are iyally initiated more
than 90 ms after target appearance and can be further characterezeutess latency
saccadsg or regular latency saccad@sscher and Ramsperger 1984; Coe and Munoz
2017) Saccades with reaction times <90 ms are not visually triggdedoz et al.
1998) Analogous to the giictured presaccade task, IRV, saccade triggered < 90 ms
after clip change preceded the transient epoch of saccade suppression, and the ensuing
rebound in saccade rate represents the shortest latency visiggkyed saccadewhich
couldinclude both express (940ms) and regular (>14@s) latency saccades. Express
latencysaccades, the shortest latency visutiitygered saccades that hure@aan make
(Fischer and Ramsperger 1984ye produced when transient visual signals traveling
through the SC become the saccade comniBodris et al. 1997; Dorris and Munoz
1998)

Following the clip transitions in the fregewing task, the depth of the saccade
suppression and initial part tiferebound was intact in all patient group®wever, the
peak of the saccade rebound vsagnificantly blunted in all patient groups (Fig. 6B),
which is analogous to the time of regular latency saccades in the pro asdcaatie
tasks (SRT>140 mgCoe and Munoz 2017The reduced frequency of saccades at this
time was likely the rgult of cognitive impairments due to neurodegeneration in cortical/
basal gangliaircuits affecting or delaying key inputs to the SC, which is analogous to
increased latency of correct saccades among PD patients performing-seceatie task
(Chan et al. 2005; Amador et al. 2006; Cameron et al. 2012; Perkins et al. 12021)
contrast, the generation oftamatic visually triggered prsaccades remained relatively
unimpaired in P¥Chan et al. 2005; Cameron et al. 2Q1iRely because these automatic
saccades are driven by visugbuts from occipital and parietal cortex to the SC, regions

of the brain that were less impacted in the diseases studied here.
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The FV task provided an assessment of many saccade parameters. However, we were
not able to determine subtle saccade abnormgliglated to dysmetria because we did
not define visual targets in the video clips. The visugllyded saccade task is iddat
investigatingsaccade dysmetria and the difference between vertical and horizontal
saccades. The FV task is better for meagurngoing and continuous saccade and micro
saccadebehavior and pupil behavior without having to introduce any complex

instructions or task parameters.

The SC represents a competition map for the generation of saccades in a winner take
all manner(ltti and Koch 2001)n which only one spatial location can issue a saccade
burst at any one time. Likely due to the reduced maaozade rate following the clip
change Figurelll -10A, B), themicro-saccae rate was less suppressed followtimegclip
change in PD and PSPigurelll -10D, E). However, thenicro-saccaé steady state was
not increased in the patient groupsg(relll -10F), despite the significant reductions in
macroesaccade steady state in all patient grotgufelll -6C), so this inverse relation
between macroand micresaccade rates was not consistent across the entire clip but was

most evident immediately following clip transition $€0 ms).

I11.7.2. Vertical saccade deficits in neurodegeneration

All patients had a significant reduction in vertical saccade wdteh was greatest in
PSP Figurelll-7E). PD patients make hypometric saccades in vertical and horizontal
directions(Jung and Kim 2019)ut do not exhibit downward vertical gaze paresis, which
is typical in PSKOteroMillan et al. 2011) This dramatic vertical gaze palsy in PSP was
likely the result of degeneration in th@dbrain that impacted the riMLF, which houses
the vertical saccade burst neurons that project directly to the pools of vertical extraocular
muscle motoneurons in the oculomotor and trochlear n(Mieschovakis and Highstein
1994) Reduction in signals from these burst neurons in the riMLF will make it harder to
initiate the verticalcomponent of saccades, and those saccades will have a reduced
amplitude and velocity. This is the pattern we observed in PSP, where it appears that these
neurons were selectively damaged, leading to vertical gaze palsy. This hypothesis is

supported by stictural abnormalities in PSP that are known to often impact the midbrain
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and hence riMLF(Leigh and Zee 2015)which may appear small and pathologic
(Armstrong et al. 2007)

