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Abstract

Parkinson’s disease and atypical Parkinsonian syndromes—including progressive supranuclear palsy, multiple

system atrophy, corticobasal syndrome, and dementia with Lewy bodies—are rising in global prevalence due

to an ageing population. These conditions are challenging to diagnose in the early stages, as they share over-

lapping clinical symptoms and currently rely on subjective clinical assessments, costly imaging techniques,

and laboratory tests. Moreover, these assessments often require input from specialists, whose availability

may be limited, leading to delays in both diagnosis and the initiation of treatment.

This thesis investigates the potential of eye movements as diagnostic biomarkers for Parkinson’s disease and

atypical Parkinsonian syndromes. Utilizing a comprehensive ocular motor battery and advanced eye-tracking

technologies, the first part of the thesis aims to develop a unique ocular motor profile capable of distin-

guishing between Parkinson’s subtypes and atypical syndromes. Subsequent projects examine the effects

of dopaminergic treatment in Parkinson’s disease and analyse longitudinal changes in eye movements to

understand how these metrics evolve over time and how these changes are affected with short term and long

term medication use. This approach seeks to establish the utility of eye movement measures in tracking

disease progression. Additionally, studying the short-term effects of dopamine will inform future ocular motor

studies by determining whether and how the impact of medication must be accounted for in experimental

design and interpretation. Another study within this thesis explores saccadic adaptation in Parkinson’s

disease and multiple system atrophy, offering key insights into motor learning deficits and neuroplasticity.

Investigating such paradigms enhances our understanding of how neural connectivity and functionality are

altered in specific pathologies. The final section of the thesis focuses on integrating machine learning, portable

eye-tracking devices, and mobile applications into ocular motor research. Portable eye trackers offer a more

accessible and scalable alternative to traditional equipment, enabling assessments in both clinical and home

settings. When combined with machine learning algorithms, these tools can enhance diagnostic accuracy

by detecting subtle, condition-specific eye movement patterns. Furthermore, the development of mobile

and tablet-based applications facilitates large-scale, remote assessments—reducing barriers to specialist

evaluations and allowing for continuous, real-time disease monitoring.

By combining clinical neuroscience, artificial intelligence, and digital health, this thesis presents evidence
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for the use of eye movements in diagnosing Parkinson’s disease and atypical Parkinsonian syndromes. With

continued advancements, eye-tracking technology has the potential to become a vital tool for early detection,

diagnosis, disease monitoring, and possibly the development of personalized treatment strategies.
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Impact Statement

Eye movement abnormalities are well-recognized features of Parkinson’s disease and atypical Parkinsonian

syndromes, including progressive supranuclear palsy, multiple system atrophy, corticobasal syndrome, and

dementia with Lewy bodies. Clinical examination of eye movements using simple paradigms such as saccades,

fixation, and pursuit can provide valuable information for a differential diagnosis, especially when motor

symptoms overlap between Parkinson’s disease and atypical Parkinsonian syndromes.

Eye movement assessments offer several advantages: they are non-invasive, easy to perform, and provide

objective metrics. Moreover, ocular motor disturbances can offer insight into the specific brain pathways af-

fected with disease pathology. Harnessing the advances in technology, the utility of eye movements in remote

diagnosis is growing. However, to establish eye movements as a robust diagnostic tool, several challenges

must be addressed. These include: developing standardised ocular motor profiles for each condition through

comprehensive ocular motor batteries covering a wide range of assessments; maximising the potential of

artificial intelligence to detect subtle patterns critical for diagnosis; and advancing technologies to enable

quick, remote eye movement evaluations. This thesis aims to take initial steps toward addressing these

challenges.

Studying eye movements—particularly through structured research paradigms—can yield novel insights

into the brain regions and pathways affected by both healthy ageing and disease-related neurodegeneration.

Correlating ocular motor profiles with neuroimaging and physiological data can deepen our understanding of

disease pathology and identify potential targets for diagnostic tools and therapeutic interventions. To obtain

concrete evidence of the brain regions involved, post-mortem studies of individuals who have undergone

detailed ocular motor assessments would be highly valuable, further strengthening the case for eye movements

as a diagnostic tool.

Investigating how eye movements evolve over time can also support the use of ocular motor assessments as

progression markers, in addition to diagnostic indicators. Longitudinal studies examining changes in eye

movements alongside motor and non-motor symptoms can provide critical insights into disease progression.

Furthermore, assessing the impact of medications and interventional therapies on eye movements can help
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determine whether ocular motor assessments can be incorporated into clinical trials to monitor therapeutic

efficacy.

Coupling technological advancements with scientific evidence opens new opportunities for integrating eye

movement assessments into routine clinical examinations for early detection of Parkinson’s disease and

atypical Parkinsonian syndromes. Given the limited access to specialist consultants in the early stages of

these diseases, the development of portable eye trackers and mobile applications for tablets and smartphones

can empower physicians to conduct ocular motor assessments with ease. Integrating machine learning

algorithms can further streamline this process, producing diagnostic outputs with minimal user input. This

not only reduces the training burden for clinicians and non-clinicians alike but also enhances the practicality

of implementing simple, scalable diagnostic tools.

In conclusion, ocular motor assessments have the potential to serve as robust diagnostic and progression

markers when combined with motor and non-motor symptom assessments in Parkinson’s disease and atypical

Parkinsonian syndromes. Scientific and technological advancements in this field hold the promise of faster,

more accurate diagnoses—ultimately leading to improved patient care and better clinical outcomes.
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1 Introduction

The eye is often regarded as a window into the brain due to its intricate connection with the central nervous

system, while remaining accessible and relatively easy to study. The study of eye movements can provide

insights into key brain pathways and reflect changes in anatomy and function associated with neurodegener-

ative diseases. Abnormal eye movements have been observed and studied in Parkinson’s disease (PD) and

atypical Parkinsonian syndromes, including progressive supranuclear palsy (PSP), multiple system atrophy

(MSA), corticobasal syndrome (CBS), and dementia with Lewy bodies (DLB). When motor and non-motor

symptoms of PD and atypical Parkinsonian syndromes overlap, clinical examination of eye movements using

basic paradigms such as saccades, fixation, and pursuit can aid a differential diagnosis. Eye movements are

particularly useful because they provide objective, non-invasive measures, and advancements in technology

continue to improve their accuracy and potential for remote diagnosis.

However, several obstacles must be overcome before eye movement assessments can be considered diagnostic-

ally reliable. First, due to the significant overlap between PD and atypical Parkinsonian syndromes, a detailed

ocular motor profile must be established for each condition. Second, there is currently no standardised

protocol for eye movement testing across clinical or research settings, which limits comparability across

studies and reduces general utility. Third, eye movements can be influenced by medication, disease duration,

and disease severity; therefore, it is essential to study abnormalities across diverse settings. Lastly, the require-

ment for eye-tracking equipment, advanced analytical techniques, and expert interpretation presents a key

challenge in translating research findings into routine clinical practice. Solutions to these challenges include

the development of technology that enables quick and remote eye movement assessments, the application

of artificial intelligence to detect subtle patterns that may be critical for diagnosis, and the creation of a

standardised ocular motor profile for each condition. This profile should be supported by a comprehensive

ocular motor battery that incorporates a wide range of assessments.

Research paradigms such as anticipatory eye movements and saccadic adaptation tasks offer new insights

into the brain pathways and regions affected by both disease-associated and healthy ageing. By linking ocular

motor profiles with neuroimaging and physiological data, we can better understand disease pathophysiology

and identify potential targets for diagnosis and treatment. Post-mortem analysis of patients who underwent

31



comprehensive ocular motor evaluations could provide critical evidence regarding the specific brain regions

and pathways impacted. As a diagnostic tool, this would further strengthen the utility of eye movement assess-

ments. Ocular motor assessments can also be developed as markers of disease progression by investigating

how eye movements change over time. Longitudinal studies tracking these changes can offer valuable insights

into how both motor and non-motor symptoms influence ocular motility across disease stages. Additionally,

understanding how medications and other interventions affect eye movements will help determine whether

ocular motor assessments can serve as reliable markers for evaluating treatment efficacy in clinical trials.

Combining technological advancements with scientific data may open up new opportunities for integrating eye

movement analysis into routine examinations, particularly in the early stages of PD and atypical Parkinsonian

syndromes. As access to specialised clinicians can be limited in early disease stages, portable eye trackers,

smartphones, and tablet applications could facilitate eye movement assessments by general practitioners.

Integrating machine learning techniques to generate diagnostic reports automatically can further reduce

processing time. This would enhance the efficiency of basic diagnostic evaluations while reducing the

expertise and training required by clinicians and non-clinicians alike.

This thesis builds upon the foundations of ocular motor research by addressing critical knowledge gaps

and working towards overcoming major challenges in the clinical application of eye movement assessments.

Chapters 3 and 4 examine eye movements in genetic and sporadic forms of PD and atypical Parkinsonian

syndromes to establish distinct ocular motor profiles for each condition. Chapter 5 explores the longitudinal

changes in eye movements to evaluate their potential as a progression marker. Chapter 6 offers novel insights

into the pathophysiology of PD and MSA through the study of saccadic adaptation, while Chapter 7 investig-

ates the short-term effects of levodopa on eye movements in PD. Chapters 9 to 11 focus on technological

areas: Chapter 9 explores how machine learning can enhance the predictive power of eye movements; Chapter

10 compares the performance of a portable eye tracker with a desktop-mounted eye tracker; and Chapter 11

tests the viability of an application for remotely recording eye movements. Together, the research projects

presented in this thesis aim to advance the field of eye movement science, with the potential to transform the

diagnostic approach to PD and atypical Parkinsonian syndromes—enabling earlier interventions, improved

patient care, and better outcomes for those affected.
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1.1 Human Ocular Motor System

The human ocular motor system is a complex neural network responsible for initiating and controlling eye

movements essential for visual perception and interaction with the environment. To achieve a clear and stable

view of the surroundings, the object within the field of view must not only be positioned on the central foveal

region of the retina but also remain stabilised (Bosman et al. 2002; Gauthier, Vercher and David S. Zee

1994; Martinez-Conde and Macknik 2008). Accordingly, there are different types of eye movements, includ-

ing fixational, saccadic, and smooth pursuit eye movements, to meet the visual requirements of the human body.

Neuroanatomical studies have shown that the ocular motor system is organised hierarchically, with distinct

pathways responsible for different types of eye movements. The motor neurons that innervate the extraocular

muscles are located in specific nuclei within the brainstem, including the oculomotor, trochlear, and abducens

nuclei. These nuclei receive input from premotor areas such as the frontal eye field (FEF) and the superior

colliculus (SC), which coordinate the timing and direction of eye movements (S. F.W. Neggers et al. 2005;

MacLean, Klein and Hilchey 2015). The competitive integration model proposes that eye movement pro-

gramming arises from the integration of information from multiple sources, including the prefrontal cortex,

FEF, and the dorsolateral prefrontal cortex (DLPFC), within the SC (Meeter, Van Der Stigchel and Theeuwes

2010). This model highlights the role of both bottom-up sensory input and top-down cognitive processes in

determining the timing and direction of eye movements.

1.2 Classes of Eye Movements

Eye movements broadly fall into two groups: those that stabilise the image on the retina—fixational eye

movements, pursuit, vestibular eye movements, and optokinetic eye movements—and those that shift the field

of vision to bring the area of interest into focus—vergence and saccades (T. J. Anderson and MacAskill 2013;

R. John Leigh and David S. Zee 2015a). Within these two categories, there are several functional classes of

eye movements, each designed to serve a specific purpose.
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1.2.1 Fixational Eye Movements

Fixational eye movements are small, involuntary movements that allow the eye to maintain gaze on a station-

ary object in the field of view. The visibility of moving objects depends on their spatial frequencies (D. C.

Burr and Ross 1982), but for clear vision, the image motion should be less than approximately 5°/second

(Demer and Amjadi 1993) and should remain within 0.5° of the fovea (Jacobs 1979). Another component of

maintaining fixation is head movement (Grossman et al. 1988; Pozzo, Berthoz and Lefort 1990), along with

involuntary eye movements which, in normal individuals, deviate by less than 0.25° and at speeds under 0.5°

per second (Cherici et al. 2012; R. M. Schneider et al. 2013). Thus, the eyes are always in subtle motion

during fixation attempts. The three main components of fixational eye movements are microsaccades, tremor,

and drift (Pansell et al. 2011).

Microsaccades are small involuntary saccades that occur in all directions during fixation, with amplitudes

between 0.02° and 2° (Martinez-Conde, Macknik and Hubel 2004; Martinez-Conde, Otero-Millan and MacK-

nik 2013). Microsaccades and saccades share similar neural pathways, primarily involving the SC, which

receives input from various cortical and subcortical regions, including the FEF, parietal cortex (PC), and the

basal ganglia (BG) (Otero-Millan, Macknik, Serra et al. 2011; Fang et al. 2018). These inputs modulate the

activity of SC neurones, creating a complex interplay between excitatory and inhibitory processes (Hafed,

Yoshida et al. 2021). Specifically, the rostral SC, which encodes the foveal region of the visual field, contains

neurons that fire before and during microsaccades. These neurones are influenced by omnipause neurones in

the brainstem raphe nuclei (RN), which inhibit saccade-related activity in the SC and help maintain fixation

(Otero-Millan, Macknik, Langston et al. 2013). Although the role of microsaccades in vision is debated,

evidence suggests that they contribute to perception in several ways. Firstly, microsaccades reverse the

visual fading phenomenon known as Troxler fading to restore peripheral acuity (Martinez-Conde, Macknik,

Troncoso et al. 2006; McCamy, Otero-Millan, Macknik et al. 2012). Secondly, they bring the image back

to the fovea when drift becomes excessive, such as during blinks (R. John Leigh and David S. Zee 2015a).

Thirdly, they enhance information acquisition during visual scanning (McCamy, Otero-Millan, Di Stasi et al.

2014). Lastly, as images on the fovea are not uniform, microsaccades enable the viewing of finer visual details

(Optican and David S. Zee 1984).

Ocular tremor is the smallest of the fixation movements, with a frequency of up to 150Hz and an amplitude of
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less than 0.01° (Spauschus et al. 1999). Ocular drift occurs when the eyes slowly drift away from the centre

of a stationary target at speeds of approximately 0.5/second (Cherici et al. 2012). The neural substrates of

ocular tremor and drift include the SC and several cortical and subcortical regions, similar to microsaccades

(Fang et al. 2018; Otero-Millan, Macknik, Serra et al. 2011). In addition, the cerebello-thalamo-cortical

pathway and the flocculus and paraflocculus regions of the cerebellum are involved in the modulation of

ocular tremor and drift via connections with brainstem and cortical areas (Xue et al. 2020; Dalmaso et al.

2017; Siegenthaler et al. 2014). The relationship between ocular tremor and drift and visual processing is

complex. On one hand, ocular tremor prevents visual fading by shaking the retinal image and refreshing the

activity of visual neurones (Costela et al. 2013; Raffi et al. 2021) and on the other hand, the retinal motion

caused by ocular tremor can suppress visual signals in the SC, impacting perception (Hafed and Krauzlis

2010; Rolfs and Ohl 2011).

The functional importance of fixational eye movements extends beyond stabilising the visual field; these

movements contribute to the processing of intricate spatial details. Research has shown that fixational eye

movements improve the perception of high spatial frequency data, which is critical for tasks requiring visual

precision, such as reading and face recognition (Kuang et al. 2012; Inagaki et al. 2020). The interaction

between drift and microsaccades maintains the visual system’s sensitivity to environmental change, supporting

a dynamic representation of the visual world even during seemingly stable gaze. Beyond perceptual functions,

fixational eye movements are also influenced by neural mechanisms associated with attention and cognition.
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Figure 1: Schematic of Fixational Eye Movements. Diagram of fixational eye movement patterns on the
retinal fovea, highlighting microsaccades, drift, and microtremors. Figure by author.

Figure 2: Traces of Fixational Eye Movements. Recording of fixational eye movement components,
including microsaccades, drifts, and tremors, during visual fixation. Figure by author.
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1.2.2 Saccadic Eye Movements

Saccades are rapid, ballistic eye movements that enable the fovea to shift towards an object of interest.

Different types of saccades form the foundation of visual exploration, allowing the eyes to rapidly redirect

fixation from one point to another (R. John Leigh and David S. Zee 2015a). Saccades can be volitional

(intentionally directed eye movements), memory-guided saccades (made toward a remembered location),

antisaccades (executed in the opposite direction of a visual stimulus), or predictive saccades (anticipatory

movements made while scanning a visual scene based on expected target motion or position). They can also

be reflexive, triggered by novel stimuli; express saccades, which are short-latency movements in response to

a gap stimulus; quick phases of nystagmus, which help stabilise vision during head movements or optokinetic

stimulation; and rapid eye movements (REM) during sleep (Dodge 1903; Hong et al. 2009; Schütz, Kerzel

and Souto 2014; Van Opstal and Van Gisbergen 1987).

Saccades possess several key properties, including velocity, duration, latency, and waveform. Saccadic

amplitude and peak velocity scale non-linearly, following a phenomenon known as the main sequence effect.

In this relationship, small saccades show a linear increase in peak velocity, whereas larger saccades exhibit

a soft saturation effect, with an upper limit of approximately 500°/s (Lebedev, Van Gelder and Wai Hon

Tsui 1996; Yarbus 1967; Wyatt 1998). The saccadic waveform is asymmetrical, with the acceleration phase

peaking earlier than the deceleration phase. Antisaccades display greater skewness compared to reactive

saccades in this waveform (A. N. Kumar et al. 2005; Van Opstal and Van Gisbergen 1987; Wyatt 1998). When

there is a mismatch between the pulse (a brief, high-frequency burst of neural activity that generates the rapid

eye movement) and step (a sustained level of neural activity that holds the eye in its new position) components

of the neural command, post-saccadic drifts known as glissades can occur to make necessary adjustments

for refined focus on the target (Van Leeuwen, Collewijn and Casper J. Erkelens 1998; H. Watanabe et al. 2023).
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Figure 3: Saccadic Waveform. Typical saccadic eye movement profile, showing key parameters such as
latency, peak velocity, accuracy, and amplitude. Figure by author.

Saccades are generated through a complex neural network involving the cortex, subcortex, brainstem, and

cerebellum. The FEF and the supplementary eye field (SEF) control the initiation of volitional saccades, with

the FEF selecting saccadic targets and providing motor commands for execution, while the SEF is involved

in sequencing saccades and mediating anticipatory eye movements. The parietal eye field (PEF) and the

posterior parietal cortex (PPC) integrate spatial information and direct reflexive saccades towards the intended

target. The DLPFC is responsible for higher-order tasks such as memory-guided saccades and antisaccades,

which require suppression of reflexive responses (Karantinos et al. 2014; McDowell, Clementz and Sweeney

2012; Schmid and Ron 1986; Van Leeuwen, Collewijn and Casper J. Erkelens 1998).

The SC serves as a command centre, integrating cortical input with multimodal sensory information—including

visual, auditory, and somatosensory stimuli—to compute saccade vectors. The output is sent to the brainstem,
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particularly the paramedian pontine reticular formation (PPRF) for horizontal saccades and the rostral inter-

stitial nucleus of the medial longitudinal fasciculus (riMLF) for vertical saccades. Excitatory burst neurons

in the brainstem generate the high-frequency pulse required for saccadic velocity; inhibitory burst neurons

suppress antagonistic muscles, and omnipause neurones provide tonic inhibition of burst neurons during

fixation. When a saccade is initiated, omnipause neurones pause their activity, allowing burst neurons to fire

and generate the saccadic movement (Milstein and Dorris 2011; Shelhamer and Joiner 2003; Kanai, Van

Der Geest and Frens 2003; Sweeney et al. 2007). The dorsal vermis and fastigial nucleus of the cerebellum

ensure the precision and adaptability of saccadic movements by fine-tuning motor commands and recalibrating

in response to errors to maintain accuracy (S. Van der Stigchel et al. 2012; David S. Zee 2012). Lesions in

any of these regions involved in saccadic control can result in dysmetria, the failure to suppress automatic

responses, or impaired initiation of saccades (Zingale and Kowler 1987).

Models of saccadic eye movements provide a theoretical framework for understanding their dynamics. The

local feedback model, introduced by D. A. Robinson, suggests that saccades operate as a closed-loop sys-

tem. In this model, retinal error—the difference between desired and actual eye position—drives motor

commands aimed at minimising this error. The model explains key features of saccades, including the main

sequence effect and compensatory mechanisms (Rottach et al. 1997; Tu et al. 2006; R. Walker, Deubel

et al. 1997). More recent extensions incorporate cerebellar feedback loops to refine saccadic sequences

and correct errors in real time. These account for phenomena such as curved trajectories in oblique sac-

cades and adaptive adjustments in response to visual perturbations (Sommer and Robert H. Wurtz 2004;

Strassman, Highstein and McCrea 1986; R. Walker, D. G. Walker et al. 2000). Predictive models based on

Bayesian principles have further elucidated how sensory inputs, task instructions, and prior experiences are

integrated to optimise saccadic performance. This is especially relevant for complex behaviours such as

antisaccades. The probabilistic nature of Bayesian models captures the dynamic interplay between sensory

uncertainty and motor planning, highlighting the importance of cortical, brainstem, and cerebellar interac-

tions in saccade generation (Vokoun et al. 2014; Wolfe, Palmer and Horowitz 2010; Zingale and Kowler 1987).
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Figure 4: Main Sequence Effect of Saccades. The relationship between saccadic velocity and amplitude,
demonstrating the nonlinear increase in velocity with larger saccade amplitudes. Figure by author.

Figure 5: Neural Pathways in Saccadic Control. SEF, supplementary eye field; FEF, frontal eye field; PEF,
parietal eye field; PPC, posterior parietal cortex; DLPFC, dorsolateral prefrontal cortex; VLPFC, ventrolateral
prefrontal cortex; CN, caudate nucleus; BG, basal ganglia; SNpr, substantia nigra pars reticulata; SC, superior
colliculus; PN, pontine nuclei; RF, reticular formation; FN, fastigial nucleus; VN, vestibular nuclei; Vermis,
cerebellar vermis; Flocculus/Paraflocculus, cerebellar flocculus and paraflocculus. Figure by author.
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Figure 6: Neural Pathway of Horizontal Saccades. The neural pathways involved in generating horizontal
saccades, illustrating the role of the frontal eye fields, superior colliculus, paramedian pontine reticular
formation, and oculomotor nuclei. Figure by author.

Figure 7: Neural Pathway of Vertical Saccades. Neural pathways controlling vertical saccades, demonstrat-
ing the role of the superior colliculus, rostral interstitial nucleus, interstitial nucleus of Cajal, and oculomotor
and trochlear nuclei in upward and downward eye movements. Figure by author.
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Figure 8: Neural Pathway of Reflexive Saccades. The circuit responsible for reflexive saccades, showing
the flow of visual information from the retina to the superior colliculus, frontal eye fields, and brainstem
motor nuclei to generate a rapid eye movement toward a stimulus. Figure by author.