111.7.3. Pupil characteristics in neurodegeneration

Pupil responses were abnormal in the different patient groups but in dramatically
different ways for the PSP versus th&SA group Eigurelll-12) which suggest very
different actions of pathophysiologill participants showed a very robustnterbias
(Figure 111-5), and pupil size is determined by global luminance. Therefore, the pupil
differences we described cannot be attributed to local luminance differences based upon
the location of fixationAcross the duration of the fregewing of the video, pupil size
for the PSP group was significantly smaller than for the MSA gréuguce I11-4).
Following the clip transition to darker or brighter clips, pupil dilation and constriction
responses were attenuated in PSP but exaggerated in BgAg(ll -12). Despite these
large differences in the magnitude of the pupil responses between PSP and MSA, there
were no differences in the onset latency of the constriction or dilation resposes (
shown), suggesting that the deficits likely arigem central (i.e., brainstem) rather than
peripheral (i.e., retinal), origin.

The dominant luminance pathway consists of retinal input to the pretectal olivary
nuclei via intrinsically photosensitive retinal ganglion c€dgmstrong et al. 2007)
Neurons in the pretectal olivary nucleus project directly to thg &@&badi 2018Many
different brainstem nuclei and pathways are responsible for thelunonance
modulations of pupil siz@Nang and Munoz 2015The LC in the pons is a key structure
in pupil control(Szabadi 2018)The discharge of LC neurons is correlated to the slow
changes in pupil size that are related to ardidsshiet al. 2016)More recently, another
nortluminance pathway has been identified through thg\8@nhg and Munoz 2015)

The same SC neurons that project to riMLF and PPRF also collateralize into regions of
the central mesencephalieticular formation (cMRF}Scudder et al. 1996yvhich then
projects to EW(Szabadi 2018jo influence pupil size. As gesult, cognitive control
signals fronthe cortex that flow through the SC have a route to influence pupil size.
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Pathophysiology of the LC has been implicated in the early stage3Yd, typically
at stage ll(Braak etal. 2003) Thus, alterations in LC activity, which likely occur in
aSYN would lead to altered pupil control. Consistent with our findings, previous studies
have also identified exaggerated pupil responseaSi¥N, including larger pupil
diameter after light adaptation in RBlicieli et al. 1991)andlarger pupil size after both
light and dark adaptation in MSfMMicieli et al. 1995) However, other studies have
identified conflicting results regarding pupil dggulation inaSYN, including finding
similarities in pupil baseline between PD and CTRRiza et al. 2011)reduced
constriction amplitudes in Bnd longer latency of the light refléGiza et al. 2011,
Micieli et al. 1991) However, we observed no differences in constriction or dilation

latency

PD patients have an autonomic imbalance and are more sensitive {tMagig et al.
2016; Micieli et al. 1991)Previous studies havesalidentified additional abnormal pupil
behaviorin MSA; for instance, they lack a bigger pupil response to s{hassstrong
2014) the average constriction and dilation velocities were considerably slower than
controls(Park et al. 2019)and larger pupil size after both light and dark adaptation in
MSA (Micieli et al. 1995) The above conflicting findings are likely the result of different
stimulus nanipulations on the retina. The pupil responses that we observed in the free
viewing task involved stimulation of much of the retina. Additional research will be
required to determine what is the optimal visual stimulus required to reveal consistent

pupil deficits in these patient groups.

Part of the hypothesis of the spread of pathophysiologgSiN includes early
involvement of the LGBraak et al. 2003which plays a critical role in regulating pupil
size (Joshi et al. 2016)Ilt has been shown in monkeys that LC discharge is tightly
correlated to pupil size; greater discharge leamlsincreases in pupil size, and
microstimulation of LC also increases pupil sizeshi et al. 2016}t is hard to reconcile
how the loss of neurons in LC leads to increased pupilrs@8YN. However, an animal
model ofaSYN revealed hyperactivity of the L@Aatschke et al. 2022which could

explain the increased baseline pupil size we observed in (fAlgarelll -4).
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PSP is known to hava pathophysiology in the midbrain that may impact EW and
cMRF, which are near riMLEArmstronget al. 2007; Litvan et al. 19967 herefore,
midbrain pathophysiology may impact either neurons within EW or afferents to this
nucleus in the midbrain. EW receives both excitatory and inhibitory connections from the
cMRF and could conceivably produdeetopposite pupil effects we observed in PSP
versus MSA Figurelll -12).

111.7.4. Discrete saccadic abnormalities in RBD are pronounced in PD and
MSA

We specifically included the isolated RBD patient group in our study to determine

whet her this prodromal USYN group started

in PD and MSA. Althougleenterbias was exaggerated in PD and MSA, RBD was similar

to CTRL (Figurelll-5). RBD made less macigaccades than CTRL, but more than PD
and MSA Figurelll-6 A, Figurelll-10 A-C). All patient groups made smaller macro
saccades than CTRL, but this effect was very modest in RBD and much stronger in PD
and MSA Figurelll-8 A, C, E). Pupil responses in RBD were not predictive of changes

in PD and MSA. These results reveal that RBD patients already displayssaoae
control deficits (macr@accade frequency and amplitudehich are intensified in PD

and MSA.Our results suggest that saccade parameters were already changing in RBD,
but pupil responses were not. These altered saccade responses in RBD could represent
early predictive markers @&SYN, howevermore studies are required to validate these
findings.However, longterm studies, particularly including subjects who phenoconvert

from RBD to PD or MSA during the study, are needed to confirm these findings.

Other studies have tried to identify early abnormalities in the prodromal RBD
conditon( Per ki ns et al . 2tba doyld belesedagpredictieetcues |
for early diagnosis adiSYN. Perkins et a{Perkins et al. 2021jlentified attenuated pupil
responses for RBD and PD patients performingP&ST following the appearance of a
central fixation spot, it this visual stimulus was a tiny spot confined to the fovea. In our
study, the clip change was a substantial visual stimulus, covering the entire screen in front
of the participant that presumably activated most of the retina. In this situation, RBD and

PD pupil responses were not different from CTRiowever MSA had exaggerated
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responses that were significant for dilatidriglre Ill-12E). Additional research is
required to identify whether retinal disturbances contribute to the pupil abnormalities we
have reported in these disorders and whether these disturbances are acit®msnthe
retina or are confined to specific regions of the retina (e.g., fovextvafoveal).

I11.7.5. Linking eye tracking to UPDRS

A standard procedure for diagnosing Parkinson's disease includes the UPDRS
(Movement Disorder Society Task Force on Ra
We found hat saccade frequency, average saccade amplitude, and the magnitude of the
rebound burst of saccades after the clip change were all negatively correlated to UPDRS
(Figurelll -13). Other studies have also identified saccade parameters that correlated with
clinical scoregWaldthaler et al. 2021; Kitagawa et al. 199¢ne of our pupil measures
were correlated to UPDR&i@urelll -15). Pupil assessment is not part of UPD(&8et
et al. 2008)but may provide some unique measures that may be altex&YN, at least
for MSA. Pupil measures may also be sensitive for distinguishing PSP from PD and MSA.

Our results suggest that pupillometry may tap into additibnainstem circuits and

provide additional measures of dysfunction that are not captured with the UPDRS.

[11.8. Conclusions

We used a simple FV paradigm to identify odplgillo-motor abnormalities in
various neurodegenerative movement disorders. We identifiéentmd prodromal
bi omarkers in RBD and di fTduepateySP esggebtiag we e n |
that the FV task may be a tool to i dentify
mani fest USYN f r omindividual fgllowrus deudes &eairequiteckin i nt r a
RBD patients to determine whether the so far observed subtle changes ipumlite
motor measures will progressively increase over time and allow the prediction of the
phenoconversion of RBD i nto maswilfshewv USYN.
whether oculpupillo-motor parameters can reliably classify neurodegenerative
movement disorders in the manifest stage, and even more challenging, during their

prodromal progression towards phenoconversion.