Figure 9: Neural Pathway of Volitional Saccades. Neural pathways controlling vertical saccades, demon-
strating the role of the superior colliculus, rostral interstitial nucleus, interstitial nucleus of Cajal, and
oculomotor and trochlear nuclei in upward and downward eye movements. Figure by author.
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Figure 10: Neural Pathway of of Memory Guided Saccades. Neural circuitry underlying memory-guided
saccades, highlighting the role of the lateral intraparietal area, frontal eye fields, caudate nucleus, and superior
colliculus in generating saccades toward a remembered location. Figure by author.

Figure 11: Neural Pathways of Antisaccacdes. Schematic representation of the neural circuitry involved in
generating voluntary antisaccades, showing the inhibition of reflexive saccades and the role of the frontal eye
fields, basal ganglia, and superior colliculus. Figure by author.
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1.2.3 Smooth Pursuit

Pursuit eye movements allow continuous tracking of a moving object, keeping a stable image of the target on

the retina. The neural substrates and pathways for smooth pursuit span cortical, subcortical, and cerebellar

regions. Visual information from the retina is processed by the primary visual cortex (V1) via the magnocel-

lular layers of the lateral geniculate nucleus (Blohm, Marcus Missal and Lefèvre 2003). This information is

then projected to the middle temporal area (MT) and medial superior temporal area (MST), where visual

motion signals are extracted (K. J. Chen et al. 2005; Churchland and Lisberger 2002). The MT and MST

send signals to the FEF and SEF, which initiate voluntary and predictive smooth pursuit (Churchland and

Lisberger 2002; De Hemptinne, Barnes and M. Missal 2010).

There are two parallel descending pathways for smooth pursuit originating from the cortex. The first originates

from the MT and MST and projects to the dorsolateral pontine nucleus (DLPN), supporting sustained pursuit

(Blohm, Marcus Missal and Lefèvre 2003; K. J. Chen et al. 2005). The second originates from the FEF and

SEF and projects to the nucleus reticularis tegmenti pontis (NRTP) for the initiation and optimisation of

pursuit (Churchland and Lisberger 2002; De Hemptinne, Barnes and M. Missal 2010). The first pathway

transmits information to the dorsal vermis and fastigial nucleus, while the second connects to the paraflocculus

and vestibular nucleus—all within the cerebellum. These regions are essential for fine-tuning motor responses

(Dell’Osso and Z. I. Wang 2008). Lastly, the BG and brainstem reticular formation integrate cortical input

with motor signals to further modulate pursuit behaviour (Chubb and A. F. Fuchs 1982; K. J. Chen et al.

2005; Blohm, Marcus Missal and Lefèvre 2003).

Smooth pursuit models have been proposed to describe how the brain processes and controls the output of

smooth tracking. The earliest model, the negative feedback model, postulates that retinal error velocity—the

difference between target velocity and eye velocity—is the stimulus for pursuit. This error is amplified by a

central neural gain factor to generate eye velocity that compensates for the target’s movement (Hashiba et al.

1995; Newsome, R. H. Wurtz and Komatsu 1988; Barnes 2008). However, a limitation of this model is that

due to inherent processing delays, simple feedback mechanisms cannot account for lag-free pursuit.

Alternatively, models incorporating internal estimates of target velocity, in combination with retinal error and

efference copy signals, offer a more accurate explanation for sustained smooth pursuit (Shibata et al. 2005;
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Fukushima et al. 2013; J. Yamada and Noda 1987). Predictive and Bayesian models suggest that smooth

pursuit integrates memory and current visual input to anticipate target motion, optimising performance based

on recent motion patterns and probabilistic expectations (Mustari and Ono 2011; Freeman, Champion and

P. A. Warren 2010; Spering et al. 2013). Although no single model fully explains smooth pursuit, it is evident

that a complex integration of sensory, motor, predictive signals and learned behaviour is involved. Moreover,

the interaction between saccadic movements and smooth pursuit is significant. Saccades can enhance the

gain of subsequent pursuit movements, suggesting a synergistic relationship between these two types of eye

movements (Pattadkal, Barr and Priebe 2024).

Figure 12: Neural pathways involved in smooth pursuit - SEF, supplementary eye field; FEF, frontal eye
field; MT, middle temporal visual area; SC, superior colliculus; PN, pontine nuclei; RF, reticular formation;
FN, fastigial nucleus; VN, vestibular nuclei; Vermis, cerebellar vermis; Flocculus/Paraflocculus, cerebellar
flocculus and paraflocculus. Figure by author.
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Figure 13: Smooth Pursuit Waveform. Representative eye position trace over time during smooth pursuit
eye movements, illustrating the sinusoidal tracking of a moving target. Figure by author.

Figure 14: Neural Pathway of Smooth Pursuit. The neural pathways involved in smooth pursuit eye
movements, illustrating the processing of a moving visual stimulus through the primary visual cortex, medial
superior temporal area, and brainstem structures. Figure by author.
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1.2.4 Vestibular Eye Movements

Vestibular eye movements are primarily controlled by the vestibulo-ocular reflex (VOR), which provides

stability to visual focus during head movements. The VOR produces compensatory eye movements equal

and opposite to the direction of head motion, thereby maintaining visual image stability on the retina. This

reflex is critical for preserving clear vision and balance, especially in dynamic situations involving rapid head

movements. The VOR originates from signals within the vestibular system, which comprises the semicircular

canals (detecting angular acceleration) and the otolith organs (detecting linear acceleration) (Abe et al., 2019;

Dai et al., 2011). The neural pathways mediating vestibular eye movements involve key brainstem structures.

The primary processing centres for vestibular information are the vestibular nuclei, located in the medulla

and pons. These nuclei integrate sensory input from the vestibular system with visual and proprioceptive

data to generate appropriate commands for eye movements (Mendoza et al., 2016; Fridman et al., 2010).

In particular, the medial vestibular nucleus (MVN) plays a critical role in the VOR, as it projects to the

oculomotor nuclei that innervate the extraocular muscles (Mendoza et al., 2016; Fridman et al., 2010). The

VOR demonstrates notable plasticity and can adapt in response to sensory input and motor learning. Several

studies have shown that changes in VOR gain can occur due to altered vestibular function, suggesting a

sensory substitution mechanism wherein visual input compensates for vestibular deficits (Nelson et al., 2017;

Sadeghi et al., 2010).

Additionally, the interaction between vestibular and visual inputs plays a critical role in ocular motor control

during complex tasks involving coordinated head and eye movements (Shanidze et al., 2010). This integration

relies on feedback systems that continuously calibrate vestibular interneurons and motoneurons based on

head position and velocity (Gong et al., 2008; Frens, 2009). Such coordination is essential for maintaining

both visual stability and spatial orientation in dynamic environments (Abekawa et al., 2018).

1.2.5 Optokinetic Eye Movements

Optokinetic movements or optokinetic nystagmus (OKN) are reflexive responses that stabilise retinal images

during sustained movement of the visual field. This is particularly relevant when either the observer or the

environment is in motion. The OKN consists of two phases: a slow phase that follows the visual stimulus
47



and a fast phase that resets eye position. This reflex counters image slip to prevent motion blur and preserve

visual clarity. Anatomical studies have demonstrated that OKN is mediated by both cortical and subcortical

pathways (Miura et al. 2019). The slow phase shares neural substrates with smooth pursuit movements, while

the fast phase involves saccadic generation circuits (S. Garbutt, Harwood and Harris 2001; Konen et al. 2005).

Overlapping neural regions between smooth pursuit, saccades, and OKN include the FEF, SEF, ventrolateral

premotor cortex, and PPC—notably areas ventral intraparietal area, parietal inferior-to-postcentra tract, and

posterior superior parietal cortex—as well as areas V1/V2, V4, and the MT and MST (Heide, Kurzidim and

Kömpf 1996; Paus 1996; Berman et al. 1999; Petit and Haxby 1999; O’Driscoll et al. 2000; Tanabe et al. 2002).

The culmen and declive regions of the cerebellum also contribute to the modulation of OKN (Hayakawa et al.

2002; Nitschke et al. 2004; Krauzlis 2004). Although OKN and smooth pursuit share overlapping pathways,

neuroimaging and electrophysiology show distinct activation patterns. OKN elicits stronger responses in

primary visual areas due to heightened visual input, whereas smooth pursuit is associated with greater

activation of the cerebellum (Konen et al. 2005). Voluntary (look-nystagmus) and reflexive (stare-nystagmus)

forms of OKN differ in cortical activation, with the former showing greater cortical engagement (Wyatt 1998;

Ilg 1997). Furthermore, OKN and smooth pursuit involve reciprocal inhibitory interactions between visual

and vestibular cortices, including deactivation of the parieto-insular vestibular cortex (Brandt et al. 1998).

Initial visual motion processing for OKN begins in the retina and travels via retinal ganglion cells to the

accessory optic system (AOS) (Yonehara et al., 2009), which relays horizontal and vertical motion sig-

nals to brainstem nuclei such as the DLPN and nucleus of the optic tract (NOT) (Hoffmann et al., 2009).

These nuclei contribute to the subcortical control of OKN, working in coordination with vestibular and

oculomotor nuclei (Pham et al., 2020; Zupan & Merfeld, 2003). The oculomotor nuclei provide the final

motor commands to generate appropriately timed and directed eye movements. The cerebellum also supports

adaptive plasticity in the optokinetic reflex by adjusting to repeated image motion over time (Wada et al., 2014).

Studies have shown that the neural circuits underlying OKN are not only reflexive but also capable of adapta-

tion in response to changes in visual input or motor demands (Aasen et al., 2013). This integration of visual,

vestibular, and motor signals highlights the complexity and significance of optokinetic eye movements in

maintaining perceptual stability.
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1.2.6 Vergence Eye Movements

Vergence eye movements are dysconjugate movements where the eyes move in opposite directions to maintain

binocular vision at varying depths. They contribute to depth perception through two key mechanisms: retinal

disparity and blur cues. Retinal disparity refers to the differences in the images seen by each eye, while blur

cues relate to the need for refocusing depending on object distance. Vergence movements are classified into

convergence (inward movement) and divergence (outward movement) (Gamlin 2002).

Multiple brain regions are involved in vergence control. The rostral SC contains neurons involved in vergence

signal generation (Stuphorn 2015; Upadhyaya and Das 2019). The NRTP plays a major role in encoding

vergence velocity and is closely linked with cerebellar structures, supporting the integration of vergence

and saccadic commands (Pallus, Walton and Mustari 2018). The FEF and PPC also contribute to vergence

control, processing visual information to align the eyes accurately (Alvarez et al. 2014). The pontine nuclei

are part of the corticopontocerebellar circuit, integrating vergence signals and coordinating conjugate and

dysconjugate eye movements (Rambold, El Baz and Helmchen 2005). The cerebellum also plays a critical

role in error correction during vergence, ensuring proper alignment and visual stability.

1.3 Evaluating the Study of Eye Movements

Eye movements are a powerful tool and an objective window into neurological function, providing critical

diagnostic and monitoring insights into a wide range of neurological, cognitive, and vestibular disorders.

While most other clinical signs may be subjective or variable, all aspects of eye movement analysis are precise

and measurable. Eye movements are governed by well-defined neurological pathways involving the brainstem,

cerebellum, and cerebral cortex, making them highly reliable for clinical applications (R. John Leigh and

David S. Zee 2015a). As a result, abnormalities in eye movements often signal dysfunction in these regions,

making them particularly sensitive indicators of early-stage neurological diseases. For example, in Parkinson’s

disease, there is evidence that saccadic and pursuit eye movements may be impaired before the onset of motor

symptoms, potentially serving as early diagnostic markers of the disease (T. J. Anderson and MacAskill 2013).
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Eye movement analysis is also economically efficient. While imaging techniques such as magnetic resonance

imaging (MRI) or computed tomography (CT) scans are expensive, eye-tracking technology requires minimal

setup and is relatively low-cost. This affordability makes it suitable for routine clinical use and regular monit-

oring, enabling consistent evaluation of patients (Valliappan et al. 2020; Bryan and Reso 2008). Moreover, eye

movement testing is highly versatile—the same basic assessments can be applied across neurodegenerative

diseases, vestibular disorders, and cognitive impairments—making it favourable compared to specialised

tests that address only a single condition.

From the patient’s perspective, eye movement testing is non-invasive and simple; very little effort is required,

as patients are typically asked to follow targets or focus on a fixed point. This ease of participation makes

the test accessible even to those with severe cognitive impairment or physical disability, ensuring wide

applicability. This, in turn, benefits clinicians as well, since the tests are not time-consuming and produce

quantifiable results, enabling accurate interpretation and effective monitoring of disease progression.

Studies have also highlighted the potential of eye movement analysis as a continuous monitoring tool, par-

ticularly with the development of wearable devices. These technologies are useful for tracking disease

progression in neurodegenerative conditions such as multiple sclerosis, where changes in saccadic latency

or nystagmus can be used to assess disease severity and therapeutic response (Tang, Luk and Y. Zhou

2023; D. Li et al. 2024). The objective and quantifiable nature of eye movements allows for precise lon-

gitudinal tracking, providing clinicians with a reliable method to detect changes and adjust treatment strategies.

Contemporary techniques such as video-oculography (VOG) enable detailed recording and analysis of eye

movements within just a few minutes. This quick and effective approach significantly reduces diagnostic

time, which is crucial for early intervention in progressive neurological conditions (Furman and Wuyts 2012).

Traditional imaging methods such as MRI are often time-consuming and focused on structural changes,

potentially missing subtle functional abnormalities in the brain’s ocular motor system. In contrast, eye

movement analysis offers a more sensitive, efficient, and precise diagnostic alternative (Ladd et al. 2018).
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1.4 Translation Into Clinical Settings

Eye movement analysis has emerged as an important modality in the diagnosis and monitoring of neurological

and vestibular disorders. Despite its advantages, there remain some limitations and challenges that must be

addressed to enhance its validity and reliability as a clinical tool (A. Kheradmand, Colpak and D. S. Zee 2016).

A major limitation is that interpreting eye movement data is complex and requires specialised knowledge.

Analysis involves understanding nuanced patterns such as saccadic latency, smooth pursuit gain, and features

of nystagmus—factors that may be difficult for general physicians to interpret. As such, specialised training is

often required, which restricts the widespread adoption of eye movement analysis in general clinical settings

(D. Li et al. 2024).

Another challenge lies in the variability of eye movement patterns between individuals. Factors such as age,

vision, fatigue, and attentional state can significantly influence the results (Helo et al. 2014; Y. Yamada and

Kobayashi 2018; Zargari Marandi et al. 2018). This variability makes it difficult to establish generalised

diagnostic criteria based solely on eye movement patterns. Furthermore, patients with ophthalmological

pathologies—such as cataracts or retinal disorders—may exhibit abnormal eye movements unrelated to

neurological status, potentially confounding diagnostic interpretations (Wan et al. 2020).

Practical and financial barriers also exist. Although eye-tracking is generally more affordable than imaging

technologies like MRI, high-end systems—such as those used in VOG—require significant upfront investment

(Ivanchenko et al. 2021). These systems also require periodic maintenance and recalibration, adding to

operational costs. In resource-limited settings, this can restrict access and implementation.

Another fundamental limitation is the incomplete understanding of the neurological pathways that control

eye movements. In contrast to other systems, few autopsy studies have been conducted to fully define

these pathways (Mayà et al. 2024). This lack of anatomical and physiological detail limits accurate inter-

pretation and the detection of specific abnormalities. As a result, diagnosing or monitoring disease solely

based on eye movement patterns remains challenging in the absence of clearly defined underlying mechanisms.

Additionally, eye movement analysis may lack sensitivity for some conditions. While it is highly effective for
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certain neurological and vestibular disorders, it may not be as useful in psychiatric or cognitive conditions

such as depression or anxiety, where abnormalities may be subtle or overlap with normal variation (M. Wen

et al. 2022). In such cases, complementary diagnostic tools are often required.

External factors can also impact data accuracy, including lighting conditions, screen resolution, and the

quality of calibration. These variables can distort results and are not always easy to standardise across

clinical environments (Dorr et al. 2010; Friedman et al. 2023). Reliable results also require good patient

cooperation. Distractions, limited attention, or cognitive impairments—especially in children or vulnerable

populations—can reduce test accuracy (Evans et al. 2012).

Longitudinal monitoring presents additional challenges. Detecting small changes over time is difficult due to

confounding variables such as ageing, medication effects, and variations in testing conditions (Pinkhardt,

Kassubek et al. 2009; Temel, Visser-Vandewalle and Carpenter 2009; Sophie Rivaud-Péchoux et al. 2000).

While consistent protocols are desirable, they are not always feasible, reducing the reliability of long-term

tracking (Marandi and Gazerani 2019).

Different clinical sites may also employ different technologies, calibration protocols, and analysis guidelines,

leading to inconsistencies in data interpretation. This lack of standardisation complicates comparison between

studies or centres and limits the generalisability and reproducibility of findings. Standardised protocols are

essential to establish eye movement analysis as a widely accepted diagnostic tool.

Finally, the effectiveness of eye movement analysis is also constrained by technological and software limita-

tions. Some current systems may not differentiate between similar types of eye movements—for instance,

smooth pursuits versus small saccades—or may be unable to detect very subtle movements (Komogortsev

and Karpov 2013). This can lead to misclassification and imprecise measurements in contexts where high

resolution and specificity are required for accurate diagnosis.
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1.5 Methods for Studying and Quantifying Eye Movements

The study of ocular movements is a multidisciplinary field that employs a range of methodologies to analyse

and interpret visual behaviour. Research in this area has evolved considerably over the years, incorporating

advanced technologies and analytical techniques to better understand cognitive processes, visual perception,

and clinical disorders. Four commonly used methods for recording eye movements are: electro-oculography

(EOG), VOG, scleral search coils, and infrared oculography (IOG) (Eggert 2007). Before selecting a method

for clinical or research use, key parameters such as spatial and temporal resolution, setup complexity, cost,

data quality, and participant comfort must be carefully considered.

Electro-oculography: EOG measures corneo-retinal potential changes using electrodes placed around the

eyes. As the eye moves, electrical dipoles shift, and the resulting deflections are captured as an electro-

oculogram (Creel 2019). EOG offers a spatial resolution of approximately 1° and a temporal resolution of

around 40 Hz (Timothy 2024). While the temporal resolution is adequate for measuring reaction times and

fast eye movements, the low spatial resolution limits its ability to determine precise gaze locations. EOG is

relatively non-invasive, cost-effective, and easy to set up, with surface electrodes requiring no head fixation or

intrusive hardware (Skoglund et al. 2022). It can also be used in the dark or with eyes closed. However, EOG

is prone to artifacts from facial muscle activity, blinking, and head movements, which compromises data

quality and makes it unsuitable for analysing microsaccades, fixations, or slow, subtle movements (Issa and

Juhasz 2019). EOG is best suited for sleep research, particularly for detecting rapid eye movements during

REM sleep, and in clinical contexts where timing and direction of movement are more relevant than spatial

precision (I. G. Campbell 2009).

Video-oculography: VOG is a non-invasive method that uses high-speed cameras to record horizontal

and vertical eye movements by tracking features like the pupil, iris, and corneal reflections (Larrazabal,

García Cena and Martínez 2019). VOG systems can achieve high spatial and temporal resolution, ranging

from 20–2000 Hz, making them suitable for both cognitive research and clinical diagnostics (Timothy 2024).

However, higher-resolution systems are often expensive, limiting their availability. Modern VOG systems are

designed to minimise drift and maximise stability, providing accurate spatial data for analysing fixations,

saccades, pursuits, and microsaccades (Mantokoudis, Otero-Millan and Gold 2022). Many systems also

come with dedicated software, such as the Eyelink Toolbox, which facilitates experimental design and data
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analysis (H. C. O. Li et al. 2002). VOG does have limitations: it does not function well in the dark due to

reliance on corneal reflections, often requires head stabilisation (e.g., chin rests), and may be less effective

for individuals with ptosis, small pupils, or excessive blinking (Wunderlich et al. 2021). Recent advances in

VOG, including 3D tracking and improved tolerance to obstructions like eyelashes and eyelids, are increasing

its accuracy and utility in clinical and research settings (S. C. Kim et al. 2006).

Scleral Search Coils: This method represents the gold standard for high-resolution eye tracking. It involves

placing miniature coils on the eye, which generate signals through electromagnetic induction as the eye moves

within a magnetic field (Robinson 1963). Scleral coils offer exceptional spatial (0.01°) and temporal (up

to 2000 Hz) resolution (Timothy 2024). They are particularly suited for detecting small, high-frequency

movements such as torsional saccades, and exhibit minimal drift or calibration issues, even with blinking

(Stahl, Van Alphen and De Zeeuw 2000). However, the method is invasive, often requiring anaesthetic eye

drops, and can sometimes cause corneal abrasions (Newman, Phillips and Cox 2022). Eyelid motion may

introduce artifacts during vertical recordings, and participants must remain within a fixed magnetic field,

limiting ecological validity (R. John Leigh and David S. Zee 2015a; DiScenna et al. 1995). Additionally,

the equipment is costly, and setup requires expert handling and calibration time. Therefore, while ideal for

high-precision ocular motor research, it is less suitable for clinical populations or large-scale studies.

Infrared Oculography: IOG uses sensors to detect differences in reflected infrared light from the cornea

and sclera during eye rotation (A. Kumar and Krol 1992). Often embedded in goggles or glasses, IOG is

especially effective in dark environments and provides high temporal resolution similar to advanced VOG

systems (Timothy 2024). IOG is easy to set up, making it accessible for clinical and research settings.

However, data quality can be affected by head movement, eyelid drooping, eyelashes, and reflections. The

method also performs poorly under variable lighting conditions, requiring environmental control for optimal

accuracy (Anders et al. 2004). While less expensive than scleral coils, IOG can still be costly depending on

the hardware. It is most commonly used in vestibular and balance assessments (C. Anderson et al. 2013).

Emerging Technologies and Machine Learning: Modern research increasingly incorporates machine

learning to classify and interpret complex eye movement data. These approaches can extract subtle features

and patterns from large datasets, supporting the development of biomarkers for psychiatric and neurological
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disorders such as schizophrenia (Lai et al. 2021; Vabalas et al. 2020). Furthermore, integration with other

biometric modalities—such as iris recognition—offers opportunities for secure, robust identification systems

in non-cooperative environments.

Each method—EOG, VOG, scleral coils, and IOG—offers distinct advantages and limitations depending

on clinical or research objectives. Continued advancement in analytics and machine learning reinforces the

growing potential of eye movement tracking as a sensitive and scalable tool for diagnosis and monitoring.

1.6 Thesis Aims

1. To explore ocular motor biomarkers as diagnostic and disease monitoring tools in PD and atypical Par-

kinsonian syndromes by evaluating eye movement metrics across multiple paradigms, including fixation,

saccades, smooth pursuit, and nystagmus.

2. To establish the clinical a relevance of ocular motor impairments in PD and atypical Parkinsonian syn-

dromes through a comprehensive analysis of pharmacological and disease progression influences.

3. To explore novel insights into ocular motor control in glspd and atypical Parkinsonian syndromes by

studying experimental paradigms.

4. To leverage emerging technologies and machine learning for improving diagnostic accuracy and advancing

accessible tools for early detection and monitoring of PD and atypical Parkinsonian syndromes.