120



Main findings of the dissertation

I\VV. Main findings ofthedissertation

The objective of this dissertation was to investigate a variety of fpeyddlo-motor
changesn prodromal (RBD) and manife&fSYN (PD and MSA)using two different
oculo- pupillomotor test{IPAST and FV. As a novelty, W was employed for the first
time ever inthe RBD cohort.Each method had its advantages and disadvantges
instance IPAST waschallengingto learn for patientsbut it was able to provide a
comprehensive assessment of cognitive al{#ity.,direction error).As IPAST has been
utilized in a wide range of research, we were able to interpret our results fairly well and
attribute them to different circuits in the brain through the use of literature. Additionally,
the majority ofneurodegenerative diseases arearidet diseasesind the process of
learning and performing tasks is quite frustrating for participants. In contrast, FV is a very
simple and easto-access method that does not require any instructions and can be
performel by subjects without much difficulty. We were able to measure a wide range of
parameters using FV. Both IPAST and FV were able to identify significant abnormalities

in the diseasg enabling us to monitor the differences between them.

Saccade frequency walreadyfound to be reduced in RBpatients which might be
a reliable biomarker foPD and MSA There was a greater decrease in saccades in PD,
MSA, and PSP. RBD patients' saccade reaction times were unchangedsacaatie

trials, but all other patigs' reaction times were longer than CTRL.

Both IPAST and FV revealed abnormal saccade amplitudes within RBD, PD, and
MSA patients. In PSP, all abnormalities were more pronounced. IPAST was able to detect
pupil abnormalities in RBD, which had a defectividation phase. In all other patient
groups, pupil dilation was impaired, and it was more problematic in MSA than in RBD.
As aresult, pupillary changes and differences between the prodromal and manifest stages
of U S Y ®&&n be revealed through pupillary examination. PD and MSA had prolonged
pupil constriction times, and MSA had even longer constriction times than RBD. It was

possible to distinguisfiauopathyandU S Y diseases using pupil constriction.

Here are several parttial clinical significances of eye movement studies in

Parkinson's disease, including:
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1- Early Diagnosis: The emergence of eye movement abnormalities as a first sign
of Parkinson's disease may precede other motor symptoms. Monitoring eye
movements emplogg the structured IPAST or/and the unstructured Free
Viewing paradigm could enable doctors to diagnose the disease even in the
prodromal stage, but most likely in the early manifest stage. Such prodromal or
early manifest diagnosis would allow for initiagi symptomatic and in the future
early diseasenodifying therapy.

2- Tracking the progression of Parkinson's disease: As Parkinson's disease
progresses from the prodr omal stage, A i
(i RBD) o, t owar dsmacnoinfveesrts i mant arntPartkhien s or
movement abnormalities tend to become more evident. Consequently, eye
movement tests may be useful for detecting Parkinson's disease at an early stage
and should be further investigated in follaw studies in iRBD gtients. Such
studies will clarify whether oculomotor and/or pupillomotor dysfunction is
progressive and thus could be used as a prodromal progression marker. Such
prodromal progression markers are urgently needed (at present only a single such
marker is onsented the dopamine transporter ligand binding (DABPECT)
in alpha synucleinopathiesn order to be employed as an outcome measure in
future neuroprotection trials such as in iRBD patients

3- Differentiating Parkinson's disease from other movemesorders: Various
subtypes of Parkinson's disease manifest different abnormalities in eye
movement, and such studies can be useful for identifying distinct subtypes of the
disease and developing appropriate treatments for them. Alone the marked
difference n pupil behavior in MSA versus PSP highlights the diagnostic

potential of the methods we employed.

In general terms, testing of oculomotor and pupillomotor functiaes
norrinvasive and is performed on a relatively simple, cheap machine,
does not require ra expensive infrastructure such as an MRI scanner, a
SPECT or PET machine, is without radiation exposward the patient does
not have to agree to &mbar puncture or to take a blood sample. IPAST
and Free Viewing are but simple to be carried out and ban repeated

many times in a given time frame.
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V. Limitationsand strength

PD patients were pooled into one cohdhus we did not differentiate between
untreatedle novoPD, PDwith dopaminergic treatmerand PD patients in defined OFF.
Future work will be required to determine if patients in these different subgroups have
different responsas IPAST orFV. The sample sizof the MSA and PSP patient groups
wererather small when compared to the samje sf the RBD and also PD patient
groups. This is due to the relative scarcity of patients with MSA and PSP relative to the

abundance of patients with RBD and PD.

The CTRL participants are another limitation of tHissertation Participants irthe
CTRL grouphave all been recruited in Canada and speak English rebii@itedpatients
in Germany speak German. In other words, the verbal explanation of the study was in two
different languages but identic8lespitethis, all equipment and saps were identical at
both sitesEnough taining wasprovided to operators who collected the data. They were

instructed to perform the same experiment with the same instructions.

We are indeed testing our pipeline on a bromtge of neurological disorders from
several locations (thanks to the Ontario Neurodegenerative Disease Research Initiative
(ONDRI) project: https://ondri.ca/). These ongoing projects have shown some intriguing
results so far. For exampleDand PSP patigs, which are also part of these other studies,
have produced the same results (unpublished) as patients describedlisstrigtion
This could mean that there was no bias caused by geographical differences (or even

language differences) in thikssetation

There were no biases introduced throughout the atelysedecause the data were

completely processed automatically.

With free viewing (FV) eydracking behavior, we used a novel technique, which can
be applied in many more cohorts than studie®stigating visually guided saccades
towards defined visual targess a result, beyond what can be obtained from more
structured paradigm$PAST, we providel a much richer set of results in FV. Hence, a
strong advantage of this study is the relatively simple desigmaathingvideos (FV)
while capturing eye movements, the large number of patients, and the healthy control

group.
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In order for us to demonstratenvincingly that our paradigstan help differentiate
diagnosis at early stages, it will require a longitudinal study design. This is the next step
in our research that we are proceeding with. In the prelsssdrtationwe demonstrated
that oculo/pupilb-motor function changesould be identified in RBD patients with the
IPAST andFV paradigns. It is currently impossible to predict with certainty which RBD
patients would develop PD, DLB, or MSA using neither the clinical phenotype nor any

recognized pragbmal biomarkefMiglis et al. 2021)

Additionally, durng the covid pandemic, recruiting patientaswery difficult. Tis
delayed thenalysesand was another reason for the lower number of participants in PSP

and MSA groups.
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VI. Future directions

In a future study, longitudinal data will be beneficisle hope to assess tbleanging
rate of various pupil and saccade parameters with a particular focus on RBD subjects
before and after conversidgrom RBD to PD or MSA during the course of the planned
intra-individual follow-up study. This could help to correlate gralysesvith the disease
severity (disease duration). Nonetheless, the present study does reveal that this approach

is possible.

We intend to increase the number of MSA and PSP casesutiore fstudies.
Furthermore, we are going to collect CTRL subjects in Germany to have a consistent
database.There were significant constraints and problems associated with human
research during the COVHDO pandemic, which made it difficult to recruit patis on a

regular basis for followp studies.

This method has been usfedl a variety of neurological and psychiatric disorders in
ongoing projects of our lab, and the next step is to compare different neuropsychiatric

disorders together
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VIl. Dissertation abstract

VII.1. English

Isolated rapid eye movement (REM) sleep behadisorder (iRBD) has been
identified as the most S p e c i-synucteinopathtts ¢ o mmo r
(USYN) such as Parkinson's disease (PD), d
sporadic disease multiple system atrophy (MSA). Within 10 to 2@ ypatients with this
dreamsleep disorder convert in up to 85 % of cases to a neurodegenerative disease of the
type of USYN. Hence, iifgBdseassodifyingthedmta| gr our
postpone or even prevent phenoconversiime latency, bwever, from diagnosis to
phenoconversion is prolonged, lasting years to decades. Therefore, identifying iRBD
patients more likely to phenoconvert needs highly sensitive and specific prodromal

biomarkers and progression markers.

The goal of this study wase contribute to the identification of biomarkers in manifest
and prodr omal USYNs for their future sele
Furthermorecomparingpatients withUSYN and Tauopathy is the second objective of
this dissertation, aimed atlentifying the underlying differences between the two

disorders.