1.7 Chapter Summary

This chapter provides an overview of eye movements including the different functional classes, their role in

visual perception and the neural substrates for each. It also covers an evaluation of the use of eye movements in

clinical and research settings and discusses the different methodologies and technologies used for studying eye

movements. The thesis aims to address technological and methodological challenges in using eye movements
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as reliable diagnostic and disease monitoring tools by developing standardized ocular motor assessments,

leveraging artificial intelligence, and integrating remote tracking technologies.
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2 General Methods

This chapter describes the general methods and experimental protocols repeated within the thesis. The details

of project-specific methodologies, paradigm-specific analyses, and statistics for individual projects are given

within the methods section of each project.

2.1 Participant Recruitment

Participants in the studies included individuals with PD—both sporadic and genetic forms—including gluc-

ocerebrosidase (GBA) and leucine-rich repeat kinase 2 (LRRK2) mutation carriers, and individuals with

atypical Parkinsonian syndromes: PSP, CBS, MSA, DLB, and unclassified atypical Parkinsonian individuals

atypical parkinsonism (ATP) as well as healthy controls.

Figure 15: Classification of Participant Cohorts in the Study. Healthy controls, Parkinson’s disease
(idiopathic and genetic subtypes), and atypical Parkinsonian syndromes (dementia with Lewy bodies, pro-
gressive supranuclear palsy, corticobasal syndrome, multiple system atrophy, and unclassified individuals or
atypical cases). Figure by author.

PD participants were recruited through the Clinical and Movement Disorders Registry at 33 Queen Square and

via the ongoing PD Frontline and Remote Assessment of Parkinsonism Supporting Ongoing Development of

Interventions in Gaucher Disease (remote assessment of parkinsonism supporting ongoing development of in-

terventions in gaucher disease (RAPSODI)) studies at university college london (UCL). The RAPSODI study

is a UK-wide initiative for individuals carrying mutations in the GBA gene associated with PD. Individuals
57



who had previously undergone genetic testing or were suspected GBA carriers were recruited (Toffoli et al.

2023). Upon registration, participants completed an online questionnaire and were sent saliva testing kits.

These samples were used for genetic testing for GBA and LRRK2 mutations. Genotyping was conducted at

the National Institutes of Health/Laboratory of Neurogenetics and UCL Genomics centres using the Global

Diversity Array with NeuroBooster content.

PD Frontline is a sister study to RAPSODI, in which individuals with a confirmed diagnosis of PD register via

an online survey. Diagnosis was verified by the RAPSODI team using consultant letters. Individuals enrolled

in both studies were contacted via email with information about the ocular motor study and were invited

to participate. The initial outreach was conducted by the RAPSODI and PD Frontline teams. Interested

participants received a screening questionnaire, participant information sheet, and an image of the eye-tracking

setup. The screening was used to filter individuals unable to travel or follow the experimental protocol due to

mobility issues.

PSP, CBS, and MSA participants were recruited through the ongoing ’Progressive Supranuclear Palsy–Corticobasal

Syndrome–Multiple System Atrophy’ (progressive supranuclear palsy–corticobasal syndrome–multiple

system atrophy study (PROSPECT-M-UK)) study at UCL. PROSPECT-M-UK was established to assess

alternative outcome measures for PSP, CBS, and MSA (Street et al. 2023). It is a multicentre observational

cohort study aiming to identify diagnostic markers, monitor disease progression, and understand pathogenesis.

The cohort includes defined clinical subtypes as well as indeterminate phenotypes. Recruitment sites included

university college london hospital (UCLH), the Universities of Cambridge, Oxford, Manchester, Sussex,

Newcastle, and Royal Gwent Hospital. Participants attending the PROSPECT-M-UK UCLH visit were invited

to participate. Diagnoses were based on NINDS-SPSP (1996) and revised MDS (2017) criteria for PSP (Ali,

Martin et al. 2019; Hoglinger et al. 2017), Armstrong criteria for CBS (Armstrong 2015), and Gilman criteria

for MSA (Gilman et al. 2008). Individuals with unclassified phenotypes were categorised as ATP in this thesis.

Participants with DLB were recruited through consultants at the National Hospital for Neurology and Neurosur-

gery, using the 2017 revised International DLB Consortium criteria (M. Yamada et al. 2020). Some were

referred via inpatient admissions or consultants at the National Hospital.
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Healthy controls were recruited through PROSPECT-M-UK and convenience sampling. Participants from

RAPSODI and PD Frontline were also asked whether family or friends were interested in participating as

controls. If so, controls were assessed during the same session as the PD participant.

2.2 Ethics

Informed consent was obtained from all participants. The RAPSODI study was reviewed and approved by an

independent ethics committee at Queen Square, London, on July 16th, 2015 (ref: 15/LO/155), fulfilling all

legal obligations regarding use of genetic results in the ocular motor study. Participants in the PROSPECT-

M-UK study also gave informed consent.

Ethics approval for all ocular motor studies within this thesis was granted by the UCL Research Ethics

Committee (ref: 23/PR/1233/AM02). Consent forms adhered to the Declaration of Helsinki, and UCL was

the data controller. All information was collected under GDPR and DPA 2018 regulations.

Participants received the information sheet before the study visit. The study protocol was explained be-

forehand, including confidentiality measures and the right to withdraw consent at any time. Consent was

digitally recorded and securely stored. Each participant was assigned a study code under which their data

was anonymised and stored.

2.3 Data Collection and Storage

Consent forms were stored on the NHS drive. Demographic data, medical history, and questionnaire responses

were recorded in Excel sheets on the UCL drive. Eye-tracking data was stored on the display computer and

then transferred to the UCL drive. All data was secured with password protection and two-factor authentication.
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2.4 Eye Tracking

2.4.1 Comparative Analysis for Eye Tracker Selection

The EyeLink 1000 Plus was selected as the primary eye tracker for this thesis following a pilot study comparing

the usability and reliability of several systems.

Devices tested included the EyeLink 1000 Plus (SR Research n.d.), Cyclops Eye Tracker (Cyclops Medtech

Pvt Ltd n.d.), EyeBrain T2® Video Eye Tracker (Suricog n.d.), and Tobii Pro Nano (tobii n.d.). Each system

was assessed based on hardware (sampling rate, camera, processor, eye-tracking system), software (paradigm

design and analysis), output quality (measures, preprocessing needs), participant usability, and overall ad-

vantages and limitations.

Figure 16: Eye tracking Systems Evaluated. (A) EyeLink 1000 Plus – a high-precision, desktop-mounted
system; (B) Cyclops Eye Tracker – a virtual reality (VR) based head-mounted eye tracker; (C) EyeBrain T2 –
a head-mounted system used for neurophysiological research; (D) Tobii Pro Nano – a compact, screen-based
eye tracker designed for natural viewing conditions. Figure by author.
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Evaluation Criteria Eyelink 1000 Plus Cyclops Eye Tracker EyeBrain T2 Tobii Pro Nano

Sampling Rate (Hz) Up to 2000 Up to 600 Up to 600 Up to 60

Camera Quality High-resolution
infrared camera

Infrared camera with
moderate resolution

Infrared camera with
moderate resolution

Infrared camera with
lower resolution

Processor Dedicated FPGA-based
processing

Built-in processor for
real-time tracking

Built-in processor for
real-time tracking

No dedicated processor,
USB connection

Eye Tracking System Video-based pupil and
corneal reflection

tracking

Video-based tracking Video-based tracking Video-based tracking

Preprocessing
Required

Minimal Moderate Moderate Higher

Ease of Use for
Participants

Requires chin rest, can
be restrictive

Head-free tracking,
relatively comfortable

Head-free tracking,
relatively comfortable

Highly portable, least
restrictive

Advantages High sampling rate,
precise tracking, widely

used in research

Compact design,
real-time tracking,

cost-effective

Good balance between
precision and ease of

use

Highly portable,
user-friendly,
cost-effective

Disadvantages Requires chin rest,
costly, setup complexity

Lower sampling rate
than Eyelink, software

limitations

Lower sampling rate
than Eyelink, software

constraints

Lower sampling rate,
less precise tracking

Table 1: Comparative analysis of four eye trackers: Eyelink 1000 Plus, Cyclops Eye Tracker, EyeBrain T2, and Tobii Pro Nano based on various
technical and usability aspects.
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Projects 1-6 utilised the same EyeLink 1000 Plus setup. If the standard ocular motor battery was not used

in a given project, the specific paradigms and analyses used are described within the respective project’s

methods section.

2.4.2 Eye Tracker Setup

The EyeLink 1000 Plus is a desktop-mounted eye tracker that supports both head-stabilised and remote

(head-free) modes. As many participants in these studies were unable to hold their head stable throughout

testing, the head-stabilised mode was selected. In this mode, the eye tracker has a sampling rate of 2000 Hz

for both monocular and binocular recordings and an accuracy of 0.15◦–0.50◦. The resolution, calculated

through root mean square (RMS), is 0.01◦ and 0.05◦ for microsaccades. A 35 mm lens was used.

The EyeLink is connected to a host PC and a display PC via Ethernet cables. The host PC is operated by

the researcher for participant setup and monitoring of parameters and performance during testing. It also

performs real-time detection of saccades, fixations, and blinks. The display PC presents visual stimuli for

all tasks and is used to set parameters prior to recording. All data files generated during each paradigm are

stored on the display PC.

A Dell monitor (U2312HMT 23" VGA DVI-D DisplayPort USB 2.0 Hub HDCP) was used as the display

screen. It has a display area of 509.2 mm (width) by 286.4 mm (height), with a resolution of 1920 x 1080 pixels

and a refresh rate of 60 Hz. The display was positioned 850 mm from the participant’s eyes (approximately

1.65 times the screen width), and the eye tracker was placed 550 mm from the chin rest of the headrest. These

placements followed SR Research’s guidelines for optimising the trackable range of the EyeLink 1000 Plus:

32◦ horizontally and 25◦ vertically. The camera of the eye tracker was aligned to the centre of the screen.

Eye tracking was conducted in a dark room with blackout curtains and no background light. The eye tracker

was mounted on a custom-built table, which accommodated participants in wheelchairs who could not transfer

to the designated seat, allowing them to complete the tasks in their own chairs.
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Figure 17: The EyeLink 1000 Plus in Head-stabilized Mode. The system comprises a host PC for
participant setup, real-time detection and a display PC for stimulus presentation and data storage. Figure by
author.

Figure 18: Schematic Illustration of the Eye Tracking Setup. Display PC positioned 850mm (A) from the
participant’s eyes and EyeLink 1000 Plus eye tracker was placed 550mm (B) from the chin rest, ensuring a
trackable range of 32° horizontally and 25° vertically, following SR Research guidelines. Figure by author.
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2.4.3 Participant Setup

Participants were seated on a height-adjustable chair, and their chin was positioned on the chin rest. The

height was adjusted so that the participants’ eyes were aligned with the top 25% of the monitor, and the eye

tracker was placed as close as possible to the bottom of the screen—covering the logo but not obstructing the

view of the monitor.

The camera position was adjusted so that the participant’s head was centred on the host PC screen, with the

central symmetry line aligned through the middle of the participant’s nose and both eyes positioned roughly

equidistant on either side. Red boxes were placed around each eye. The lens focus was adjusted to minimise

corneal reflection, indicated by a light blue circle. The pupil threshold was calibrated to cover the maximum

area of the pupil without including other parts of the eye, and was maintained above 75. The corneal reflection

threshold was further adjusted to reduce the light blue circle near the eyes, with the threshold consistently set

between 200 and 240.

Figure 19: Participant Positioning for Eye Tracking. The chair height was adjusted to align their eyes
with the top 25% of the monitor and the eye tracker was positioned as high as possible beneath the screen,
covering the logo but not obstructing the bottom of the display. Figure by author.
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Figure 20: EyeLink 1000 Plus Camera Setup Interface for Monocular Eye Tracking. The system detects
and tracks the pupil using centroid and corneal reflection methods. Figure by author.

Figure 21: Illustration of Pupil and Corneal Reflection Alignment in the EyeLink 1000 Plus System.
The three columns represent incorrect (too low, too high) and correct (just right) eye positioning. Figure by
author.

After the setup was completed, a manual 5-point calibration was performed, where participants were in-

structed to fixate on the centre of a target until it moved position. Calibration was deemed successful if a

symmetrical crosshair or grid pattern was achieved. If the grid was asymmetrical or even a single point
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deviated, calibration was repeated. Upon successful calibration, a 5-point validation was carried out using the

same targets, with the two worst-performing points sampled again. Validation assessed the deviation error

from the calibration at each point. It was considered successful if the average error was less than 0.5 and

the maximum error was less than 1.0. For participants who, due to their condition, were unable to maintain

accurate fixation, the average error threshold was increased to 0.75 while the maximum remained at 1.0.

Once both calibration and validation were successfully completed, the paradigm was initiated. Calibration

and validation were conducted on a white background with a black target featuring a smaller white circle at

its centre—preset settings provided by SR Research.

Figure 22: Calibration Models in the EyeLink 1000 Plus System. Good, symmetrical and poor, asymmet-
rical calibration models. Figure by author.

Figure 23: Validation Screen from the EyeLink 1000 Plus System. Recorded gaze positions and error
values; the system calculates the average and maximum error, ensuring calibration accuracy before proceeding
with data collection. Figure by author.
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If the participant wore glasses, their ability to view a central stationary target on the screen was first assessed.

If they were able to see the target clearly, they were encouraged to continue the paradigms without glasses,

as reflections from the lenses could cause signal loss. However, if the participant could not see the target

clearly without glasses, the setup was adjusted accordingly. To minimise reflections, the angle of the head

was adjusted so that reflections were reduced when the participant looked at all four corners of the screen.

If pupil thresholds were too low, the illuminator power was increased to 100% or the camera was brought

closer. Another common issue was with participants who had very large pupils or whose eyelids obstruc-

ted the top or bottom of the pupil. In such cases, the pupil tracking mode was switched from centroid to ellipse.

Figure 24: Centroid Tracking Mode. If signal loss occurred due to glasses, participants were advised to
remove them unless necessary; adjustments included modifying head position to minimize glare, increasing
the illuminator power to 100%, or bringing the camera closer. For large pupils or obstructed eyelids, the
tracking mode was switched from centroid to ellipse. Figure by author.

At the start of every paradigm, a drift check was performed using a central fixation point to assess any

deviation of the eyes from the calibration. If the deviation was below 2, the drift check was deemed successful

and the paradigm started automatically. If the deviation exceeded 2, the drift check failed, and calibration and

validation were repeated before proceeding with data collection. In longer paradigms or those with multiple

parts, a drift check was also performed before each individual part.
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Figure 25: Illustration of Correct and Incorrect Participant Positioning for Optimal Eye Tracking.
When glasses were worn, the head angle was adjusted to reduce reflections, ensuring visibility in all four
corners of the screen; proper alignment improved signal detection and minimized tracking errors.

Participants were given periodic breaks between paradigms and, when necessary, within paradigms to ensure

they remained as attentive as possible during the recordings. Once data collection was complete, the chin rest

and equipment were sanitised and prepared for the next participant.

2.5 Quality Control of Data Collection

As eye tracking data is inherently noisy, specific measures were taken during data collection to maximise

quality, accuracy, and precision—beyond the technical specifications of the eye tracker.

Data quality was periodically monitored using accuracy and precision metrics. Accuracy was defined as the

angular distance between the average x and y location within a fixation and the target’s predefined x and y

coordinates. Precision was calculated either as the standard deviation of the x and y positions (in degrees

of visual angle) or the RMS of the angular distance between samples. Samples with low accuracy or poor

precision were either re-recorded or excluded from the analysis. Blinks, while inevitable, were accounted for

during analysis.

If participants took a break between paradigms, a drift check was conducted before restarting to ensure the
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calibration and validation remained valid. If the drift check failed, calibration and validation were repeated.

The EyeLink is designed such that calibration remains valid throughout a session if the setup—including the

headrest, camera, and monitor—remains unchanged. However, if adjustments were made due to participant

discomfort or accidental movement of the equipment, calibration and validation were repeated.

2.6 Ocular Motor Battery

Paradigms were initially selected and designed to emulate clinical eye movement assessments. As a result,

basic forms of all paradigms can also be performed at the bedside. All paradigms used a black background

with a green dot target, selected for its high contrast without causing visual discomfort (Baik et al. 2013). The

target size was 1° (31 pixels, calculated based on the screen dimensions and participant distance) (Nieboer

et al. 2023). Target positions on the screen were determined by converting degrees of visual angle into pixel

coordinates. The centre of the screen was defined as 960 (x-axis), 540 (y-axis).

Figure 26: Screen Coordinate System. The centre of the screen is defined at (960, 540) in pixel coordinates;
the x-axis increases to the right and decreases to the left, while the y-axis increases downward and decreases
upward. Figure by author.
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Eight types of paradigms were included in the ocular motor battery, the details of which are given below. A

schematic of all paradigms accompanies the descriptions. All paradigms were designed using Experiment

Builder, a software developed by SR Research.

Central Fixation: A central stationary target was displayed at the centre of the screen (960, 540) for 30

seconds. Participants were instructed to fixate on the middle of the target with minimal blinking. There was

only one trial for this condition (total duration: 30 seconds).

Figure 27: Central Fixation Paradigm. A central stationary target was displayed at the centre of the screen
(960, 540) for 30 seconds.

Positional Fixation/ Nystagmus: Four stationary targets were displayed at positions corresponding to +10°

(960, 41) and -10° (960, 1039) vertically, and +15° (1718, 540) and -15° (202, 540) horizontally. Each target

was presented for 30 seconds. Participants were instructed to fixate on the centre of each target with minimal

blinking. There were four trials in total, with a combined duration of 120 seconds.

70



Figure 28: Positional Fixation/ Nystagmus Paradigm. Four stationary targets were displayed at positions
corresponding to +10° (960, 41) and -10° (960, 1039) vertically, and +15° (1718, 540) and -15° (202, 540)
horizontally. Each target was presented for 30 seconds.

Pursuit: Three types of pursuit were assessed—horizontal, vertical, and elliptical—with 2, 2, and 4 trials

respectively. In horizontal pursuit, the target moved between +15° (1718, 540) and -15° (202, 540) at speeds

of 0.2 Hz and 0.4 Hz for 20 seconds each. In vertical pursuit, the target moved between +10° (960, 41) and

-10° (960, 1039) at the same speeds and durations. For elliptical pursuit, the target moved in a 10° radius

from the centre of the screen, in both clockwise and anticlockwise directions, also at 0.2 Hz and 0.4 Hz for

20 seconds each. Participants were instructed to continuously follow the moving target. There were eight

trials in total, with a combined duration of 160 seconds.

Antisaccades: Saccades directed in the opposite direction to the target stimulus were tested in both horizontal

and vertical directions. In the horizontal condition, 20 trials were presented in a randomised order (10 at

+15° and 10 at -15°). In the vertical condition, another 20 randomised trials were presented (10 at +10°

and 10 at -10°). Participants were informed that the target would appear either left/right or up/down and

were instructed to look in the opposite direction of the target. Each trial lasted 2 seconds, resulting in a total

paradigm duration of 80 seconds.
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Figure 29: Antisaccades Horizontal Paradigm. In the horizontal condition, 20 trials were presented in a
randomised order (10 at +15° and 10 at -15°).

Figure 30: Antisaccades Vertical Paradigm. In the vertical condition, another 20 randomised trials were
presented (10 at +10° and 10 at -10°).

Oblique Saccades: There were three blocks of oblique saccades at 4°, 8°, and 10°, each consisting of 30

trials. Within each block, twelve target positions were defined along the circumference of a circle centred on

the screen. Targets were presented diagonally from the centre in a randomised order. Participants were in-

structed to follow the targets. Each trial lasted 2 seconds, resulting in a total paradigm duration of 180 seconds.
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Figure 31: Oblique Saccades Paradigm. There were three blocks of oblique saccades at 4°, 8°, and 10°,
each consisting of 30 trials.

Reflexive Saccades: Reflexive saccades to novel stimuli were assessed in both horizontal and vertical direc-

tions, with 30 trials in each. In the horizontal condition, targets appeared at +15° and -15° from the centre of

the screen; in the vertical condition, targets appeared at +10° and -10°. Target presentation was randomised.

Participants were instructed to follow the targets as they appeared. Each trial lasted 2 seconds, resulting in a

total paradigm duration of 120 seconds.

Figure 32: Reflexive Saccades Horizontal Paradigm. In the horizontal condition, targets appeared at +15°
and -15° from the centre of the screen.
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Figure 33: Reflexive Saccades Vertical Paradigm. In the vertical condition, targets appeared at +10° and
-10°.

Volitional Saccades: Volitional saccades were tested in both horizontal and vertical directions. In the

horizontal condition, two stationary targets were positioned at +15° and -15° from the centre of the screen; in

the vertical condition, targets were placed at +10° and -10°. Participants were instructed to move their eyes

between the two targets at their own pace. Each condition lasted 60 seconds and consisted of a single trial,

resulting in a total duration of 120 seconds.

Memory Guided Saccades: Memory-guided saccades followed the volitional saccades paradigm in both

horizontal and vertical directions. A blank black screen was presented, and participants were instructed

to remember the positions of the targets from the volitional paradigm and replicate the same movements,

shifting their gaze between the remembered target locations. Each condition lasted 60 seconds and consisted

of a single trial, resulting in a total duration of 120 seconds.
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Figure 34: Volitional and Memory Guided Saccades Horizontal Paradigm. In the horizontal condition,
two stationary targets were positioned at +15° and -15° from the centre of the screen.

Figure 35: Volitional and Memory Guided Saccades Vertical Paradigm. In the vertical condition, targets
were placed at +10° and -10°.

The entire ocular motor battery had a total duration of approximately 16 minutes. Periodic breaks were

provided between paradigms and, where needed, within paradigms. Refreshments were also offered to ensure

participant comfort and sustained attention.

2.7 Data Processing and Analysis

The saved files from each paradigm (EDF files) were imported into DataViewer, an analysis software from

SR Research. Key metrics were extracted in the form of reports for each paradigm, and further analysis was
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conducted using Python 3 and RStudio. Detailed analyses for each paradigm are described below.

Fixation: A fixation report was generated in DataViewer for each participant, containing metrics such as

pupil size, precision measured using RMS, and precision using standard deviation (SD). It is important to

note than an increase in fixation precision values measured by RMS and SD indicates worsened precision or

increased deviation in the the gaze position. These metrics were calculated for each fixation duration—defined

as the period between two blinks—and then a weighted average based on the duration of the fixation was

calculated per participant.

Microsaccades: Defined as saccades with an amplitude less than 1° (R. John Leigh and David S. Zee 2015a).

Analysis was performed using a modified R script based on Engbert et al. (2015) (Engbert, Trukenbrod

et al. 2015; Engbert and Kliegl 2003). The original script used binocular data, but as only monocular data

were collected, the script was adapted accordingly. Binocular tracking typically reduces background noise;

therefore, an alternative parsing mechanism by applying a low pass Savitzky-Golay filter, was implemented

to minimise this in monocular data (Dai et al. 2017). Sample reports containing left and right X/Y gaze data

were created in DataViewer and fed into the modified R script, which produced output with the start time,

end time, duration, peak velocity, distance, amplitude, and orientation of each microsaccade.

The square wave jerk (SWJ) and saccadic intrusions were analysed using a saccade report generated in

DataViewer for each participant, which included amplitude, start time, and direction. A thresholding method

was applied to identify the following:

Small Square Wave Jerks: Defined as a saccade moving away from the central fixation point followed by a

return saccade of similar amplitude, with less than 0.75° difference, occurring within 300ms (R. John Leigh

and David S. Zee 2015a). The amplitude of the initial saccade had to be less than 2°.

Large Square Wave Jerks: Defined as a saccade with amplitudes between 2–6°, moving away from the

central fixation point followed by a return saccade of similar amplitude, than 0.75° difference, occurring

within 300 ms (R. John Leigh and David S. Zee 2015a).
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Intrusive Saccades: Saccades greater than 2°. Metrics such as count, average amplitude, and start time were

computed per participant (R. John Leigh and David S. Zee 2015a; Bylsma et al. 1995).

Nystagmus: The analysis followed the same pipeline as fixation, treating each target position (left, right, up,

down) as a distinct fixation point. Fixation, sample, and saccade reports were generated for each trial and

analysed individually.

Pursuit: A modified SR Research algorithm was used to compute pursuit gain and root mean squared error

(RMSE) gaze—a proxy for pursuit accuracy—for each trial and participant. Pursuit was analysed as a series

of fixations. Saccadic components were analysed by generating a saccade report with details on all saccades.

Metrics such as count, start time, amplitude, and velocity were computed for each saccade in all pursuit

directions (horizontal, vertical, elliptical).

For the analysis of saccades, saccadic latency was defined as the time (in milliseconds) from target appearance

to the onset of the first saccade. Peak velocity was the maximum velocity reached during the saccade, and

average velocity was the weighted mean velocity. Amplitude referred to the angular distance covered by the

saccade.

Antisaccades: A saccade report with metrics including saccade start time, end time, amplitude, average

velocity, and peak velocity was generated per participant. If multiple saccades were present within a single

trial index, the saccade with the largest amplitude was selected for analysis. One saccade was retained per

trial, and excluded saccades were manually reviewed to minimise data loss. Average values were computed

per participant. Saccades made in the same direction as the target were considered errors. If a saccade in

the target’s direction was followed by a corrective saccade in the opposite direction, it was classified as a

self-correcting error. Both error types were counted. This analysis was conducted for both horizontal and

vertical tasks.

Reflexive Saccades: A saccade report with metrics including start time, end time, amplitude, average velocity,

peak velocity, and end position (X or Y) was generated per participant. If multiple saccades were present

within a trial, the one with the largest amplitude was retained. One saccade per trial was analysed, with
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discarded saccades reviewed to ensure minimal data loss. The difference between the target’s position and

the saccade end position defined saccade accuracy. It is important to note than an increase in the accuracy

measure indicates greater deviation of gaze from the target position and decreased accuracy. A deviation

of less than 10% of the the intended saccadic amplitude (e.g. 1° for a 10° target) was considered accurate

(R. John Leigh and David S. Zee 2015a). Greater deviations were classified as hypometric (undershoot) or

hypermetric (overshoot). All analyses were performed for horizontal and vertical directions.

Volitional Saccades: A saccade report with metrics including saccade start time, end time, amplitude,

average velocity, peak velocity, and end position (X or Y) was generated per participant. A complete saccade

was defined as a movement in one direction (left/right or up/down) followed by a saccade in the opposite

direction. Multiple consecutive saccades in the same direction with small amplitudes were counted as one,

and a weighted average of the metrics was calculated based on saccade amplitude. The total number of

complete saccades and their average metrics were computed for each participant. Saccade accuracy was

defined as the difference between the target position and the saccade end position. If this deviation was

less than 10% of the intended saccadic amplitude, the saccade was classified as correct (R. John Leigh and

David S. Zee 2015a). Deviations greater than 10% were classified as hypometric (undershoot) or hypermetric

(overshoot). This analysis was conducted for both horizontal and vertical tasks.

Memory Guided Saccades: This analysis followed the same procedure as for volitional saccades. A complete

saccade was counted as a movement in one direction followed by one in the opposite direction. If multiple

small-amplitude saccades occurred in the same direction, they were combined and averaged using a weighted

approach. Accuracy was assessed using the same criteria: a deviation of less than 10% of the intended

saccadic amplitude was classified as correct; otherwise, the saccade was labelled hypometric or hypermetric

(R. John Leigh and David S. Zee 2015a). Separate analyses were performed for horizontal and vertical tasks.

Oblique Saccades: A saccade report containing start time, end time, amplitude, average velocity, peak

velocity, and both X and Y end positions was generated for each participant. The saccade with the greatest

amplitude within each trial index was retained. Accuracy was assessed by constructing a circular boundary

around the intended endpoint, with a 10% margin (R. John Leigh and David S. Zee 2015a). Endpoints falling

within this boundary were classified as correct. Those outside the boundary were classified as hypometric
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(towards the screen centre) or hypermetric (away from the centre). Analyses were performed separately for

4°, 8°, and 10° oblique saccades.

2.8 Chapter Summary

This chapter outlines the general methods and experimental protocols used throughout the thesis. While

specific methodologies and analyses for each project are detailed within individual sections, this chapter

provides a comprehensive overview of participant recruitment, ethical considerations, data collection, eye

tracking methodologies, and data processing approaches.
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3 Ocular Motor Function in Parkinson’s Disease

3.1 Introduction

Parkinson’s disease (PD) is a complex neurodegenerative disorder, primarily characterised by the progressive

loss of dopaminergic neurons in the substantia nigra (SN). This degeneration leads to a range of clinical

symptoms, including both motor and non-motor features. Motor symptoms comprise bradykinesia, rigidity,

and tremors, while non-motor symptoms include neuropsychiatric conditions, autonomic disturbances, and

sleep disorders (Jankovic 2008; Blochberger and S. Jones 2011). Multiple molecular pathways contribute to

the pathophysiology of PD, reflecting a combination of genetic and sporadic aetiologies.

Genetic forms of PD often involve specific mutations in key genes. Notably, mutations in the synuclein

alpha (SNCA) gene—which encodes the protein alpha-synuclein—are associated with inherited forms of PD,

particularly those following an autosomal dominant pattern. Among these, the A30P, A53T, and E46K gene

mutations are the most frequently reported in familial cases (Hoffman-Zacharska et al. 2013). Additionally,

mutations in the LRRK2 gene (PARK8) represent the most common genetic cause of PD, accounting for

approximately 5–6% of hereditary cases and also serving as a major risk factor in sporadic PD (Deyaert et al.

2017). Another significant genetic contributor is the GBA gene, which is also implicated in Gaucher disease

and is now established as a major risk factor for PD, although it exhibits variable penetrance across different

populations (Vieira and Schapira 2022). Furthermore, recessive mutations in genes such as PINK1 and parkin

lead to early-onset forms of PD, highlighting the genetic heterogeneity of the disorder (Narendra et al. 2010).

In contrast, sporadic PD, also referred to as idiopathic PD, accounts for approximately 90–95% of all cases

and typically presents without an identifiable genetic cause (Chai and Lim 2014). However, recent findings

suggest that even sporadic cases may involve genetic predispositions. For instance, genome-wide associ-

ation studies have identified common genetic variants associated with increased alpha-synuclein expression,

thereby implicating genetic contributions in ostensibly non-genetic forms of the disease (Nussbaum 2017).

Environmental factors, ageing, and lifestyle further interact with these genetic elements, contributing to the

complex aetiology of sporadic PD (Pang et al. 2019).
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3.1.1 Parkinson’s Disease Pathology

The pathophysiology of PD is driven by the death of dopaminergic neurons within the pars compacta of the

SN, which triggers a cascade of neurobiological alterations. This neurodegeneration leads to a reduction in

dopaminergic inputs into the striatum (STR). Dopamine is a neurotransmitter crucial for maintaining proper

motor function, and its loss underlies the cardinal motor symptoms of PD: bradykinesia, rigidity, tremor, and

postural instability (Blesa, Phani et al. 2012; Campos-Acuña, Elgueta and Pacheco 2019; Sackner-Bernstein

2021). The degeneration of dopaminergic neurons is frequently associated with the presence of Lewy

bodies—aggregates of alpha-synuclein—a protein considered central to the neurodegenerative mechanism

(Elgueta et al. 2022; Limphaibool et al. 2019).

A major contributor to the pathophysiological processes implicated in PD is oxidative stress, characterised by

an imbalance between reactive oxygen species (ROS) production and the cellular antioxidant defence system.

The deterioration of dopaminergic neurons is strongly associated with heightened oxidative stress, which may

arise from factors such as mitochondrial impairment and the accumulation of harmful metabolites generated

during dopamine metabolism (Guo et al. 2018; Zhe Zhao et al. 2021; Bose and Beal 2016). Specifically,

dopamine oxidation produces neurotoxic compounds like dopamine o-quinone, which provoke additional

oxidative damage and neuronal cell death (Segura-Aguilar et al. 2014). Lipid peroxidation has also been iden-

tified as a significant mechanism by which α-synuclein aggregates contribute to cellular demise (Angelova,

Esteras and Abramov 2021).

Mitochondrial dysfunction is another hallmark of PD pathophysiology. Mitochondria are critical for energy

production and cellular homeostasis. Evidence includes impaired mitochondrial function—particularly in

the electron transport chain—which enhances ROS production and promotes neuronal damage (Dias, Junn

and Mouradian 2013; Chang and C. M. Chen 2020). Genetic alterations linked to familial PD, including

mutations in PINK1 and Parkin, exacerbate mitochondrial dysfunction and oxidative stress, highlighting the

interconnected nature of these biological pathways (Gaki and Papavassiliou 2014).

Neuroinflammation also plays a central role in PD. Activated microglia release pro-inflammatory cytokines

and ROS, which further contribute to neurodegeneration. This inflammatory response may be triggered by

environmental toxins or misfolded protein aggregates such as α-synuclein (Angelova, Esteras and Abramov
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2021; Chang and C. M. Chen 2020). The interaction between oxidative stress and neuroinflammation forms a

vicious cycle that intensifies neuronal damage.

endoplasmic reticulum (ER) stress is increasingly recognised as a key mechanism in neurodegeneration.

Prolonged ER stress activates the unfolded protein response, which, if unresolved, can lead to apoptosis of

dopaminergic neurons. This mechanism may be particularly relevant in the context of genetic mutations

(McNeill et al. 2014). The accumulation of misfolded proteins, such as α-synuclein, overwhelms the ER’s

capacity to maintain protein homeostasis, ultimately resulting in cellular dysfunction and death (Chang and

C. M. Chen 2020).

Lastly, dopamine imbalance is a critical factor in PD pathology. Disruptions in dopamine transport and

metabolism may exert cytotoxic effects, promoting the degeneration of dopaminergic neurons (Z. D. Zhou

et al. 2023). These disturbances impair vesicular monoamine transporters, increasing cytosolic dopamine

concentrations that trigger oxidative stress and neurotoxicity (Bucher et al. 2020). Such interference not only

exacerbates motor symptoms but also contributes significantly to non-motor features, including cognitive

impairment and mood disorders—manifestations now increasingly recognised in individuals with PD (Blesa

and Przedborski 2014).

3.1.2 Eye Movements in Parkinson’s Disease

Eye movements have been extensively studied in PD using a variety of techniques and methodologies, provid-

ing insights into the pathological changes in the brain associated with neurodegeneration. Some ocular motor

abnormalities such as hypometric saccades, increased saccadic latency, and decreased smooth pursuit gain

are widely accepted and have been proposed as non-invasive biomarkers for diagnosis (H. Li et al. 2023;

Bueno, Sato and Hornberger 2019). Furthermore, ocular motor profiles can aid in providing a differential

diagnosis between PD and atypical Parkinsonian syndromes (Terao, Tokushige et al. 2019; Y. Yu et al. 2024).

Eye movement deficits seen in PD are also correlated with cognitive dysfunction, particularly within domains

of attention, working memory, and visuospatial processing (Stuart et al. 2019).

Fixation instability in PD is characterised by square wave jerks (SWJ), microsaccadic abnormalities, and
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impaired gaze holding. Individuals with PD have an increased frequency of SWJs compared to healthy

controls, reflecting impairment in the suppression of involuntary saccades driven by BG dysfunction (Weil

et al. 2016; Sinem B. Beylergil et al. 2022). Microsaccades seen in PD exhibit increased amplitude and

decreased frequency, which can interfere with visual stability required for tasks such as reading (Frei 2021) and

reduce visual clarity, disrupting perceptual continuity (Bueno, Sato and Hornberger 2019). This interference

also arises from unwanted gaze shifts and fixation drift that require corrective eye movements. Impairments

in gaze holding are linked to disruptions in the SC and its interactions with the BG (H. Li et al. 2023).

A lack of attentional control can further exacerbate fixation instability, making individuals with PD more

prone to visual distractions. This suggests deficits in top-down attentional control (Sinem B. Beylergil et al.

2022). The neurological mechanisms contributing to fixation instability in PD are linked to the overactive

inhibitory output from the BG to the SC and impairments in the integration of ocular motor and visual

networks involving the FEF and PC (Terao 2022; Weil et al. 2016). The presence of nystagmus in PD is less

common compared to other movement disorders; however, when present as either gaze-evoked or positional

nystagmus, it may reflect dysfunction in cerebellar, vestibular, or brainstem circuits (Jung and J. S. Kim

2019). Additionally, a lack of consensus on the classification and underlying mechanisms of nystagmus in

PD complicates interpretation of findings (Pretegiani and Optican 2017).

Smooth pursuit impairments in PD primarily manifest as decreased pursuit gain, reduced smooth tracking with

saccadic intrusions, and directional and velocity-specific changes. Decreased smooth pursuit gain results in an

inability to track moving objects, thus requiring catch-up saccades to compensate for smooth tracking errors

(Frei 2021). This reduction has also been shown to correlate with disease severity, suggesting its potential as a

marker for disease progression (Shaikh and Ghasia 2019). The jerky appearance of smooth pursuit, referred to

as saccadic pursuit, although present in PD, is not as prominent as in atypical Parkinsonian syndromes (Sekar,

T N Panouillères and Kaski n.d.). Some studies have also reported increased anticipatory saccades during

smooth pursuit, suggesting reduced inhibitory control in the BG (Helmchen, Pohlmann et al. 2012). Unlike in

PSP, smooth pursuit is more adversely affected in the horizontal direction than the vertical, indicating subtle

differences in the neural circuits responsible for each direction (Shaikh, C. Antoniades et al. 2018). Pursuit

accuracy also decreases as target velocity increases, highlighting reduced capacity to maintain higher pursuit

speeds (White et al. 1983). Although the BG and SC contribute to impaired modulation of pursuit-related

neurons, the cerebellum also plays a role in fine-tuning pursuit movements, with compensatory mechanisms
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becoming insufficient in advanced stages of PD (Gorges, Müller et al. 2016). Lastly, unlike other motor symp-

toms, smooth pursuit does not consistently improve with dopaminergic medication, suggesting involvement

of serotonergic and cholinergic pathways in pursuit control (M. J. Munoz, Reilly et al. 2022; Reilly et al. 2008).

Abnormalities in saccadic control are also observed in PD, depending on the type of saccade performed.

Reflexive saccades are relatively preserved, with only mild impairments in latency and saccadic gain (amp-

litude/target distance ratio), particularly with increased disease severity (Srivastava, Sharma, Sood et al.

2014). Increased latency in later stages of the disease is attributed to disrupted signal transmission through

the BG-thalamus-SC pathway (Fridley et al. 2013). Individuals with PD also exhibit higher error rates and

increased latency in antisaccade tasks, indicating impaired inhibitory control and reduced frontal cortical

function (Helmchen, Pohlmann et al. 2012). Hypometric saccades are observed in volitional saccades, which

are more severely affected than reflexive saccades due to reliance on frontal cortical and BG circuits (Hikosaka,

Takikawa and Kawagoe 2000; Waldthaler, Tsitsi and Svenningsson 2019). Saccadic hypometria and increased

latency also extend to memory-guided saccades, which require working memory and transformation of stored

spatial memory into motor commands (Srivastava, Sharma, Sood et al. 2014). Memory-guided saccades in PD

often require multiple-step corrections to compensate for hypometria (Srivastava, Sharma, Sood et al. 2014;

Pierrot-Deseilligny, R. M. Müri, Ploner, Gaymard and S. Rivaud-Péchoux 2003; Pierrot-Deseilligny, R. M.

Müri, Ploner, Gaymard, Demeret et al. 2003). Overall, saccadic impairments result from excessive inhibitory

output from the substantia nigra pars reticulata (substantia nigra pars reticulata (SNpr)) to the SC, FEF

dysfunction affecting voluntary and memory-guided saccades, and insufficient cerebellar compensation with

disease progression (H. Li et al. 2023; Srivastava, Sharma, Goyal et al. 2020). Pharmacological interventions

and (deep brain stimulation (DBS)) may have variable effects on these impairments, underscoring the need

for more targeted research.

Bradykinesia, a cardinal symptom of PD, encompasses not only the slowness of movement but also a decrease

in amplitude and speed, often leading to a decrement or sequence effect during repetitive tasks (Pretegiani

and Optican 2017). "Saccadic bradykinesia" has recently been used to describe the decline in speed and

amplitude of saccadic movements. In PD, saccades are often hypometric, exhibit increased latency, and

slow over repetitive sequences—negatively impacting visual scanning and attentional processes (Koohi et al.

2021). A recent study found that saccade period correlates with bradykinesia, while maximal amplitude
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reflects apathy, suggesting that saccadic metrics may reflect broader motor and motivational states in PD

(Rey et al. 2025).

Although numerous studies have investigated eye movements in PD, several methodological limitations and

knowledge gaps remain. Given the heterogeneity of PD, more research is required to assess population-level

differences, including ethnic variations. Most research has focused on early to moderate disease stages,

creating a knowledge gap in advanced or presymptomatic stages. Furthermore, many studies use artificial,

lab-based tasks that do not fully reflect the complexity of real-world visuomotor behaviour. Incorporating

naturalistic environments, such as virtual reality, may improve ecological validity. Translating findings

into clinical practice by using clinically applicable paradigms is also essential to establish eye movements

as diagnostic biomarkers. Moreover, longitudinal studies on disease progression are scarce, limiting the

use of ocular motor features as progression markers (MacAskill and T. J. Anderson 2016). The effects of

interventions such as DBS and levodopa remain debated, necessitating controlled studies that account for

medication status and neurosurgical interventions (M. J. Munoz, Arora et al. 2023).

Methodological inconsistencies between studies also hinder cross-comparison. Variability in task design,

analysis pipelines, and criteria for classifying SWJs, or defining thresholds for hypometric/hypermetric

saccades, limit generalisability. Standardisation of ocular motor assessments is needed to build robust con-

clusions about PD-related eye movement abnormalities. Small sample sizes also reduce statistical power

and generalisability. Additionally, many studies rely on subjective cognitive assessments, impeding insights

into the link between cognitive decline and eye movements. Over-reliance on dopaminergic hypotheses

may also overlook other important contributors to ocular motor dysfunction in PD. Several unexplored

questions remain. Oblique saccades in PD are understudied, despite potentially revealing unique dysfunc-

tions. Differences in eye movements across PD subtypes—such as tremor-dominant versus akinetic-rigid, or

genetic versus sporadic—are rarely addressed. More comprehensive studies using neuroimaging could clarify

the specific neural circuits underlying these dysfunctions and inform the development of targeted interventions.
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3.2 Project Aims

1. To characterise ocular motor impairments in idiopathic and genetic forms of PD (GBA and LRRK2

mutations) across multiple eye movement paradigms.

2. To examine the relationship between ocular motor metrics, age, and Levodopa Equivalent Daily Dose

(LEDD).

3.3 Methods

3.3.1 Participants

Participants were recruited for the ocular motor study in PD through the procedures outlined in Chapter 2:

General Methods. Participants were included in the study if they: (1) had a confirmed diagnosis of PD, either

idiopathic or genetic, verified through consultant letters prior to inclusion; (2) were between 40 and 80 years

of age; (3) had normal or corrected-to-normal vision; (4) were able to provide informed consent; (5) were

capable of following verbal instructions; and (6) could sit comfortably for the duration of testing.

Participants were excluded if they: (1) had other neurological conditions or a history of head trauma or stroke;

(2) had visual impairments in both eyes (if impairment was present in one eye, the other eye was used for

analysis) or ocular motor impairments such as diplopia (double vision); (3) had severe psychiatric conditions

such as psychosis; (4) had systemic health conditions affecting vision, such as diabetes with retinopathy; (5)

were pregnant or possibly pregnant (self-declared); and (6) had a history of epilepsy.

Healthy controls were also recruited following the methods described in Chapter 2: General Methods.

Controls were included if they: (1) had no history of neurodegenerative diseases, neurological disorders,

head trauma, or movement disorders such as dystonia; (2) had normal or corrected vision; (3) had normal

cognitive function; and (4) were able to provide informed consent and comply with study protocols.

Controls were excluded if they: (1) had visual impairments in both eyes (if impairment was present in

one eye, the other eye was used for analysis) or ocular motor impairments such as diplopia; (2) had severe

psychiatric conditions such as psychosis; (3) had systemic health conditions affecting vision, such as dia-

betes with retinopathy; (4) were pregnant or possibly pregnant (self-declared); and (5) had a history of epilepsy.
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Participants were divided into four cohorts: idiopathic PD (idiopathic-parkinson’s disease (iPD)), PD with

GBA mutation (GBA-PD), PD with LRRK2 mutation (LRRK2-PD), and healthy controls. A total of 170

participants were included: 103 with iPD, 13 with GBA-PD, 3 with LRRK2-PD, and 51 healthy controls.

The study was approved by the UCL Research Ethics Committee, and informed consent was obtained from

all participants prior to testing.

3.3.2 Ocular Motor Assessment

The standard ocular motor battery described in Chapter 2: General Methods was used for all participants

in this study. The experimental setup, including calibration and validation steps, was consistent with the

procedures previously outlined.

3.3.3 Data Processing and Analysis

Data processing methods and the metrics extracted followed those described in Chapter 2: General Methods.

Additional analyses were conducted to further investigate eye movement patterns.

Saccadic analysis of pursuit was performed by generating a saccade report for each participant, which included

the total number of saccades as well as the details of each saccade: amplitude, peak velocity, average velocity,

start time, end time, and end position. Saccades were categorised into amplitude bins: less than 1 degree,

1–2 degrees, 2–3 degrees, 3–4 degrees, 4–5 degrees, 5–6 degrees, 6–7 degrees, 7–8 degrees, 8–9 degrees,

9–10 degrees, and greater than 10 degrees. The number of saccades in each bin was calculated across all

directions (horizontal, vertical, and elliptical). The total number of saccades and within each amplitude bin

were adjusted for the number of participants within each group. Histograms were plotted to visualise saccade

distribution. Data normality was assessed using the Shapiro–Wilk test.