To date, most of the biomarkers and progr e
the motor and cognitive dysfunatis and imaging of the central nervous system but less
to sensory and autonomic dysfunction. For iRBD, a recent review paper has summarized
the stateof-the-art that confirms the above statement that most of the works in the field

of biomarkers are perfored on motor and cognitive functions and imaging.

Until 2022, little has been published on oculomotor and pupillomotor dysfunctions in
mani fest and prodr omal USYN, but rather on
palsy (PSP)The methodologies for siiying eye movements and pupillary responses are
highly developed. They offer a high resolution and precision in time and space for

measuring sensory, autonomic, motor, and cognitive functions.

Therefore, we systematically investigated the saccade, pupilplink behaviors in
the mani fest USYN PD and MSA and their prod
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gendermatched controls As a o0 d i and toiscemparison,twe aldo Gtudied

patients suffering from Tauopathy PSP.

PSP is welknown for its oclomotor abnormalities, particularly for its characteristic
symptom of relative vertical gaze palsy. PSPiidike MSA T another atypical
parkinsonian disordevith multiple brain tissue losses, for example, in the frontal cortex
Because the early diagnesf PD and MSA from PSP is difficult, PSP patients have been
recruited for this study.

As methods, we employed a structured saccade task that is called the Interleaved Pro/
Anti Saccade TasdPAST) and a free viewing task (FV) to investigate oculomatut

pupillomotor function along with blink behavior @5YN and PSP.

The IPAST is a structured saccade task that requires strong cognitive control, alertness,
and attention. Previous studies on the mand&XtN have shown that patients with PD
have systemic abnormalities in oculomotor, pupillometric parameters, and blink behavior
in the IPAST.

In order to simplify our method and broaden our ability to collect a wide range of eye
movement parameters, we adulially employed another task, the unstructured free
viewing of video clips (FV). Therefore, the research question is whether oculomotor and
pupillomotor abnormalities and blinking during the IPAST and FV in iRBD patients
differ from healthy controls, PIMSA, and PSP.

This study represents the first use of FV for the investigation of eye movement and
pupil responses in subjects suffering from prodromal and maaif&¥$N. It is also the
first study comparing prodromal and manife8YN (PD, MSA) with PSP ifrV. This
dissertation has been performed in the context of the evolving diseabfying therapy
trials for manifestaS Y N , which are currently ongoing

disease.

The next challenge will be to test these therapies in peoglaRBD to slow or even
prevent the full manifestation of the@SYN. It will be essential to enrich prodromal
populations with biomarkers of shadrm conversion and to be able to monitor disease

progression with serial measurements. Developing neurodegieratisease treatments
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is becoming increasingly important as the population ages and the burden on families and

society increases.

In summary, we identified potential prodromal biomarkers in iRBD and differences
bet ween USYN and t hsengihatthedRAST ahdyespBcll FVtask g g e
may be a tool to identify prodromaS YN and hel p to distingui sh
from early PSP. The future goal is intradividual follow-up studies in iRBD patients to
determine whether the so far obsergedbtle changes in oculo/pupiiootor measures
will progressively increase over time and allow the prediction of the phenoconversion of
i RBD into manifest USYN. These longitudinal
motor parameters can reliabdistinguish the differenheurodegenerative movement
disorders in the manifest stages, and even more challenging, during their prodromal

progression towards phenoconversion.

VIl.2. German

Die isolierte RapieEye-Movement(REM)-Schlafverhaltensstérung (iRBD) wurdés a

das spezifischste und haufigste Prodromalstadium®ynucleinopathiend8YN) wie

der ParkinsotKrankheit (PK), der Demenz mit Lewgorperchen (DLB) und der
sporadischen Erkrankung Multisystematrophie (MSA) identifiziarterhalb von 10 bis

20 Jahren entwickeln Patienten mit dieser Traumschlafstérung in bis zu 85 % der Félle
eine neurodegenerative Erkrankung vom TypUR¥N (sogenannte Phanokonversion).
Daher stellen Patienten mit iRBD eine ideale Gruppe fir die Untersuchung einer
krankheitsmodifizierenden herapie dar, die diese Phanokonversion verzdgern oder
sogar verhinder soll. Die Zeitspanne von der Diagnose bis zur Phanokonversion ist
jedoch sehr lang und kann Jahre bis Jahrzehnte dauern. Zur Identifizierung ven iRBD
Patienten, bei denen die Wahrscheinlichkeit einer Phanokonversion héher ist, werden
daher hochempfindliee und spezifische Biomarker fur das Prodromalstadium und die
Messung der prodromalen Krankheitsprogression bendtigt.