The amplitude and peak velocity of saccades are known to follow a non-linear function known as the main

sequence effect, where saccades with larger amplitudes have higher peak velocities (R. John Leigh and David

S. Zee 2015a). To account for this, saccadic velocities were corrected using the equations described in Koohi

et al. 2021. These adjusted residual velocity values were used for further analysis. For reflexive, volitional,
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and memory-guided saccades, a time-series analysis was conducted. Residual velocities of consecutive

saccades were plotted against time (X-axis) for the duration of each paradigm. Each point represented an

individual saccade. A line of best fit was applied, and the slope and coefficient of determination (R2) were

calculated for each group.

To identify which ocular motor measures were most sensitive in detecting PD-related changes, a composite

score was computed for each type of eye movement. Hybrid-weighted composite z-scores were calculated

by incorporating both statistical significance (p-values) and precision (confidence interval widths) into the

weighting process. First, the z-scores for each group’s effect size were computed using the formula:

z =
x− µ

σ

where x is the group’s effect size, µ is the mean effect size across groups, and σ is the standard deviation.

The confidence interval (CI) width for each metric was calculated as:

CI Width = Upper CI − Lower CI

The hybrid weight for each metric was then computed as:

Weight =
1

(p-value × CI Width) + ε′

where ε′ is a small constant to prevent division by zero. Each z-score was multiplied by its corresponding

hybrid weight, and the weighted z-scores were summed across all metrics for each group. The final composite

z-score was obtained by normalising the weighted sum by the total hybrid weight for each group. This

approach ensures that the composite scores reflect both the statistical significance and the precision of the

effect sizes, providing a robust measure of relative group performance across paradigms.

3.3.4 Statistical Analyses

Demographic data were summarised using descriptive statistics. The dataset was inspected for missing

values, and participants with incomplete data were excluded from further analysis. Given the small sample

sizes for the GBA and LRRK2 groups, bootstrapping was conducted to generate resampled distributions
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for more robust comparisons. Bootstrapping with 1,000 replicates was applied to ensure stable estimates,

while data from the control and iPD groups were retained without modification. The bootstrapped values

were subsequently used for further analysis. A series of generalized linear model (GLM)s were fitted to

evaluate the effects of group, age, sex, levodopa equivalent daily dose (LEDD), and disease duration on

each ocular motor metric using the glm2 function in R. Model estimates included regression coefficients

(β estimates), 95% CIs, p-values, akaike information criterion (AIC), and bayesian information criterion

(BIC) for model comparison. Multiple comparions were accounted for using the the Bonferroni correction.

Following the GLM analysis, post hoc pairwise comparisons were conducted among the three PD subgroups

(iPD, GBA, LRRK2) using the estimated marginal means package in R. Multiple comparisons were adjusted

using the Bonferroni correction. The significance level for all analyses was set at α = 0.05. All analyses

were conducted using R (Version 2023.09.1+494, R Core Team, Vienna, Austria). The data tables for all the

analyses are provided in the appendix.

3.4 Results

3.4.1 Participants

After accounting for data loss, the final study cohort included 164 participants. The control group comprised

48 individuals (26 females and 22 males) with a mean age of 62.66 years (SD = 13.68, range = 22.25–79.59).

The GBA mutation group included 13 participants (9 males and 4 females) with a mean age of 64.30 years

(SD = 7.71, range = 48.53–78.33). The iPD group was the largest, consisting of 100 individuals (66 males

and 34 females), with a mean age of 66.84 years (SD = 7.69, range = 45.45–87.62). The LRRK2 mutation

group was the smallest, comprising 3 males with a mean age of 53.31 years (SD = 3.04, range = 50.56–56.58).

The mean disease duration was 5.69 years (SD = 4.47) for the GBA group, 6.25 years (SD = 5.13) for the iPD

group, and 9.67 years (SD = 10.69) for the LRRK2 group. The mean LEDD was highest in the iPD group

at 433.57 mg (SD = 363.25), followed by 368.33 mg (SD = 510.40) in the GBA group and 330 mg (SD =

571.58) in the LRRK2 group.

89



Table 2: Demographic and clinical characteristics of the study cohort. Values are presented as mean ±
standard deviation (SD). Age is reported for all participants, while disease duration and levodopa equivalent
daily dose (LEDD) are reported for Parkinson’s disease (PD) groups only. Data are stratified by group and
sex. “-” indicates not applicable or unavailable.

Group Age (Mean ± SD) Disease Duration (Mean ± SD) LEDD (Mean ± SD)

Healthy Controls (N = 48) 62.66 ± 13.68 - -

Males (N = 22) 62.91 ± 15.11 - -

Females (N = 26) 62.45 ± 12.64 - -

Idiopathic PD (N = 100) 66.99 ± 7.80 6.26 ± 5.15 425.58 ± 364.29

Males (N = 66) 67.32 ± 8.20 6.04 ± 5.38 430.03 ± 358.04

Females (N = 34) 66.35 ± 7.06 6.70 ± 4.72 417.06 ± 381.28

GBA Mutation PD (N = 13) 63.37 ± 6.18 5.63 ± 4.36 434.23 ± 497.33

Males (N = 9) 63.40 ± 6.24 5.12 ± 4.45 543.89 ± 566.18

Females (N = 4) 63.32 ± 7.00 6.77 ± 4.55 187.50 ± 131.50

LRRK2 Mutation PD (N = 3) 53.31 ± 3.04 9.67 ± 10.69 330.00 ± 571.58

Males (N = 3) 53.31 ± 3.04 9.67 ± 10.69 330.00 ± 571.58

Females (N = 0) - - -

3.4.2 Ocular Motor Function in Idiopathic Parkinson’s Disease

In the fixation task, pupil size was significantly larger in individuals with iPD compared to controls (β =

571.305, 95% CI [196.431, 946.179], p = 0.003). The iPD group also had an increased number of small SWJs

compared to the control group (β = 20.887, 95% CI [2.715, 44.489], p = 0.044). No significant differences

were observed in the number of large SWJs or other fixation-related metrics.

Individuals with iPD exhibited significant alterations in fixation pupil size and small SWJs in the positional

fixation/nystagmus task. Pupil size was significantly increased in the up (β = 459.343, 95% CI [109.578,

809.108], p = 0.011), down (β = 479.572, 95% CI [93.283, 865.861], p = 0.016), right (β = 474.891,

95% CI [114.840, 834.943], p = 0.011), and left (β = 429.413, 95% CI [52.124, 806.703], p = 0.027)

positions compared to controls. Additionally, an increased number of small SWJs was observed in the

right position (β = 21.736, 95% CI [2.673, 40.798], p = 0.027) compared to controls. A higher count of
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large SWJs and large intrusive saccades was also found in the right position (β = 5.434, 95% CI [0.680,

10.188], p = 0.026 and β = 0.414, 95% CI [0.057, 0.771], p = 0.024, respectively) in iPD compared to controls.

In the pursuit task, the iPD group showed no differences in pursuit gain in the horizontal and vertical directions

at both target speeds, 0.2 Hz and 0.4 Hz. However, notable reduced performance was found in the elliptical

directions. Increased pursuit gain was found in the anticlockwise direction at 0.4 Hz (β = 0.085, 95% CI

[0.019, 0.151], p = 0.011) and in the clockwise direction at 0.4 Hz (β = 0.170, 95% CI [0.033, 0.306], p =

0.015). No differences were observed between the iPD group and controls for pursuit accuracy.

The iPD group in the oblique saccades task showed some deficits in performance, specifically at 10° target

eccentricity. Individuals with iPD had lower saccadic amplitude (β = -0.722, 95% CI [-1.364, -0.081], p

= 0.028), decreased X and Y positional accuracy (β = 40.203, 95% CI [8.469, 71.938], p = 0.014 and β =

59.430, 95% CI [16.003, 102.857], p = 0.006, respectively), reduced number of correct saccades (β = -2.664,

95% CI [-4.593, -0.734], p = 0.007), and a higher number of hypermetric saccades (β = 3.009, 95% CI [0.300,

5.897], p = 0.031) compared to controls. At 4° and 8°, no significant differences were found in any of the

metrics, and at 10°, saccade velocities, end time, and the number of hypometric saccades also showed no

differences.

Antisaccade performance in the horizontal direction was not significantly different in the iPD group compared

to controls, with all metrics showing no statistically significant differences. However, in the vertical direction,

some differences were found, primarily associated with saccadic speed. Average saccade velocity (β =

-19.298, 95% CI [-31.033, -7.562], p = 0.001) and peak saccade velocity (β = -45.571, 95% CI [-88.391,

-2.752], p = 0.038) were both lower in iPD compared to healthy controls. Additionally, saccadic amplitude

was reduced in the iPD group (β = -0.934, 95% CI [-1.721, -0.149], p = 0.02) compared to controls.

Individuals with iPD showed no differences in saccadic velocities or start and end time for reflexive saccades

in the horizontal direction. There was a significant difference in saccadic amplitude (β = -0.880, 95% CI

[-1.579, -0.182], p = 0.014), resulting in an increased number of hypometric saccades (β = 2.520, 95% CI

[0.215, 5.256], p = 0.042) compared to controls. Similarly, in the vertical direction, saccadic amplitude was

reduced in iPD compared to controls (β = -0.473, 95% CI [-0.933, -0.014], p = 0.045), and iPD individuals
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made a higher number of hypometric saccades (β = 3.106, 95% CI [0.090, 6.121], p = 0.045) than controls.

No differences were noted in measures of saccadic velocity or start and end times.

Volitional saccades in the vertical and horizontal directions showed no significant differences in any of the

saccadic measures, including measures of saccadic steps and the total number of saccades, when comparing

iPD individuals with healthy controls. The same results were found in the memory-guided saccades in the ho-

rizontal and vertical planes, with no notable differences being observed in the iPD group compared to controls.

3.4.3 Ocular Motor Function in GBA Mutation Parkinson’s Disease

Individuals with GBA-PD exhibited significantly larger pupil size compared to controls (β = 595.517, 95%

CI [30.795, 1160.239], p = 0.040). Additionally, the number of large SWJs was significantly increased

in the GBA-PD group (β = 0.576, 95% CI [0.110, 1.043], p = 0.017), compared to controls. No other

fixation-related metrics differed significantly. In the positional fixation task, pupil size was significantly

greater in the down (β = 753.232, 95% CI [171.314, 1335.150], p = 0.012) and in the right (β = 579.692,

95% CI [37.299, 1122.084], p = 0.038) positions compared to controls. No differences in SWJs or other

fixation metrics were found.

No significant group differences were found in pursuit gain or RMSE gaze at either 0.2 Hz or 0.4 Hz across

horizontal, vertical, or elliptical directions.

In the oblique saccade task, differences were only observed at 10° eccentricity. The GBA-PD group showed

reduced amplitude (β = −1.097, 95% CI [-1.364, -0.081], p = 0.027), average velocity (β = −19.272,

95% CI [-37.945, -0.601], p = 0.044), and peak velocity (β = −55.139, 95% CI [-108.701, -1.576], p =

0.045) compared to controls. X-accuracy (β = 55.192, 95% CI [7.386, 102.998], p = 0.025) and Y-accuracy

(β = 92.725, 95% CI [27.306, 158.145], p = 0.006) were both lower in GBA-PD compared to controls. The

GBA-PD group also made fewer correct saccades (β = −3.671, 95% CI [-6.577, -0.764], p = 0.007) and

more hypermetric saccades (β = 6.561, 95% CI [2.345, 10.777], p = 0.002) compared to controls. Latency,

end time, and hypometric saccades were unaffected.

92



In the horizontal antisaccade task, the GBA group made smaller saccades with smaller saccadic amplitudes

compared to controls (β = −0.719, 95% CI [-3.068, -0.382], p = 0.012). the GBA group also had lower

average velocity (β = −8.401, 95% CI [-43.273, -3.534], p = 0.022) and peak velocity (β = −55.176,

95% CI [-108.681, -1.652], p = 0.045) compared to controls. In the vertical direction, saccadic amplitude

(β = −1.644, 95% CI [-2.829, -0.458], p = 0.007), average velocity (β = −30.982, 95% CI [-48.661,

-13.303], p < 0.001), and peak velocity (β = −86.757, 95% CI [-151.262, -22.252], p = 0.009) were also

reduced compared to controls.

In the horizontal reflexive task, the GBA group showed reduced average velocity (β = −21.198, 95% CI

[-39.668, -2.708], p = 0.026), peak velocity (β = −73.047, 95% CI [-135.258, -10.837], p = 0.022), and

smaller amplitude saccades (β = −1.357, 95% CI [-2.409, -0.306], p = 0.014) compared to controls. They

made fewer correct saccades (β = −4.787, 95% CI [-9.070, -0.502], p = 0.029) and more hypometric

saccades (β = 4.090, 95% CI [0.030, 8.211], p = 0.033) compared to controls. Similar effects were observed

in the vertical direction; amplitude (β = −1.386, 95% CI [-2.609, -0.165], p = 0.027), average velocity

(β = −25.492, 95% CI [-45.386, -5.598], p = 0.013), and peak velocity (β = −73.761, 95% CI [-140.124,

-7.397], p = 0.030) were all lower in the GBA group compared to controls. Correct saccades were reduced

(β = −4.768, 95% CI [-8.831, -0.704], p = 0.022), and hypometric saccades increased (β = 6.335, 95%

CI [0.090, 6.121], p = 0.006) in the GBA group compared to controls. Saccadic latency was marginally

increased (β = 40.551, 95% CI [0.303, 80.799], p = 0.043) in the GBA group compared to controls.

In the volitional saccade task, no differences were found in the horizontal direction. In the vertical direction,

hypometric saccades were more frequent in the GBA group (β = 15.564, 95% CI [3.241, 27.886], p = 0.014)

compared to controls. Memory-guided saccades showed no group differences in the horizontal direction.

In the vertical direction, the GBA group exhibited more hypometric saccades (β = 12.677, 95% CI [0.116,

25.237], p = 0.046) and reduced peak velocity (β = −80.842, 95% CI [-159.084, -2.599], p = 0.044) com-

pared to controls.
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3.4.4 Ocular Motor Function in LRRK2 Mutation Parkinson’s Disease

Pupil size was significantly larger in individuals with LRRK2-PD compared to controls (β = 2091.930, 95%

CI [1063.174, 3120.687], p < 0.001). No significant differences were found in the number of large SWJs or

other fixation-related measures.

Individuals with LRRK2-PD exhibited multiple significant differences across positional conditions. Pupil

size was significantly larger in the up (β = 1731.166, 95% CI [771.315, 2691.017], p = 0.001), down (β =

1311.136, 95% CI [251.053, 2371.219], p = 0.016), right (β = 1317.765, 95% CI [329.686, 2305.844], p =

0.010), and left (β = 1134.452, 95% CI [99.066, 2169.839], p = 0.033) positions compared to controls. An

increased number of microsaccades and small SWJs were observed in the right position (β = 82.919, 95% CI

[31.090, 134.749], p = 0.002 and β = 115.518, 95% CI [63.206, 167.831], p < 0.001, respectively) compared

to controls. Large intrusive saccades were also increased in the down (β = 17.912, 95% CI [7.577, 28.246], p

= 0.001) and right (β = 14.639, 95% CI [1.593, 27.686], p = 0.029) positions compared to controls. Lastly,

fixation precision metrics were altered in the right position, with a significant decrease in fixation precision

RMS S2S (β = 0.024, 95% CI [0.004, 0.045], p = 0.023) and fixation precision SD Window (β = 0.048, 95%

CI [0.015, 0.080], p = 0.005) compared to controls.

In the pursuit task, no significant differences were found in pursuit gain and accuracy when LRRK2 mutation

PD was compared to controls for all the different directions of pursuit assessed—horizontal, vertical, and

elliptical—and at both speeds, 0.2 Hz and 0.4 Hz. Oblique saccades performance was found to be pre-

served in individuals with an LRRK2 mutation at all three degrees of eccentricity (4°, 8°, and 10°), with

all measures of saccadic performance not being significantly different in LRRK2-PD from healthy controls.

Antisaccade performance in the horizontal direction was not significantly different in the group with LRRK2

mutation PD compared to controls, with all metrics showing no statistically significant differences. Similar

results were found in the vertical antisaccade task, with no notable differences between individuals with an

LRRK2 mutation and healthy controls. The LRRK2 mutation population had normal reflexive saccades in

the horizontal and vertical directions, with no pronounced differences in any key metrics compared to controls.

Volitional saccades in both the vertical and horizontal directions showed no significant differences in all the

saccadic measures, including measures of saccadic steps and total number of saccades, when comparing
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LRRK2 individuals with healthy controls. Although no differences were found in saccadic measures in

the memory-guided saccades task, in both the horizontal and vertical directions, the LRRK2 group had

an increased number of hypometric saccades compared to healthy controls (β = 33.625, 95% CI [11.533,

54.997], p = 0.003 and β = 25.720, 95% CI [2.838, 48.601], p = 0.029, respectively).

3.4.5 Saccadic Pursuit

Individuals with iPD exhibited the highest total saccade count across all amplitude bins, with an adjusted

count of 130.42 in the <1° bin and 142.80 in the 1–1.99° bin. The Shapiro–Wilk normality test revealed

significant deviation from normality (W = 0.774, p = 0.004). Saccades in the GBA-PD group showed

an adjusted count of 91.92 in the <1° bin and 128.54 in the 1–1.99° bin. Non-normality was confirmed

(W = 0.766, p = 0.003). The LRRK2-PD group showed an adjusted count of 123.67 in the <1° bin and

115.00 in the 1–1.99° bin. The Shapiro–Wilk test again showed significant non-normality (W = 0.763,

p = 0.003).

3.4.6 Timescale Analysis

In the timescale analysis of peak residual saccadic velocity over time, significant changes were observed

in the iPD, GBA-PD, and LRRK2-PD groups compared to controls. For reflexive saccades in the vertical

direction, the iPD and GBA groups exhibited a significant decline over time (textitp < 0.0001 for both). The

LRRK2 group did not show significant alterations in reflexive saccades over time in either direction. In

volitional saccades, horizontal residual velocity declined significantly in all three PD groups—iPD (textitp <

0.0001), GBA (textitp < 0.0001), and LRRK2 (textitp = 0.015). For vertical volitional saccades, only the iPD

(textitp < 0.0001) and GBA (textitp = 0.040) groups showed significant changes. In memory-guided saccades,

significant reductions in vertical residual velocity were observed in all PD groups—iPD (textitp < 0.0001),

GBA (textitp < 0.0001), and LRRK2 (textitp = 0.015). No significant differences were noted in the horizontal

direction.
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3.4.7 Ocular Motor Composite Score

To evaluate the relative sensitivity of different eye movement paradigms in distinguishing PD subtypes,

hybrid-weighted composite z-scores were calculated for each paradigm. The antisaccade paradigms demon-

strated the highest sensitivity in the GBA mutation PD group, with the vertical antisaccades (z = 62.82) and

horizontal antisaccades (z = 31.97) showing the largest composite scores. In contrast, the central fixation

paradigm exhibited the greatest sensitivity in the LRRK2-PD group (z = 5.43), indicating its potential as a

distinguishing marker for this genetic subtype. iPD participants showed more moderate composite scores

across paradigms, with vertical antisaccades (z = 6.24) being the most sensitive, followed by horizontal an-

tisaccades (z = 1.23) and pursuit (z = 0.97). Other paradigms, such as memory-guided saccades (horizontal:

z = 0.06, vertical: z = 0.03) and reflexive saccades (horizontal: z = 0.03, vertical: z = 0.00), had relatively

lower scores across all groups, suggesting limited sensitivity for differentiating PD subtypes.
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Central Fixation Metrics in Parkinson’s Disease

Figure 36: Central Fixation Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range. Generalized linear
models were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.
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Central Fixation Metrics in Parkinson’s Disease

Figure 37: Central Fixation Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range. Generalized linear
models were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.
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Figure 38: Fixation Traces in Parkinson’s Disease. A) Small square wave jerks in idiopathic Parkinson’s disease; B) Large square wave jerks in GBA
mutation Parkinson’s disease.
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Figure 39: Fixation Traces in Parkinson’s Disease. A) Large intrusive saccades in GBA mutation Parkinson’s disease B) Microsaccades in idiopathic
Parkinson’s disease.
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Table 3: Qualitative Description of Central Fixation Metrics in the LRRK2 Mutation PD Group.

Metric LRRK2 Mutation PD Group Characteristics
Saccade Count Lowest median ( 40–50); narrow IQR ( 20–70); range 10–70;

no outliers. Suggests reduced spontaneous saccades.

Average Fixation Dura-
tion

Higher median ( 300–350 ms); IQR 250–400 ms; some outliers
( 500 ms). Indicates prolonged fixation.

Small Square Wave Jerk
Count

Very low median ( 0–5); extremely narrow distribution; no
outliers. Suggests minimal jerky eye movements.

Microsaccade Count Strikingly low median ( 10–20); narrow IQR and whiskers; no
outliers. Indicates suppressed microsaccade generation.

Large Square Wave Jerk
Count

Median close to 0; rare outliers (up to 2–3); slightly longer
whiskers. Reflects infrequent large jerks.

Large Intrusive Saccade
Count

Median = 0; distinct outliers (1–5); slightly extended upper
whisker. Suggests rare but present large intrusive movements.

Fixation Precision RMS Slightly lower median ( 0.04–0.05); narrow IQR; few minor
outliers. Indicates stable fixation.

Average Pupil Size Prominently higher median ( 4000–4500); IQR 3500–5000;
outliers up to 6000. Greater variability and dilation.

Fixation Precision SD Median 0.05; narrow IQR; similar to other groups. Fixation
stability (SD) is comparable.
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Positional Fixation/ Nystagmus Metrics in Parkinson’s Disease

Figure 40: Positional Fixation/ Nystagmus Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range. Generalized
linear models were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.
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Positional Fixation/ Nystagmus Metrics in Parkinson’s Disease

Figure 41: Positional Fixation/ Nystagmus Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range. Generalized
linear models were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.
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Positional Fixation/ Nystagmus Metrics in Parkinson’s Disease

Figure 42: Positional Fixation/ Nystagmus Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range. Generalized
linear models were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.
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Positional Fixation/ Nystagmus Metrics in Parkinson’s Disease

Figure 43: Positional Fixation/ Nystagmus Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range. Generalized
linear models were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.
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Positional Fixation/ Nystagmus Metrics in Parkinson’s Disease

Figure 44: Positional Fixation/ Nystagmus Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range. Generalized
linear models were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.
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Positional Fixation/ Nystagmus Metrics in Parkinson’s Disease

Figure 45: Positional Fixation/ Nystagmus Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range. Generalized
linear models were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.
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Table 4: Qualitative Description of Eye Movement Metrics in the LRRK2 Mutation PD Group (Positional
Fixation Paradigm).

Metric LRRK2 Mutation PD Group Characteristics
Average Pupil Size by
Direction

Consistently larger pupil sizes across all directions; largest in
Up ( 3500–4000), followed by Right and Down ( 3000–3500),
elevated compared to other groups.

Average Fixation Dura-
tion by Direction

Generally longer fixation durations across all directions; most
pronounced increase Up (>2000 ms), with Right also elevated
( 2000 ms), Down and Left slightly lower ( 1500–2000 ms).

Microsaccade Count by
Direction

Suppressed microsaccade counts in Down, Left, and Up
( 20–30), but markedly high in Right direction ( 100–120) with
broad distribution.

Saccade Count by Direc-
tion

Consistently low saccade counts ( 30–40) across all directions;
narrow interquartile ranges indicating reduced spontaneous sac-
cadic activity.

Fixation Precision SD
by Direction

Good fixation precision (low SD 0.04–0.05) in Down, Left, and
Up directions; notably reduced precision (higher SD 0.06–0.07)
when fixating Right.

Large Intrusive Saccade
Count by Direction

Increased presence of large intrusive saccades, especially in
Right direction (median 5–10, range up to 30); lower medians
and fewer outliers in other directions.

Fixation Precision RMS
by Direction

Good (low) fixation precision in Left ( 0.02) and Up ( 0.01)
directions; higher RMS ( 0.05–0.06) and wider variability in
Right direction; somewhat elevated RMS ( 0.03–0.04) in Down
direction.

Large Square Wave Jerk
Count by Direction

Generally low median (0) counts; presence of outliers particu-
larly in Down and Up directions (up to 1); minimal variability
in Left and Right directions.

Small Square Wave Jerk
Count by Direction

Substantially increased counts in Down ( 100–120), Left
( 50–60), and especially Right ( 150–180) directions; low counts
( 5–10) in Up direction. Indicates fixation instability with in-
trusive movements.
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Smooth Pursuit Metrics in Parkinson’s Disease

Figure 46: Smooth Pursuit Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range. Generalized linear models
were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.
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Smooth Pursuit Metrics in Parkinson’s Disease

Figure 47: Smooth Pursuit Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range. Generalized linear models
were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.
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Smooth Pursuit Metrics in Parkinson’s Disease

Figure 48: Smooth Pursuit Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range. Generalized linear models
were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.
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Table 5: Qualitative Description of Pursuit Metrics in the LRRK2 Mutation PD Group.

Metric LRRK2 Mutation PD Group Characteristics
Pursuit Velocity Gain (An-
ticlockwise - 0.2Hz)

Median 0.9 with tight IQR (0.85–0.95); consistent and good gain,
similar to controls and slightly higher than GBA and iPD.

Pursuit Velocity Gain (An-
ticlockwise - 0.4Hz)

Median 0.9, highest among groups; tight IQR (0.85–0.95); strong
and consistent pursuit at higher frequency.

Pursuit Velocity Gain
(Clockwise - 0.2Hz)

Median 0.9, tight IQR (0.85–0.95); good and consistent gain, com-
parable or slightly better than controls, GBA, and iPD.

Pursuit Velocity Gain
(Clockwise - 0.4Hz)

Median 0.8 with IQR (0.75–0.85); slightly lower than 0.2Hz clockwise
gain, suggesting mild frequency-dependent reduction.

Pursuit Velocity Gain (Ho-
rizontal - 0.2Hz)

High median ( 0.9–1.0) with very tight distribution; excellent and
consistent horizontal pursuit.

Pursuit Velocity Gain (Ho-
rizontal - 0.4Hz)

Slightly reduced median ( 0.85–0.9) with narrow IQR; good consist-
ency but slight drop with increased frequency.

Pursuit Velocity Gain (Ver-
tical - 0.2Hz)

High median ( 0.9–1.0) with tight IQR; excellent and consistent ver-
tical pursuit.

Pursuit Velocity Gain (Ver-
tical - 0.4Hz)

Slightly reduced median ( 0.8–0.9) with narrow and consistent distri-
bution; similar to horizontal gain at 0.4Hz.

Pursuit RMSE (Horizontal
- 0.2Hz)

Low median RMSE ( 1.5–2.0) with tight IQR and minimal outliers;
excellent precision and accuracy.

Pursuit RMSE (Horizontal
- 0.4Hz)

Maintained low median RMSE ( 1.5–2.0) and narrow IQR; good
precision at higher horizontal frequency.

Pursuit RMSE (Vertical -
0.2Hz)

Notably higher median RMSE ( 3.0–3.5) with wider IQR and several
outliers; poorer precision in vertical pursuit at this frequency.

Pursuit RMSE (Vertical -
0.4Hz)

Lower median RMSE ( 2.0–2.5) with narrower IQR; improved preci-
sion compared to 0.2Hz but still some outliers.

Pursuit RMSE (Anticlock-
wise - 0.2Hz)

Low median RMSE ( 1.5–2.0) with narrow IQR; good precision in
anticlockwise circular pursuit.

Pursuit RMSE (Anticlock-
wise - 0.4Hz)

Sustained low median RMSE ( 1.5–2.0) with narrow IQR; good preci-
sion at higher frequency.

Pursuit RMSE (Clockwise
- 0.2Hz)

Very low median RMSE ( 1.5–2.0) with tight IQR; excellent precision
in clockwise circular pursuit.

Pursuit RMSE (Clockwise
- 0.4Hz)

Maintained low median RMSE ( 1.5–2.0) with narrow IQR; good
precision at higher clockwise frequency.
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Figure 49: Saccadic Pursuit Histogram in Parkinson’s Disease. Saccades grouped by amplitude.
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Figure 50: Smooth Pursuit Trace in Parkinson’s Disease. A) Horizontal pursuit at 0.4Hz in idiopathic Parkinson’s disease; B) Vertical pursuit at
0.4Hz in idiopathic Parkinson’s disease;
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Oblique Saccades Metrics in Parkinson’s Disease

Figure 51: Oblique Saccades Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range. Generalized linear
models were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.
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Oblique Saccades Metrics in Parkinson’s Disease

Figure 52: Oblique Saccades Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range. Generalized linear
models were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.
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Oblique Saccades Metrics in Parkinson’s Disease

Figure 53: Oblique Saccades Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range. Generalized linear
models were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.
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Oblique Saccades Metrics in Parkinson’s Disease

Figure 54: Oblique Saccades Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range. Generalized linear
models were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.
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Oblique Saccades Metrics in Parkinson’s Disease

Figure 55: Oblique Saccades Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range. Generalized linear
models were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.
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Table 6: Qualitative Description of Oblique Saccades Metrics in the LRRK2 Mutation PD Group.

Metric LRRK2 Mutation PD Group Characteristics
Oblique Saccade Aver-
age Velocity

Increasing median velocity with eccentricity ( 140–150 deg/s
at 4°, 160–170 deg/s at 8°, 170–180 deg/s at 10°). Generally
consistent with controls but slightly slower than iPD at 8°.

Oblique Saccade Start
Time

Consistent median start time ( 220–230 ms) across all eccentri-
cities with narrow IQR, comparable to other groups.

Oblique Saccade Amp-
litude

Median amplitude increases with eccentricity ( 3.5–4.0° at 4°,
6.0–6.5° at 8°, 7.5–8.0° at 10°), showing expected scaling and
consistent performance.

Oblique Saccade Y Ac-
curacy

Increasing variability and poorer vertical accuracy with eccent-
ricity; median rises from 50–75 units at 4° to 175–200 units at
10°, with many outliers indicating less precise vertical targeting.

Oblique Saccade Cor-
rect Count

Relatively stable correct counts ( 10–12 at 4° and 8°), with a
slight decrease ( 8–10) at 10°, comparable to other groups.

Oblique Saccade End
Time

Increasing median end time with eccentricity ( 250–275 ms
at 4°, 300 ms at 8°, 325–350 ms at 10°), reflecting longer
completion times for larger saccades.

Oblique Saccade X Ac-
curacy

Median horizontal deviation increases with eccentricity ( 50–75
units at 4°, 100 units at 8°, 150–175 units at 10°), indicating
growing horizontal inaccuracy for larger saccades.

Oblique Saccade Peak
Velocity

Median peak velocity rises with eccentricity ( 200 deg/s at 4°,
250 deg/s at 8°, 275–300 deg/s at 10°), consistent with saccade
main sequence.

Oblique Saccade Hyper-
metric Count

Low median counts ( 0–5) across eccentricities with occasional
higher outliers, indicating infrequent overshooting saccades.

Oblique Saccade Hypo-
metric Count

Increasing median counts with eccentricity ( 10–15 at 4°, 15–20
at 8°, 20–25 at 10°), suggesting more frequent undershooting
of targets for larger saccades.
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Antisaccades Horizontal Metrics in Parkinson’s Disease

Figure 56: Antisaccades Horizontal Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range. Generalized
linear models were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.
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Antisaccades Horizontal Metrics in Parkinson’s Disease

Figure 57: Antisaccades Horizontal Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range. Generalized
linear models were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.
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Antisaccades Vertical Metrics in Parkinson’s Disease

Figure 58: Antisaccades Vertical Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range. Generalized linear
models were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.
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Antisaccades Vertical Metrics in Parkinson’s Disease

Figure 59: Antisaccades Vertical Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range. Generalized linear
models were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.
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Table 7: Qualitative Description of Antisaccades Metrics in the LRRK2 Mutation PD Group.

Metric LRRK2 Mutation PD Group Characteristics
Antisaccade Average
Velocity

High median velocity ( 225-250 deg/s) in Horizontal direction
with narrow IQR indicating consistency; lower median ( 175-
200 deg/s) in Vertical direction comparable to other PD groups.

Antisaccade Peak Velo-
city

High median peak velocity ( 600-700 deg/s) in Horizontal direc-
tion with consistent distribution; lower median ( 400-450 deg/s)
in Vertical direction, comparable to other PD groups.

Antisaccade Correct
Count

High and consistent correct counts: median 17-18 Horizontal,
15 Vertical, indicating strong inhibitory control.

Antisaccade Start Time Consistent start times in both directions, median around 300-
325 ms with tight IQR.

Antisaccade Amplitude Consistent amplitudes across directions: 10-11 degrees Hori-
zontal, 8-9 degrees Vertical with narrow IQRs.

Antisaccade Self-
Corrected Count

Very low median self-corrected counts ( 0-1) in both directions
with some outliers, indicating high initial accuracy.

Antisaccade Error
Count

Low median error counts ( 4-5) in both directions; horizontal er-
rors show more variability with some individuals having higher
errors.

Antisaccade End Time Consistent end times around 350-375 ms in both directions with
relatively tight IQRs.
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Reflexive Saccades Horizontal Metrics in Parkinson’s Disease

Figure 60: Reflexive Saccades Horizontal Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range. Generalized
linear models were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.
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Reflexive Saccades Horizontal Metrics in Parkinson’s Disease

Figure 61: Reflexive Saccades Horizontal Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range. Generalized
linear models were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.
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Reflexive Saccades Vertical Metrics in Parkinson’s Disease

Figure 62: Reflexive Saccades Vertical Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range. Generalized
linear models were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.
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Reflexive Saccades Vertical Metrics in Parkinson’s Disease

Figure 63: Reflexive Saccades Vertical Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range. Generalized
linear models were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.
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Figure 64: Hypometric Saccades in Parkinson’s Disease. A) Hypometric Saccades in idiopathic Parkinson’s disease B) Hypometric Saccades in GBA
mutation Parkinson’s disease;
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Table 8: Qualitative Description of Reflexive Saccades Metrics in the LRRK2 Mutation PD Group.

Metric LRRK2 Mutation PD Group Characteristics
Reflexive Saccade Aver-
age Velocity

High median velocity ( 225-250 deg/s) in Horizontal direction
with narrow IQR; lower median ( 175-200 deg/s) in Vertical
direction comparable to other PD groups and controls.

Reflexive Saccade Peak
Velocity

High median peak velocity ( 600-700 deg/s) in Horizontal direc-
tion with compact IQR, comparable to controls; lower median
( 400-450 deg/s) in Vertical direction, consistent with other PD
groups.

Reflexive Saccade Amp-
litude

Consistent amplitudes: 10-11 degrees Horizontal, 8-9 degrees
Vertical with narrow IQRs, generally comparable to controls.

Reflexive Saccade Start
Time

Consistent start times in both directions, median 180-200 ms
with tight IQRs.

Reflexive Saccade End
Time

Consistent end times in both directions, median 225-250 ms
with narrow IQRs.

Reflexive Saccade Ac-
curacy

Good and consistent accuracy ( 100 units median) in both Hori-
zontal and Vertical directions.

Reflexive Saccade Cor-
rect Count

High and consistent correct counts: 20-22 Horizontal, 18-20
Vertical, indicating reliable saccadic generation.

Reflexive Saccade Hy-
permetric Count

Very low median count ( 0-1) in both directions, with some
outliers; suggests minimal overshooting.

Reflexive Saccade Hy-
pometric Count

Very low median count ( 0-1) in both directions, with some
outliers; suggests minimal undershooting.

131



Timescale Analysis of Reflexive Saccades in Parkinson’s Disease

Figure 65: Timescale Analysis of Reflexive Saccades in Parkinson’s Disease. Residual velocity calculated through the main sequence effect.
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Volitional Saccades Horizontal Metrics in Parkinson’s Disease

Figure 66: Volitional Saccades Horizontal Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range. Generalized
linear models were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.
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Volitional Saccades Horizontal Metrics in Parkinson’s Disease

Figure 67: Volitional Saccades Horizontal Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range. Generalized
linear models were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.

134



Volitional Saccades Vertical Metrics in Parkinson’s Disease

Figure 68: Volitional Saccades Vertical Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range. Generalized
linear models were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.
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Volitional Saccades Vertical Metrics in Parkinson’s Disease

Figure 69: Volitional Saccades Vertical Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range. Generalized
linear models were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.
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Table 9: Qualitative Description of Volitional Saccades Metrics in the LRRK2 Mutation PD Group.

Metric LRRK2 Mutation PD Group Characteristics
Volitional Saccade Aver-
age Velocity

High median velocity ( 225-250 deg/s) in Horizontal direction
with narrow IQR; lower median ( 175-200 deg/s) in Vertical
direction comparable to other PD groups and controls.

Volitional Saccade Peak
Velocity

High median peak velocity ( 600-700 deg/s) in Horizontal dir-
ection with compact IQR, similar to controls; lower median
( 400-450 deg/s) in Vertical direction, consistent with other PD
groups.

Volitional Saccade
Amplitude

Consistent amplitudes: 10-11 degrees Horizontal, 8-9 degrees
Vertical with narrow IQRs, generally comparable to controls.

Volitional Saccade Start
Time

Consistent start times in both directions, median 300-325 ms
with tight IQRs.

Volitional Saccade End
Time

Consistent end times in both directions, median 350-375 ms
with narrow IQRs.

Volitional Saccade Ac-
curacy

Good and consistent accuracy ( 100 units median) in both Hori-
zontal and Vertical directions.

Volitional Saccade Cor-
rect Count

High and consistent correct counts: 95-100 Horizontal, 90-95
Vertical, indicating reliable saccadic generation.

Volitional Saccade Hy-
permetric Count

Very low median count ( 0-1) in both directions, with some
outliers; minimal overshooting.

Volitional Saccade Hy-
pometric Count

Very low median count ( 0-1) in both directions, with some
outliers; minimal undershooting.

Volitional Saccade Total
Number of Saccades

High median total saccades ( 100-110 Horizontal, 100 Vertical)
with narrow IQRs, indicating good task compliance.

Volitional Saccade Sac-
cadic Steps

Very low median number ( 0-5) of saccadic steps in both direc-
tions, with most data near zero; saccades typically executed in a
single accurate movement.
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Timescale Analysis of Volitional Saccades in Parkinson’s Disease

Figure 70: Timescale Analysis of Volitional Saccades in Parkinson’s Disease. Residual velocity calculated through the main sequence effect.
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Memory Guided Saccades Horizontal Metrics in Parkinson’s Disease

Figure 71: Memory Guided Saccades Horizontal Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range.
Generalized linear models were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.
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Memory Guided Saccades Horizontal Metrics in Parkinson’s Disease

Figure 72: Memory Guided Saccades Horizontal Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range.
Generalized linear models were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.
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Memory Guided Saccades Vertical Metrics in Parkinson’s Disease

Figure 73: Memory Guided Saccades Vertical Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range.
Generalized linear models were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.
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Memory Guided Saccades Vertical Metrics in Parkinson’s Disease

Figure 74: Memory Guided Saccades Vertical Metrics in Parkinson’s Disease. Box plots show the median, interquartile range, and full range.
Generalized linear models were used to assess the effects of group, age, sex, LEDD, and disease duration. Statistical significance was set at p < 0.05.
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Table 10: Qualitative Description of Memory-Guided Saccades Metrics in the LRRK2 Mutation PD Group.

Metric LRRK2 Mutation PD Group Characteristics
Memory-Guided Sac-
cade Average Velocity

Consistent median average velocities: 200-225 deg/s Hori-
zontal, 150-175 deg/s Vertical; narrow IQRs; comparable to
controls and other PD groups.

Memory-Guided Sac-
cade Peak Velocity

Consistent median peak velocities: 500-600 deg/s Horizontal,
350-400 deg/s Vertical; compact IQRs; in line with other groups.

Memory-Guided Sac-
cade Amplitude

Consistent amplitudes: 10-11 degrees Horizontal, 8-9 degrees
Vertical; narrow IQRs; comparable to controls.

Memory-Guided Sac-
cade Start Time

Consistent start times in both directions, median 300-325 ms;
narrow IQRs.

Memory-Guided Sac-
cade End Time

Consistent end times, median 350-375 ms Horizontal and Ver-
tical; narrow IQRs.

Memory-Guided Sac-
cade Accuracy

Good and consistent accuracy ( 100 units median) in both Hori-
zontal and Vertical directions.

Memory-Guided Sac-
cade Correct Count

High and consistent correct counts: 95-100 Horizontal, 90-95
Vertical; narrow IQRs indicating reliable spatial memory and
execution.

Memory-Guided Sac-
cade Hypermetric
Count

Very low median count ( 0-1) in both directions, with some
outliers; minimal overshooting.

Memory-Guided Sac-
cade Hypometric Count

Very low median count ( 0-1) in both directions, with some
outliers; minimal undershooting.

Memory-Guided Sac-
cade Total Number of
Saccades

High median total saccades ( 100-110 Horizontal, 100 Vertical)
with narrow IQRs; good task compliance.

Memory-Guided Sac-
cade Saccadic Steps

Very low median saccadic steps ( 0-5) in both directions; sac-
cades usually executed in a single accurate movement.
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Timescale Analysis of Memory Guided Saccades in Parkinson’s Disease

Figure 75: Timescale Analysis of Memory Guided Saccades in Parkinson’s Disease. Residual velocity calculated through the main sequence effect.
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Figure 76: Spider Plot of Ocular Motor Paradigms in Parkinson’s Disease. Composite score calculated using statistical outputs; higher composite
scores indicate higher level of significance.
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3.5 Discussion

This ocular motor study investigating a detailed battery of eye movements in iPD, GBA and LRRK2 mutation

PD provided key information about the distinct patterns of ocular motor disturbance in these conditions.

While iPD has been previously studied, there are very few studies looking at eye movements in genetic

forms of PD. The findings from the iPD group are mostly consistent with previous literature, including

fixation abnormalities and saccadic hypometria, along with some novel findings in oblique, volitional, and

memory-guided saccades. The GBA and LRRK2 groups showed interesting patterns across paradigms,

providing a new perspective on eye movements in these subgroups of PD. Each of these subgroups presents

with a distinct ocular motor profile, suggesting that eye movements can potentially could be used not only

identify PD at a higher level but also differentiate between subtypes at a more granular level.

Previous literature has found that fixation instabilities in iPD manifest as increased numbers of SWJs (João

Lemos and Eggenberger 2013; Otero-Millan, R. Schneider et al. 2013) and alterations in microsaccades

(Otero-Millan, R. Schneider et al. 2013; R. G. Alexander, Macknik and Martinez-Conde 2018). This study

found that while the number of small SWJs (less than 2° in amplitude) was significantly higher in iPD, there

was no difference in the number of large SWJs (between 2–4° in amplitude). However, frequency of large

SWJs was elevated in GBA-PD, and no differences were seen in LRRK2-PD. The lack of fixation control in

iPD resulting in SWJs is caused by impairment of SNpr function, leading to decreased inhibitory control

in the SC (Averbuch-Heller et al. 1999; O’Sullivan et al. 2003; Otero-Millan, R. Schneider et al. 2013).

Additionally, increased compensatory activity in the FEF and disinhibition of the fastigial ocularmotor region

in the cerebellum could also contribute to the generation of SWJs (Shaikh, Xu-Wilson et al. 2011; White et al.

1983). The presence of larger SWJs in GBA-PD suggests a more severe disruption in the SNpr, leading to

excessive inhibition and fixation instabilities (O’Regan et al. 2017; Vieira and Schapira 2022). Furthermore,

greater cognitive impairment in GBA-PD, particularly in executive function, may impair top-down control

from the FEF (Moran et al. 2021). The absence of significant SWJ changes in LRRK2-PD may reflect

preserved cortical compensation and hyperactive striatal output, attributed to the less severe phenotype

compared to iPD and GBA-PD (Healy et al. 2008).

A major limitation to consider in SWJ research is the lack of standardisation in quantification and classifica-

tion methods. Some studies rely on manual identification, which is prone to subjective bias, while others
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employ automated detection algorithms, which may have varying sensitivity thresholds. This variability

could contribute to conflicting reports regarding the extent of SWJ abnormalities in PD and the lack of detail

in quantification in the literature.

The microsaccade abnormalities of increased frequency and larger amplitude saccades seen in previous

studies were not found in this study for any PD subgroup (Martinez-Conde, Otero-Millan and MacKnik

2013; Otero-Millan, Macknik, Langston et al. 2013; X. Ling et al. 2023). The microsaccade-triggering

circuit, involving the SC, excitatory burst neuron (EBN), inhibitory burst neuron (IBN), and omnipause

neuron (OPN) (Otero-Millan, Macknik, Serra et al. 2011), likely exhibits differential susceptibility in PD,

leading to individual-specific microsaccade alterations. SC disinhibition due to BG dysfunction may drive

early microsaccade dysregulation, particularly in GBA-PD, where faster neurodegeneration accelerates SC

impairment. In contrast, brainstem OPN dysfunction, which affects fixation stability, may be more pronounced

in advanced PD cases with gait instability (Seidel et al. 2015). EBN/IBN impairment may emerge later in

PD or in atypical syndromes like PSP, where brainstem atrophy is more severe (Anagnostou et al. 2020).

The lack of microsaccade abnormalities in this study may reflect high individual variability in which circuit

component is most affected, with some individuals retaining cortical compensation, thereby masking group-

level differences. Furthermore, microsaccade generation is influenced by task demands, attentional state,

and individual variability, meaning that differences may only emerge under specific cognitive or visuomotor

conditions rather than during passive fixation (A. Schneider et al. 2020).

There are conflicting results for pupil size in PD, with some studies finding an increase and others reporting a

decrease compared to healthy controls (J. Huang et al. 2020; T. Sugiyama and Utsumi 1990; Micieli et al.

1991; Tsitsi, Nilsson et al. 2023; Tsitsi, Benfatto et al. 2021). In PD, increased pupil size is likely driven

by a combination of locus coeruleus (LC) degeneration, cholinergic dysfunction, dopamine-norepinephrine

(NE) dysregulation, and cortical impairments. The LC, a major NE-producing center, degenerates early in

PD but may undergo a compensatory phase of hyperactivity before significant neuronal loss occurs, leading

to excessive NE release and enhanced sympathetic pupil dilation (Delaville, Deurwaerdère and Benazzouz

2011; Espay, Lewitt and Kaufmann 2014; Larsen and Waters 2018). This could explain why pupil size is

larger in PD despite autonomic dysfunction, with LRRK2-PD showing the greatest increase, potentially due

to greater LC hyperactivity or delayed degeneration (Rocha et al. 2022). Simultaneously, early degeneration
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of cholinergic neurons in the basal forebrain (nucleus basalis of Meynert) and brainstem (Edinger-Westphal

nucleus) impairs pupillary constriction, resulting in a larger baseline pupil size. This effect may be more

pronounced in GBA-PD, given its stronger cholinergic deficits and higher risk of dementia (Slingerland et al.