Ziel dieser Studie war es, einen Beitrag zur Identifizierung von Biomarkern bei
manifesten und prodromalebSYN-Patienten zu leisten, damiiese kinftig als
Teilnehmer an neuroprotektiven Studien ausgewahlt werden kénnen. Darlibemi@naus

der Vergleich von Patienten miSYN und Tauopathien das zweite Ziel dieser
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Dissertation, um die zugrundeliegenden Unterschiede zwischen den beiden

Erkrankungen zidentifizieren

Bisher beziehen sich die meisten Biomarker und Progressionsmarker fur massiesite

auf die motorischen und kognitiven Stérungen und die Bildgebung des zentralen
Nervensystems, aber weniger auf sensorische und autonome Funktionsstorungen. Fur
iRBD hat eine kirzlich erschienene Ubersichtsarbeit den Stand der Forschung
zusammengefasshd bestatigt, dass sich die meisten Arbeiten im Bereich der Biomarker

auf motorische und kognitive Funktionen und die Bildgebung beziehen.

Bis 2022 wurden vor allem Arbeiten zu Stérungen der Gkuid Pupillomotorik bei der
Tauopathie, progressive supukieare Blickparese (PSP), vero6ffentlicht. Nur wenige
haben sich mit Auffalligkeiten der Okulaund Pupillomotorik bei manifesten und
prodromalerSYN beschéftigt. Die Methoden zur Untersuchung von Augenbewegungen
und Pupillenreaktionen sind hoch entwidk8lie bieten eine hohe zeitliche und raumliche
Auflésung und Prazision fir die Messung sensorischer, autonomer, motorischer und

kognitiver Funktionen.

Daher untersuchten wir systematisch das Sakkaékepillen und Blinzelverhalten bei
den manifestetSYN, PK und MSA, sowie deren Prodromalstadium, der iRBD, im
Vergleich zu gesunden, altersgleichen Kontrollen. Als "Krankheitskontrolle” und zum

Vergleich untersuchten wir auch Patienten, die an der Tauopathie PSP leiden.

Typisch fur die PSP sind Stérungder Okulomotorik, insbesondere das charakteristische
Symptom der relativen vertikalen Blickparese. Die PSP gehiig die MSAT zu den
atypischen Parkinsonsyndromen und ist durch multiple Hirngewebsverluste, zum
Beispiel im frontalen Kortex, gekennzeigin Da die differentialdiagnostische
Abgrenzung von PK, MSA und PSP in der Frihphase schwierig ist, wurden flr diese

Studie auch PSPatienten rekrutiert.

Als Methoden verwendeten wir eine strukturierte Sakkadenaufgabe, die Interleaved
Pro/Anti Saccade ®mk (I PAST) genannt wi-Aufgabe (F)d ei ne
um die okulomotorische und pupillomotorische Funktion sowie das Blinzelverhalten bei

USYN und PSP zu untersuchen.
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Die IPAST ist eine strukturierte Sakkadenaufgabe, die eine starke kognitiveolkgnt
Wachsamkeit und Aufmerksamkeit erfordert. Frilhere Studien zu manifeSeN
haben gezeigt, dass H¥atienten systemische Stérungen der Okulomotorik, der
pupillometrischen Parameter und des Blinzelverhaltens im IPAST aufweisen.

Um unsere Methode zwereinfachen und unsere Moglichkeiten zur Erfassung eines
breiten Spektrums von Augenbewegungsparametern zu erweitern, haben wir zusatzlich
eine weitere Aufgabe eingesetzt: das unstrukturierte freie Betrachten von Videoclips (free
viewing (FV)). Die Forsbungsfrage lautet daher, ob sich okulomotorische und
pupillomotorische Stérungen und das Blinzelverhalten wéhrend der IPAST und des FV
bei iIRBD-Patienten von gesunden Kontrollen, -PKMSA- und PSPPatienten

unterscheiden.