2024; Morawski et al. 2010; Biagioni et al. 2019). Additionally, dopamine and NE interact in autonomic

regulation, and dopamine depletion in PD may disrupt sympathetic-parasympathetic balance, though baseline

pupil dilation appears to be independent of medication status (Xing, Y. C. Li and W. J. Gao 2016). These

combined mechanisms suggest that pupil size alterations in PD reflect a complex interplay between autonomic,

neuromodulatory, and cortical dysfunctions, with subtype-specific variations based on LC integrity and

cholinergic involvement.

The preservation of fixation precision and other fixation-related metrics in all PD subtypes suggests that not

all components of the fixation control system are equally affected. While SWJs and pupil size abnormalities

indicate disruptions in brainstem and BG circuits, fixation precision is primarily regulated by the cerebellum

and visuo-oculomotor integration pathways, which may remain relatively intact in early- to mid-stage PD (Wu

and Hallett 2013; Lewis et al. 2013). The vermis of the cerebellum, particularly the oculomotor vermis and

fastigial nucleus, fine-tunes gaze stability by compensating for small fixation errors (Manto et al. 2012). If

cerebellar compensation is effective, it could explain why fixation precision remains intact despite increased

SWJs. Additionally, higher cortical areas, including the posterior parietal cortex (PPC), contribute to gaze

stability through visuospatial processing, and their involvement in PD may be less pronounced in early stages

(Yaoda Xu 2018).

The findings from the pursuit task indicate largely preserved smooth pursuit function across all PD subtypes,

with no significant differences observed in pursuit gain or accuracy at either 0.2 Hz or 0.4 Hz in horizontal,

vertical, or elliptical trajectories. Individuals with GBA-PD and LRRK2-PD demonstrated normal pursuit

eye movements, suggesting that, unlike fixation abnormalities, pursuit deficits may not be a prominent feature

of these genetic PD variants. However, in iPD, a distinct pattern emerged in elliptical pursuit, where gain

was significantly increased in both the anticlockwise and clockwise directions at the higher speed (0.4 Hz).

This localized difference suggests a potential disruption in predictive or anticipatory mechanisms specific

to elliptical tracking, rather than a general impairment in smooth pursuit generation (Helmchen, Pohlmann

et al. 2012). The involvement of the cerebellum—particularly the flocculus and paraflocculus, which con-
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tribute to pursuit adaptation and predictive control—may be relevant here (Amir Kheradmand and David S.

Zee 2011; Kakei et al. 2019). Increased gain could reflect a compensatory response to impaired cerebel-

lar integration or reduced inhibition from the BG, resulting in an exaggerated response to the moving stimulus.

Further insights into pursuit abnormalities in iPD are revealed by saccadic pursuit metrics. Individuals with

iPD exhibited the highest total saccade count across all amplitude bins, indicating increased reliance on

corrective saccades—particularly those under 2° in amplitude. This suggests that, while overall pursuit gain

remained relatively intact, there was a greater need for saccadic compensation, reflecting impaired smooth

pursuit stability. The distribution of saccades followed a non-Gaussian pattern, consistent with previous

reports that pursuit in PD is often fragmented and punctuated by small corrective saccades (Frei 2021).

GBA-PD exhibited a similar non-Gaussian saccadic distribution but with fewer large corrective saccades

(>2°), potentially reflecting greater impairment in voluntary pursuit control. This aligns with evidence

suggesting that GBA-PD is associated with greater cognitive decline, particularly in executive function, which

may hinder top-down modulation of pursuit (Moran et al. 2021; J. Ren et al. 2023). The reduced frequency of

large corrective saccades may also reflect a diminished capacity to generate compensatory motor responses,

suggesting that pursuit impairments in this subtype may be more strongly linked to cognitive dysfunction

than motor instability alone.

In contrast, individuals with LRRK2-PD demonstrated the lowest total saccade count, with fewer small-

amplitude saccades (<1°), suggesting better gaze stability during pursuit compared to iPD and GBA-PD. This

pattern implies a less fragmented pursuit strategy and may reflect relatively preserved ocular motor control in

LRRK2-PD. The reduced reliance on small corrective saccades could indicate more effective visual motion

integration, possibly due to differences in striatal-thalamic-cortical network compensation (C. Chen et al.

2020; Skelton, Tokars and Parisiadou 2022).

Despite these differences, the non-Gaussian distribution of saccadic behavior across all subtypes reinforces

the idea that pursuit alterations in PD do not follow a simple linear decline, but instead reflect subtype-specific

compensatory mechanisms and differential neural involvement. The absence of significant differences in

pursuit gain and accuracy across most conditions highlights that smooth pursuit function—unlike fixation
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control—remains relatively intact in PD, particularly in genetic subtypes. However, the presence of increased

compensatory saccades in iPD and GBA-PD suggests subtle impairments that may not be captured by tra-

ditional gain measures alone. Future work should explore more dynamic measures of pursuit stability and

predictive control to better characterise pursuit deficits in PD.

The results from the antisaccade task highlight distinct differences across PD subtypes, particularly in relation

to saccadic velocity and amplitude. Notably, no significant differences were observed in the horizontal direc-

tion for iPD and LRRK2-PD, suggesting that, at least in these subtypes, horizontal antisaccade control remains

largely intact. However, individuals with iPD exhibited significant impairments in the vertical antisaccade

task, with reductions in saccadic amplitude, average velocity, and peak velocity compared to controls. These

findings suggest that vertical antisaccades are more sensitive to ocular motor dysfunction in iPD, possibly due

to differential BG-thalamocortical network involvement (G. E. Alexander, M. R. DeLong and Strick 1986; M.

DeLong and Wichmann 2009). Vertical saccades are thought to be more dependent on brainstem structures,

particularly the midbrain SC and the rostral interstitial nucleus of the medial longitudinal fasciculus, which

may undergo early functional disruption in PD (Lal and Truong 2019; M. Takahashi, Sugiuchi and Shinoda

2024). The reduced saccadic velocity in iPD suggests impaired activation of the burst neuron pathways

responsible for generating rapid eye movements, aligning with previous studies reporting hypometric and

slowed saccades in PD (Quinet et al. 2020; Catz and Thier 2007). The accompanying amplitude reductions

further support this interpretation, indicating that deficits in voluntary saccade generation extend beyond

simple inhibitory control impairments to broader motor execution dysfunction.

In contrast, LRRK2-PD showed no significant differences from controls in either horizontal or vertical antisac-

cades, suggesting a more preserved saccadic control system in this genetic subtype. This finding aligns with

previous reports that LRRK2-PD often presents with a milder phenotype and relatively intact ocular motor

function in early disease stages (Giachino et al. 2022). The absence of antisaccade impairments indicates that

cortical and brainstem circuitry responsible for voluntary saccade inhibition may remain functional in this

group, possibly due to compensatory mechanisms or a less pronounced degree of neurodegeneration in the

midbrain and SC compared to iPD and GBA-PD. However, given that LRRK2-PD has been associated with

more pronounced striatal dopaminergic dysfunction in some studies, it remains possible that subtle deficits

could emerge with disease progression or under increased cognitive load (Jeong and B. D. Lee 2020; X. Li
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et al. 2010).

GBA-PD, on the other hand, demonstrated significant deficits in both horizontal and vertical antisaccades,

with reduced saccadic amplitude and velocity across both planes. This global slowing of saccades suggests a

broader impairment in voluntary saccade generation, potentially reflecting more widespread neurodegenera-

tion, including early involvement of both cortical and subcortical structures (Everling and Fischer 1998). The

reductions in amplitude and velocity are particularly noteworthy, as they imply that GBA-PD may involve

greater dysfunction in pathways responsible for the execution of voluntary movements, beyond just deficits in

inhibitory control. Given that GBA mutations have been linked to more severe cognitive decline in PD, the

antisaccade impairments observed here may reflect a combination of motor and cognitive deficits, particularly

involving the prefrontal cortex and supplementary eye fields (SEF), which are critical for the voluntary control

of saccades (G. Liu et al. 2016; Stuphorn 2015; Pouget 2015). The greater impairment in vertical saccades

further supports the hypothesis that brainstem circuits involved in vertical ocular motor control may be more

affected in this subtype.

The findings from the oblique saccades task reveal a notable pattern of impairment in iPD and GBA-PD, but

only at the highest level of eccentricity (10°), whereas performance remained intact at 4° and 8° across all

subtypes. This suggests that saccadic control in PD is not uniformly impaired across all movement amplitudes

but becomes more apparent as task difficulty increases. The greater demands placed on motor planning and

execution at higher eccentricities likely expose subtle deficits that remain undetected in smaller-amplitude

saccades. Interestingly, LRRK2-PD showed no significant differences in oblique saccades across all eccent-

ricities, reinforcing previous findings that this genetic form of PD may be associated with more preserved

ocular motor function, at least in early disease stages (Lage et al. 2024; Heidi C. Riek et al. 2024).

In iPD, significant deficits at 10° targets included reduced saccadic amplitude, decreased positional accuracy

in both X and Y directions, fewer correct saccades, and a higher number of hypermetric saccades. The

reduction in saccadic amplitude suggests impaired motor command generation, likely arising from BG

dysfunction, which disrupts the balance of excitatory and inhibitory signals necessary for precise saccade

execution (Matsumoto et al. 2012; J. Kim et al. 2017). The decreased positional accuracy further supports

this interpretation, pointing to impaired cerebellar integration, which plays a critical role in refining saccadic
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targeting (Koziol et al. 2014). The increased frequency of hypermetric saccades—where the eyes overshoot

the target—suggests a failure in corrective feedback mechanisms, potentially involving dysfunction in the

SC or the cerebellar oculomotor vermis, both of which contribute to saccadic calibration (Soetedjo and

Albert F. Fuchs 2006; Enderle 2002). Notably, despite these deficits, saccadic velocity remained unaffected,

indicating that the primary dysfunction in iPD may lie in saccadic precision and control, rather than in the

generation of high-velocity eye movements.

The GBA-PD group exhibited a similar pattern of impairment, but with more widespread deficits at 10°.

These included reductions in saccadic amplitude, average velocity, peak velocity, and positional accuracy,

along with fewer correct saccades and an increased number of hypermetric saccades. The additional velocity

impairments suggest a broader deficit in saccade generation compared to iPD, potentially reflecting more

extensive neurodegeneration affecting both motor and cognitive control networks. The reduced number of cor-

rect saccades points to difficulties in suppressing erroneous movements and executing accurate goal-directed

saccades, which may be linked to dysfunction in the FEF and BG circuits (Hikosaka, Takikawa and Kawagoe

2000). The higher number of hypermetric saccades, combined with reduced accuracy, suggests that motor

calibration in GBA-PD is particularly impaired, possibly due to greater cerebellar involvement or disrupted

striatal-thalamic feedback. Given the established link between GBA mutations and more severe cognitive

decline, these broader oblique saccade impairments may also reflect deficits in executive function, which

plays a critical role in voluntary saccadic suppression and trajectory correction (D. P. Munoz and Everling

2004; A. B. Sereno et al. 2009).

The presence of hypermetric saccades in the oblique saccade task—contrasting with the typically hypometric

saccades seen in horizontal and vertical directions in PD—suggests that distinct underlying mechanisms

govern oblique saccade control. One explanation is the differential involvement of the cerebellum, particularly

the oculomotor vermis and fastigial nucleus, which regulate saccadic gain control and endpoint correction

(Soetedjo and Albert F. Fuchs 2006; Desmurget et al. 2000). While hypometric saccades in PD are often

attributed to excessive BG inhibition of the SC, oblique saccades may engage additional cerebellar feedback

loops, which—when disrupted—result in overshooting the target instead. Oblique saccades also require

simultaneous activation of both horizontal and vertical saccadic pathways, increasing computational demands

and the risk of trajectory overestimation. The SC, which encodes saccadic vectors, may contribute to this
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phenomenon; disruptions in its inhibitory-excitatory balance could exaggerate saccadic responses in non-

cardinal planes.

Furthermore, cortical involvement—particularly from the (PEF)—is crucial for the spatial remapping needed

for oblique movements. Dysfunction in these areas may impair trajectory estimation, resulting in hypermetric,

rather than hypometric, errors (Culham, Cavina-Pratesi and Singhal 2006). The absence of hypermetric

saccades in LRRK2-PD suggests that this subtype may retain better motor precision and feedback control,

possibly due to preserved cerebellar function or more effective compensatory interactions within the cortical-

striatal circuitry.

The findings from the reflexive saccades task reveal key differences in saccadic execution across PD subtypes,

with impairments most evident in iPD and GBA-PD, while LRRK2-PD demonstrated preserved function. In

iPD, reduced saccadic amplitude and an increased number of hypometric saccades were observed in both

horizontal and vertical directions, while no differences were noted in saccadic velocity or timing measures.

These results align with the well-established finding that PD is associated with hypometric saccades, likely

due to BG dysfunction leading to excessive inhibition of the SC (Terao, Fukuda, Ugawa et al. 2013). The

hypometric nature of reflexive saccades in iPD suggests impaired saccade initiation and motor scaling rather

than a slowing of movement, reinforcing the notion that saccadic precision, rather than speed, is primarily

affected in this subtype. Notably, the absence of significant differences in saccadic velocity indicates that

the brainstem burst neuron circuits responsible for generating high-velocity movements remain relatively

preserved in reflexive saccades (Mayà et al. 2024).

GBA-PD exhibited more pronounced reflexive saccade impairments than iPD, including reductions in amp-

litude, velocity, and accuracy across both horizontal and vertical directions. In addition to reduced amplitude

and an increased number of hypometric saccades, individuals with GBA mutations showed significant de-

creases in average and peak saccadic velocity and a lower number of correct saccades. These additional

velocity impairments suggest a broader deficit in motor command generation, potentially involving dysfunc-

tion in brainstem saccade-related structures such as the PPRF for horizontal saccades and the (riMLF) for

vertical saccades (Termsarasab et al. 2015). Increased saccadic latency observed in GBA-PD further supports

this interpretation, indicating a delay in saccade initiation likely reflecting disrupted interactions between
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the SC and FEF (Do et al. 2019). Given that GBA mutations are associated with a more aggressive disease

phenotype and earlier cognitive decline, these impairments may also reflect reduced top-down modulation of

reflexive responses, particularly involving inhibitory control networks (Chan et al. 2005).

In contrast, LRRK2-PD exhibited no significant impairments in reflexive saccades, suggesting preserved

function in both BG and brainstem ocular motor circuits. This finding aligns with prior literature indicating

that LRRK2-PD typically presents with a milder ocular motor phenotype in early stages, possibly due to com-

pensatory cortical-striatal mechanisms (Palermo et al. 2022). The absence of reflexive saccade abnormalities

in this group further distinguishes LRRK2-PD from iPD and GBA-PD, underscoring the heterogeneity of

ocular motor dysfunction in PD based on genetic background.

Timescale analysis of residual peak velocity provides further insights into the progression of reflexive saccade

impairments across subtypes and links these to PD-related bradykinesia (Koohi et al. 2021). A significant

decline in residual velocity was observed in both iPD and GBA-PD in horizontal and vertical directions,

reinforcing the idea that saccadic hypometria in these groups is accompanied by a progressive reduction in

movement vigor. This deterioration reflects an impaired capacity to sustain saccadic motor output over time

and parallels the decremental pattern seen in limb movements in PD, a hallmark of bradykinesia (Berardelli

et al. 2001). The observed decline in velocity may indicate progressive dysfunction of brainstem burst

neurons and reduced dopaminergic input to the SC, resulting in weakened saccadic drive and impaired motor

energetics (E. Benarroch 2023).

The results from the volitional saccades task indicate a largely preserved ability to generate voluntary saccades

across all PD subtypes, with minimal differences observed compared to healthy controls. Neither iPD, GBA-

PD, nor LRRK2-PD demonstrated significant impairments in volitional saccades in the horizontal direction,

and only the GBA group exhibited an increased number of hypometric saccades in the vertical plane. The

absence of widespread deficits suggests that, unlike reflexive or memory-guided saccades, volitional saccades

may be less affected in early- or mid-stage PD, potentially due to preserved cortical control mechanisms

(Pouget 2015). The FEF and supplementary eye fields (SEF) play a central role in the generation and planning

of volitional saccades, and their relative sparing in PD may explain the lack of significant impairments in this

task (Fernandes et al. 2014).
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The increased number of hypometric saccades in the vertical plane observed in the GBA group, despite other-

wise normal performance, suggests a subtle deficit in motor scaling rather than execution speed. Hypometric

saccades in PD are typically attributed to BG dysfunction, specifically excessive inhibitory output from the

substantia nigra pars reticulata (SNpr), resulting in under-scaling of movement amplitude (Terao, Fukuda,

Yugeta et al. 2011). The selective involvement of vertical saccades may reflect early dysfunction of brainstem

structures such as the rostral interstitial nucleus of the medial longitudinal fasciculus (riMLF), which is

crucial for vertical saccade generation (C. Chen et al. 2020). Given the association of GBA mutations with

accelerated disease progression and greater cognitive impairment, early deficits in vertical volitional saccades

may serve as a subtle marker of broader cortical-striatal network dysfunction (Fernández-Vidal et al. 2024).

The timescale analysis of residual peak velocity in volitional saccades further supports the presence of latent

motor deficits, even when standard saccadic metrics appear preserved. Both iPD and GBA-PD groups demon-

strated significant declines in horizontal and vertical velocity over time, while the LRRK2-PD group showed

a decline in horizontal but not vertical volitional saccades. This progressive reduction in velocity mirrors

the decremental pattern characteristic of bradykinesia, where movement amplitude and speed diminish over

repeated actions (Koohi et al. 2021; Wright et al. 2022). The observation that LRRK2-PD exhibited velocity

decline only in the horizontal plane may indicate a more selective impairment in motor control, potentially due

to differences in compensatory mechanisms or underlying pathophysiological features specific to the LRRK2

mutation. These findings suggest that while overt saccadic dysfunction may be absent, dynamic measures such

as velocity over time can uncover subtle bradykinetic features in voluntary eye movements across PD subtypes.

Previous literature has found that voluntary saccades are often impaired earlier than reflexive saccades in

Parkinson’s disease, likely due to the involvement of fronto-striatal circuits responsible for executive control

and planning (R. John Leigh and David S. Zee 2015b; Lal and Truong 2019). However, in this study, reflexive

saccades appeared to be more affected than volitional ones. Several factors may account for this discrepancy.

First, the volitional saccade task used in this study may have imposed relatively low cognitive demands,

thereby allowing participants to perform adequately despite underlying cortical dysfunction. More complex

paradigms involving working memory, inhibitory control, or task switching may be required to unmask

subtle deficits in volitional saccade generation. Second, it is possible that cortical compensatory mechanisms,
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particularly in the frontal eye fields (FEF) and supplementary eye fields (SEF), help preserve voluntary

saccade function in early to mid-stage PD, whereas reflexive saccades—mediated primarily by subcortical

and brainstem structures such as the superior colliculus (SC)—are more vulnerable to early dopaminergic

depletion (Esposito et al. 2021; Terao, Fukuda, Ugawa et al. 2013). Third, the metrics used to assess reflexive

saccades in this study, such as residual peak velocity, may have been more sensitive to early motor impairments

than those employed for volitional saccades. Finally, differences in participant characteristics, including

genetic subtype composition, disease duration, and medication status, could contribute to variability across

studies. These findings suggest that the temporal pattern of ocular motor impairments in PD may be more

nuanced than previously thought, and highlight the importance of task design and measurement sensitivity in

interpreting results.

The results from the memory-guided saccades task reveal subtle yet detectable impairments, particularly

in the GBA-PD and LRRK2-PD groups. While no significant group-level differences were observed in

standard saccadic metrics in either direction, both subtypes exhibited a significantly increased number of

hypometric saccades compared to healthy controls. In the vertical direction, individuals with GBA-PD

also demonstrated reduced peak saccade velocity, suggesting a more pronounced deficit in motor execution

for memory-guided saccades. Interestingly, while iPD participants did not show significant group-level

differences in any direction, they did exhibit a progressive decline in vertical residual velocity over time,

indicating emerging bradykinetic features not captured by baseline comparisons.

Memory-guided saccades place greater demands on cognitive control, particularly working memory, in-

hibition, and motor planning—functions mediated by interactions between the (FEF), (DLPFC), and (BG)

(Sweeney et al. 2007; Cameron, Riddle and D’Esposito 2015; Pierrot-Deseilligny, Rivaud et al. 1991).

Although conventional group comparisons did not reveal widespread impairments across all metrics, the

increased number of hypometric saccades in both GBA-PD and LRRK2-PD suggests subtle impairments in

the ability to retain and execute stored saccadic motor plans. These findings likely reflect early disruptions in

prefrontal-striatal connectivity (Kraus et al. 2010). The presence of hypometria in the LRRK2 group, despite

otherwise preserved saccadic measures, may indicate selective vulnerability of cognitive control mechanisms

not evident in broader performance metrics.
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Interestingly, the LRRK2-PD group demonstrated a significantly higher number of hypometric memory-

guided saccades compared to healthy controls, despite the absence of broader impairments in other saccadic

metrics. This finding contrasts with the commonly reported milder cognitive and motor phenotype asso-

ciated with LRRK2-related PD, particularly in early disease stages (Taymans et al. 2023). One possible

explanation is that memory-guided saccades, which rely on working memory, spatial encoding, and internally

generated motor planning, may reveal subtle prefrontal-striatal dysfunction that is not yet detectable through

standard clinical or reflexive tasks (H. H. Li and Curtis 2023). It is also plausible that individuals with

LRRK2 mutations exhibit reduced compensatory cortical activation during tasks with high executive demand.

Alternatively, this observation may reflect heterogeneity within the LRRK2-PD phenotype or early selective

vulnerability of cognitive control mechanisms in a subset of mutation carriers. However, the relatively small

sample size for the LRRK2 group raises the possibility that this finding may be an anomaly or driven by

individual variability rather than a consistent subtype-specific effect. Further research with larger cohorts

is needed to clarify whether increased hypometria in memory-guided saccades is a reproducible feature of

LRRK2-associated PD.

The selective vertical plane impairment in memory-guided saccades mirrors the pattern seen in volitional

saccades, suggesting that vertical saccades may be particularly vulnerable to PD-related neurodegeneration.

This vulnerability could stem from early dysfunction in the riMLF and the interstitial nucleus of Cajal—key

structures in vertical saccade control (Termsarasab et al. 2015). These findings align with previous research

showing vertical saccades are more sensitive to PD-associated degeneration, potentially due to their greater

reliance on brainstem and cerebellar pathways (C. A. Antoniades and Spering 2024; Weil et al. 2016; T. J.

Anderson and MacAskill 2013).