In dieser Studie wde zum ersterMal die FV zur Untersuchung von Augenbewegungen
und Pupillenreaktionen bei Patienten mit prodromaler und maniléS8¥X eingesetzt.
Eswar auch die erste Studie, die prodromale und manite8¥N (PK, MSA) mit der
PSP in FV vergleicht. Diese Dissertatisrurde im Kontext der sich entwickelnden
krankheitsmodifizierenden Therapiestudien fiir manifeStéN durchgefiihrt, die derzeit
bei Patienten mit PK durchgefuihrt werden.

Die nachste Herausforderung wird darin bestehen, diese Therapien bei Menschen mit
iRBD zu testen, um die vollstandige Manifestationld&YN zu verlangsamen oder sogar

zu verhindern. Es wird von entscheidender Bedeutung sein, Biomarker fur die
Prodromalphase zu haben, die Risikopatienten mit einem hohen Risiko der kurzfristigen
Phanokonvesion identifizieren und das Fortschreiten der Krankheit mit seriellen
Messungen erfassen. Die Entwicklung von krankheitsmodifizierenden Therapien fur
neurodegenerative Erkrankungen wird immer wichtiger, da die Bevélkerung altert und

die Belastung fur Famén und Gesellschaft zunimmt.

Zusammenfassend haben wir potenzielle Biomarker fir das Prodromalstadium der
USYN, der iRBD, und zur Messung von Unterschieden zwisdid®®N und der
Tauopathie PSP identifiziert. Unsere Ergebnisse deuten daraufhin, daBadie und
insbesondere die F¥ufgabe ein Instrument zur ldentifizierung vodSYN im
Prodromalstadium und zur Unterscheidung zwischen friiher, manit&stét und friher

PSP sein konnte. Das zukunftige Ziel sind wtrdividuelle Verlaufssudien bei IRBD
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Patienten, um festzustellen, ob die bisher beobachteten subtilen Veréanderungen der
okulo- und pupillomotorischen Messungen im Laufe der Zeit zunehmen und die

Vorhersage der Phanokonversion von iRBD in manifeStN erméglichen.
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Abstract

Objectives This study (1) describes and compares saccade and pupil abnormalities in patients with manifest alpha-synucle-
inopathies (aSYN: Parkinson’s disease (PD), Multiple System Atrophy (MSA)) and a tauopathy (progressive supranuclear
palsy (PSP)); (2) determines whether patients with rapid-eye-movement sleep behaviour disorder (RBD), a prodromal stage
of ®SYN, already have abnormal responses that may indicate a risk for developing PD or MSA.

Methods Ninety (46 RBD, 27 PD, 17 MSA) patients with an aSYN, 10 PSP patients, and 132 healthy age-matched controls
(CTRL) were examined with a 10-min video-based eye-tracking task (Free Viewing). Participants were free to look anywhere
on the screen while saccade and pupil behaviours were measured.

Results PD, MSA, and PSP spent more time fixating the centre of the screen than CTRL. All patient groups made fewer
macro-saccades (> 2" amplitude) with smaller amplitude than CTRL. Saccade frequency was greater in RBD than in other
patients. Following clip change, saccades were temporarily suppressed, then rebounded at a slower pace than CTRL in all
patient groups. RBD had distinct, although discrete saccade abnormalities that were more marked in PD, MSA, and even
more in PSP. The vertical saccade rate was reduced in all patients and decreased most in PSP. Clip changes produced large
increases or decreases in screen luminance requiring pupil constriction or dilation, respectively. PSP elicited smaller pupil
constriction/dilation responses than CTRL, while MSA elicited the opposite.

Conclusion RBD patients already have discrete but less pronounced saccade abnormalities than PD and MSA patients.
Vertical gaze palsy and altered pupil control differentiate PSP from aSYN.

Keywords Parkinson’s disease - REM sleep behaviour disorder - Multiple system atrophy - Progressive supranuclear palsy -
Eye movement - Alpha-synucleinopathy - Biomarker
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