The timescale analysis of residual peak velocity adds further insight into the progression of memory-guided

saccade deficits. A significant reduction in vertical residual velocity was observed across all three PD

subtypes, whereas horizontal residual velocity was impaired only in iPD and GBA-PD, but preserved in

LRRK2-PD. This progressive decline in velocity is consistent with bradykinetic features in PD, where motor

vigor diminishes over time. The uniform impairment in vertical residual velocity across all groups supports

the idea that vertical memory-guided saccades may serve as a sensitive early biomarker of neurodegeneration.
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The more pronounced impairments in iPD and GBA-PD, compared to LRRK2-PD, point to greater disruption

of prefrontal-BG connectivity, which is crucial for executing memory-based saccades. Given the well-

established link between GBA mutations and heightened cognitive decline, the additional slowing in GBA-PD

may indicate early deficits in cognitive-motor integration. Conversely, the relative preservation in LRRK2-PD

suggests intact top-down control mechanisms in early disease stages, supporting the hypothesis of subtype-

specific ocular motor pathophysiology.

3.5.1 Clinical Implications

The findings of this study have significant clinical implications, particularly in enhancing the differentiation

of PD subtypes and distinguishing PD from atypical parkinsonian syndromes. The distinct patterns of ocular

motor deficits observed in idiopathic PD (iPD), GBA-associated PD (GBA-PD), and LRRK2-associated

PD (LRRK2-PD) suggest that eye movement testing could serve as a valuable biomarker for disease char-

acterization and progression tracking. The presence of hypometric reflexive and memory-guided saccades

in iPD and GBA-PD, combined with a decline in residual velocity over time, indicates that these subtypes

exhibit bradykinetic ocularmotor features that mirror the classic limb bradykinesia seen in PD. In contrast,

the relative preservation of saccadic function in LRRK2-PD underscores the heterogeneity of ocularmotor

impairment across genetic variants of PD.

Beyond subclassification of PD, these findings are particularly relevant for distinguishing PD from atypical

parkinsonian syndromes such as PSP, MSA, and corticobasal degeneration (CBS). In PSP, vertical gaze palsy

and markedly slowed saccades are hallmark features, whereas in PD, vertical saccades are preserved but

hypometric. The increased frequency of small SWJs observed in iPD and GBA-PD may resemble findings

seen in MSA and CBS; however, the absence of cerebellar-driven gaze instability in PD helps distinguish it

from these disorders. Moreover, the progressive decline in residual saccadic velocity in iPD and GBA-PD

highlights the bradykinetic nature of ocularmotor control in these subtypes, in contrast to the uniformly slow

saccades characteristic of PSP.

The ability to objectively measure saccadic function through eye-tracking technology provides a non-invasive

tool for early detection and longitudinal monitoring of disease. Integrating ocular motor assessments into

routine clinical evaluations could enhance diagnostic accuracy and allow neurologists to track subtle motor
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and cognitive changes over time. Additionally, saccadic metrics may prove useful in evaluating treatment

efficacy, as improvements in saccadic performance could reflect responses to dopaminergic therapy, deep

brain stimulation (DBS), or cognitive rehabilitation. Given this potential, future studies should examine

how saccadic testing can be systematically integrated into clinical workflows and whether eye movement

abnormalities can serve as predictors of disease progression and cognitive decline in PD.

3.5.2 Limitations

Despite the comprehensive approach undertaken in this study to investigate ocular motor deficits in Parkin-

son’s disease (PD) subtypes, several limitations must be acknowledged. These primarily relate to sample

size constraints, subgroup imbalances, methodological considerations, technical limitations in eye-tracking

assessments, and potential confounding factors.

A major limitation was the small sample size of the genetic PD subgroups, particularly the LRRK2-PD

and GBA-PD cohorts. With only three participants in the LRRK2-PD group and twelve in the GBA-PD

group, statistical comparisons were underpowered, limiting the ability to detect significant group differences.

This increases the risk of Type II errors (false negatives) and reduces the generalizability of the findings.

In contrast, the idiopathic PD (iPD) group had a much larger sample (n = 104), which may have skewed

comparative analyses due to greater statistical sensitivity. Bootstrapping was employed to mitigate the effects

of small sample sizes; however, this technique cannot fully address the potential biases introduced by such dis-

parities. Furthermore, the small sample size limits the generalizability of results and makes the dataset more

susceptible to significant effects from outliers. Future research should prioritise larger and more balanced

group sizes, especially for genetic subtypes, to enhance statistical reliability and reduce sampling variability.

Recruitment was conducted through specialist PD clinics and research centres, introducing possible selection

bias. Participants may have been higher functioning and more motivated, thus not representative of the

broader PD population, particularly those with severe motor or cognitive impairments. Furthermore, the

study excluded individuals with advanced PD, severe psychiatric illness, or cognitive decline, limiting the

generalisability of the findings to milder or moderate disease phenotypes. The age range of 40–80 years

excluded younger-onset PD, which may exhibit distinct ocular motor characteristics—particularly relevant
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given that GBA and LRRK2 mutations are associated with earlier onset.

Although high-resolution infrared eye-tracking was used, several technical limitations remain:

• Calibration errors: The precision of ocular motor measurements depends on effective calibration,

which may be affected by fatigue, anatomical differences, and head drift.

• Head movements: Despite instructions to remain still, subtle head shifts may have impacted gaze

position measurements, particularly in fixation tasks.

• Blink artifacts: Blinks can introduce noise into eye-tracking data, affecting metrics such as saccade

endpoint, fixation stability, and pupil size, even after cleaning.

In addition, the absence of a standardised method to quantify fixation stability across studies complicates

comparisons with existing literature, despite the meaningful differences observed in the positional fixation task.

Another important limitation is that participants were tested in their medicated “ON” and “OFF” state.

Dopaminergic therapy, particularly levodopa, may influence ocular motor performance—improving some

metrics while leaving others unchanged. This study did not take into account the medication state during the

ocular motor assessment, preventing assessment of which ocular motor impairments are dopamine-responsive.

While LEDD was included as a covariate in the GLMs, it may not fully account for individual differences in

medication response, leaving residual confounding effects.

Cognitive impairment—known to influence saccadic control—was not formally assessed. Since tasks like

antisaccades and memory-guided saccades rely on executive function, working memory, and attention, the

absence of neuropsychological measures (e.g., Montreal Cognitive Assessment, Stroop Task, or Digit Span)

limits the ability to disentangle motor from cognitive contributions to task performance. Including such

assessments in future studies would provide a more complete picture of the cognitive-ocular motor relationship.

Finally, the large number of statistical comparisons across multiple eye movement tasks (fixation, pursuit,

reflexive, antisaccade, memory-guided, and volitional saccades) increases the risk of Type I errors (false

positives). Although Bonferroni correction was applied, small genetic subgroup sizes reduce the reliability
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of these adjustments. While GLMs were employed to adjust for covariates including age, sex, LEDD, and

disease duration, limited power in the genetic groups restricts the strength of the conclusions. Some effect

sizes may have been inflated or underestimated due to sample variability. Larger, multicentre studies are

needed to confirm these findings and strengthen their clinical relevance.

3.5.3 Future Directions

The results of this study highlight several promising avenues for future research in PD diagnostics and

management. One key area is longitudinal assessment, where tracking saccadic impairments over time

could offer insights into disease progression. Future studies should evaluate whether worsening saccadic

performance correlates with motor or cognitive decline, and whether specific eye movement metrics can

predict the transition to more advanced disease stages.

Another important direction involves examining treatment effects on saccadic performance. While dopamin-

ergic medications have shown variable efficacy, some studies report partial improvements in certain saccade

types, while others show no significant change. Investigating the effects of dopaminergic therapy, deep

brain stimulation (DBS), and non-dopaminergic interventions such as cholinergic modulation could yield

valuable information on the neural circuits underlying ocular motor dysfunction. Additionally, rehabilitative

approaches targeting eye movement control should be explored as potential therapeutic strategies.

The development of portable, high-resolution eye-tracking technology presents a significant opportunity

to integrate saccadic assessments into routine clinical workflows. Establishing standardised ocular motor

testing protocols could enable clinicians to utilise eye-tracking as a rapid, objective tool for early diagnosis,

disease monitoring, and treatment evaluation. This technology may be especially valuable for screening

at-risk individuals, such as asymptomatic GBA and LRRK2 mutation carriers, potentially allowing for the

detection of early-stage neurodegeneration prior to the onset of overt motor symptoms.

The application of machine learning and artificial intelligence to saccadic data analysis is another exciting

future direction. artificial intelligence (AI) models could be trained to recognise distinct ocular motor profiles

characteristic of different PD subtypes and atypical parkinsonian syndromes, thereby improving diagnostic
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precision. Integrating ocular motor data with other biomarkers, such as neuroimaging and genetic information,

may enhance early disease detection and classification.

Lastly, multimodal neuroimaging studies correlating saccadic abnormalities with structural and functional

changes in key brain regions—including the superior colliculus, cerebellum, and frontal eye fields—could

improve our understanding of the pathophysiological basis of ocular motor dysfunction in PD. Such studies

may also clarify the compensatory mechanisms employed by different PD subtypes and inform the develop-

ment of targeted therapeutic interventions.

Advancing these research directions could establish saccadic testing as a powerful clinical tool for early

diagnosis, subtype differentiation, and treatment monitoring in PD, ultimately contributing to better patient

outcomes.

3.6 Chapter Summary

This study provides critical insights into the distinct ocular otor impairments in iPD, GBA-PD, and LRRK2-

PD, revealing subtype-specific deficits across fixation, pursuit, reflexive saccades, antisaccades, volitional

saccades, and oblique saccades. These findings underscore the utility of ocular motor assessments as potential

biomarkers for differentiating PD subtypes and tracking disease progression. The preservation of specific

ocular motor functions in LRRK2-PD, contrasted with the more severe impairments observed in GBA-PD,

suggests differential patterns of neurodegeneration between genetic and idiopathic forms of PD.

Despite the study’s limitations, the results highlight the need for longitudinal, multimodal investigations that

integrate eye-tracking, neuroimaging, and computational modelling to further elucidate the neural mechanisms

underlying ocular motor dysfunction in PD. The findings also support the exploration of non-dopaminergic

therapies aimed at improving eye movement control. Future research should prioritise the clinical translation

of eye movement biomarkers, ensuring their integration into diagnostic workflows and therapeutic strategies

for PD and its genetic variants.
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4 Ocular Motor Function in Atypical Parkinsonian Syndromes

4.1 Introduction

Atypical parkinsonian syndromes, also referred to as atypical parkinsonism, encompass a group of neuro-

degenerative disorders that share clinical features with PD but differ significantly in their pathophysiology,

progression, and treatment response (Dickson 2018). Atypical parkinsonian syndromes are characterised by a

broader spectrum of symptoms, faster disease progression, poor or transient response to dopaminergic therapy,

and prominent non-motor manifestations such as cognitive decline, autonomic dysfunction, psychiatric symp-

toms, and visual disturbances (Catalan et al. 2021). The most commonly recognised atypical parkinsonian

syndromes include PSP, MSA, CBS, and, in some classifications, DLB (Mcfarland 2016; Coakeley and

Strafella 2015).

A defining clinical feature of atypical parkinsonian syndromes is the poor or absent response to levodopa, the

mainstay of treatment in idiopathic PD. While some individuals may exhibit temporary improvement, this is

rarely sustained, and symptoms continue to progress (Przewodowska, Marzec and Madetko 2021; Likitgorn,

Yan and Y. J. Liao 2021). In addition to severe motor symptoms, such as early postural instability and gait

impairment, atypical parkinsonian syndromes also involve distinctive ocular motor abnormalities, deficits in

language and executive function, ideomotor apraxia, and visuospatial processing difficulties (Stamelou and

Bhatia 2015; Banta et al. 2023; Madetko-Alster et al. 2024). Neuroimaging can aid in the differentiation of

atypical parkinsonian syndromes from PD, often revealing characteristic patterns of grey matter atrophy in re-

gions such as the cortex, thalamus, midbrain, striatum, and cerebellum (Eimeren et al. 2019; F. Yu et al. 2015).

Despite these distinguishing features, there remains a lack of definitive, validated biomarkers that can reliably

differentiate PD from atypical parkinsonian syndromes, or distinguish between the different subtypes. The

clinical overlap, particularly in early stages, contributes to high rates of misdiagnosis. In many cases, definitive

diagnosis is only confirmed post-mortem (Stamelou and Bhatia 2015). Furthermore, individuals who present

with atypical clinical features may not meet the strict pathological criteria for any one atypical parkinsonian

syndrome subtype, resulting in diagnostic ambiguity and the classification of such cases as “atypical” (Koga

et al. 2015; Batla et al. 2013; Wenning et al. 1997). The emergence of genetic mutations associated with

atypical parkinsonian phenotypes, such as dctn1 and mapt, further complicates the diagnostic landscape
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(Stamelou, N. P. Quinn and Bhatia 2013). These “atypical look-alikes” present additional challenges for differ-

ential diagnosis and underscore the need for improved clinical, neurophysiological, and biomarker-based tools.

4.1.1 Progressive Supranuclear Palsy

PSP has several recognised syndromic presentations, including Richardson syndrome, PSP with parkinsonism

(PSP-P) (D. R. Williams, De Silva et al. 2005), the rare PSP with pure akinesia and gait freezing (PSP-PAGF)

D. R. Williams, Holton et al. 2007, PSP with corticobasal syndrome, and PSP with progressive nonfluent

aphasia (PSP-PNFA) (D. R. Williams and Lees 2009). PSP is a tauopathy characterised by the accumulation

of four-repeat tau aggregates in the brain. These aggregates form neurofibrillary tangles, tufted astrocytes,

and coiled bodies, particularly in regions such as the basal ganglia. Affected structures include the SN, globus

pallidus, and subthalamic nucleus, resulting in hallmark motor symptoms such as bradykinesia, rigidity,

and postural instability (Dickson, Rademakers and M. L. Hutton 2007; Jennifer L. Whitwell, Lowe et al.

2017). The midbrain is also implicated, especially the oculomotor nuclei responsible for vertical gaze control,

contributing to vertical gaze palsy—a core clinical feature of PSP (Ali, Botha et al. 2019). MRI often reveals

midbrain atrophy, which can manifest as the “hummingbird sign,” a characteristic radiological marker of PSP

(J. L. Whitwell et al. 2013). Involvement of the frontal cortex by tau pathology leads to additional cognitive

and behavioural impairments (Mendez et al. 2024).

The accumulation of misfolded tau proteins in neurons and glial cells disrupts cellular functioning, leading

to neuroinflammation and mitochondrial dysfunction. Activated microglia and astrocytes contribute to a

pro-inflammatory environment that exacerbates neuronal injury. Although this neuroinflammatory response

may initially serve a compensatory role, it ultimately promotes further neurodegeneration (Fernández-Botrán

et al. 2011). Concurrent mitochondrial impairments—such as reduced bioenergetics and elevated oxidative

stress—can result in neuronal energy failure and apoptosis (Prasuhn et al. 2022).

4.1.2 Eye Movements in Progressive Supranuclear Palsy

Ocular motor disturbances are among the most defining features of PSP. These include vertical supranuclear

gaze palsy, slowed vertical saccades, and frequent square wave jerks (Höglinger et al. 2017). Disproportionate
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slowing of vertical saccadic velocity relative to horizontal saccades is one of the earliest and most specific

features of PSP. The reduced vertical saccade velocity often results in an oblique, curved trajectory—a

phenomenon referred to as “round-the-houses” saccades (N. Quinn and R. J. Leigh 1996). This supports

brainstem involvement and is accompanied by increased square wave jerks and gaze instability (Fearon et al.

2020). Square wave jerks in PSP are of higher frequency and amplitude than in other parkinsonian syndromes

and are thought to arise from dysfunction in supratentorial cortical structures, including the temporal lobe.

Although one study suggested that square wave jerk amplitude is more important than group classification for

predicting occurrence (Anagnostou et al. 2020), this study excluded disorders like MSA and CBS, where

square wave jerks are also common. In advanced stages of PSP, vertical gaze limitation often progresses to

involve horizontal movements as well (Becker et al. 2023).

Saccades in PSP are characteristically hypometric, which may result from reduced firing of EBN in the

brainstem (Terao, Tokushige et al. 2022 J. Lemos et al. 2017). Some individuals display a “zig-zag” or

“saw-tooth” saccadic pattern, where hypometric vertical saccades are accompanied by horizontal corrections.

This may reflect the combination of square wave jerks and hypometric saccades, possibly representing a

compensatory mechanism due to impaired vertical control (Troost and Daroff 1977; Shaikh, Factor and

Juncos 2017).

Volitional and memory-guided saccade function in PSP is less well studied. However, evidence suggests

that volitional saccades are less accurate and slower than reflexive saccades, possibly due to frontal eye field

dysfunction (Wright et al. 2022; Bruce and Goldberg 1985). Interestingly, saccade velocity and accuracy

remain stable over short time scales (e.g., one minute), which contrasts with observations in PD, where

performance can deteriorate over time (Koohi et al. 2021; Wright et al. 2022).

Smooth pursuit in PSP is impaired, often appearing as “cogwheel” or saccadic pursuit, with small corrective

saccades superimposed on slow phases )Bruce and Goldberg 1985). OKN is also abnormal—particularly

due to intrusions of eye drift in the direction of the slow phase during the fast phase—and may serve as a

useful clinical sign (Lal and Truong 2019). Loss of quick phases in torsional vestibulo-ocular reflexes has

also been reported in PSP (X. Ling et al. 2023). Lastly, PSP is associated with severe disinhibition during

antisaccade tasks, reflected in significantly increased error rates (S. Rivaud-Péchoux et al. 2007). In summary,
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the ocular motor profile of PSP is defined by vertical gaze palsy, slowed vertical saccades, high-frequency

square wave jerks, broken smooth pursuit, and impaired antisaccade performance—all of which provide

valuable diagnostic information.

4.1.3 Multiple System Atrophy

MSA is an α-synucleinopathy characterised by the pathological accumulation of misfolded α-synuclein

protein, leading to neurodegeneration through various mechanisms. MSA is clinically divided into two main

subtypes: MSA-P (predominantly parkinsonian) and MSA-C (predominantly cerebellar) (Massey et al. 2013;

Fanciulli et al. 2022). MSA-P is marked by classic parkinsonian features, including bradykinesia, rigidity, and

postural instability. However, in contrast to PD, individuals with MSA-P typically show a poor or transient

response to dopaminergic therapies. Additionally, autonomic dysfunction, cognitive impairments affecting

executive function, memory and attention, and rapid eye movement (REM) sleep behaviour disorder are

commonly observed (Santaella et al. 2020; Schrag et al. 2010; Kadodwala et al. 2019). MSA-C, on the

other hand, presents with cerebellar ataxia, including unsteady gait, balance impairment, and coordination

difficulties (P. A. Low et al. 2015). Like MSA-P, MSA-C also exhibits autonomic dysfunction and cognitive

decline, often coupled with mood disorders and sleep disturbances (S. Ren et al. 2019; A. Sugiyama et al.

2020).

The pathological hallmark of MSA is the presence of glial cytoplasmic inclusions composed of aggregated

α-synuclein, which lead to ROS production, mitochondrial dysfunction, and neuroinflammatory processes

(Liang et al. 2008; Lingyu Zhang et al. 2022; Mandler et al. 2015). The most affected brain regions include

the striatonigral system, olivopontocerebellar system, and the autonomic nervous system (Sturm et al. 2016;

Kasai et al. 2016). Within the striatonigral system, significant neuronal loss occurs in the putamen and SN,

resulting in parkinsonian features (Y. Watanabe et al. 2023; Sekiya et al. 2019). In the olivopontocerebellar

system, degeneration of Purkinje cells and neuronal loss in the inferior olivary nucleus and pontine nuclei

lead to cerebellar signs (Meng et al. 2023; Miki et al. 2022).
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4.1.4 Eye Movements in Multiple System Atrophy

Ocular motor abnormalities are common in MSA and reflect the underlying neuropathology. Prominent

features include excessive SWJs, mild supranuclear gaze palsy, gaze-evoked nystagmus, positional downbeat

nystagmus, saccadic hypometria, impaired smooth pursuit, and abnormal suppression of the VOR—consistent

with striatonigral and olivopontocerebellar degeneration (T. J. Anderson and MacAskill 2013).

Smooth pursuit gain is significantly reduced in MSA compared to healthy controls (T. J. Anderson and

MacAskill 2013). Notably, individuals with MSA-C demonstrate lower smooth pursuit gain than those with

MSA-P (H. Zhou et al. 2022). Although pursuit deficits are observed in both MSA and PSP, PSP is not

typically associated with volume loss in pontocerebellar regions, a key neural substrate for smooth pursuit

(Vintonyak et al. 2017; Lanfranchi, Jerman and Vianello 2009). Saccadic intrusions during pursuit, such

as catch-up saccades, are also observed in MSA (Lal and Truong 2019). While MSA-C is characterised by

fragmented or “broken-up” pursuit due to decreased gain, MSA-P can exhibit anticipatory saccades that

precede the target’s movement (Pinkhardt, Kassubek et al. 2009).

Saccadic velocity is generally preserved in MSA, though mild-to-moderate saccadic hypometria is often

reported (Linder et al. 2012). Some individuals may also exhibit vertical supranuclear gaze palsy, albeit less

severe than in PSP (T. Anderson et al. 2008). In antisaccade tasks, MSA individuals (subtype not always

specified) demonstrate higher error rates than controls and individuals with PD. Moreover, antisaccade latency

in MSA does not improve over time, in contrast to controls and PD, suggesting its utility as a progression

marker (Brooks et al. 2017).

Compared to PD and CBS, individuals with MSA exhibit more frequent SWJs, although the frequency

remains lower than in PSP (Otero-Millan, Serra et al. 2011). In MSA, SWJs can occasionally be larger

in amplitude, termed “macro-square wave jerks” (Yamamoto et al. 1992). Gaze-evoked, downbeat, and

rebound nystagmus are often observed in MSA-C and are linked to cerebellar dysfunction (Gilman et al.

2008). Abnormal VOR suppression is a particularly useful clinical sign distinguishing MSA from other

parkinsonian syndromes (Rascol et al. 1995). Interestingly, MSA-P individuals without overt cerebellar signs

may still exhibit cerebellar ocular motor abnormalities, complicating differential diagnosis (J. Y. Lee et al.

2009).
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Overall, the combination of frequent SWJs, saccadic hypometria, disrupted pursuit, and impaired VOR

suppression is strongly indicative of MSA-P over PD, where cerebellar involvement is not expected. Notably,

convergence eye movements are typically preserved in MSA, whereas abnormalities are more frequently

reported in DLB and PD.

4.1.5 Corticobasal Syndrome

CBS, also referred to as corticobasal degeneration, is a 4-repeat tauopathy characterised by neuronal loss and

gliosis (Isella et al. 2018). The clinical presentation is heterogeneous and frequently includes parkinsonian

features. Affected individuals often exhibit asymmetric rigidity and bradykinesia, accompanied by dystonia

and myoclonus (Boeve 2011; Dopper et al. 2011). A hallmark symptom is limb apraxia—the inability to

perform purposeful movements despite intact motor function—commonly manifesting as the “alien limb

phenomenon,” in which the limb appears to act independently (Constantinides et al. 2019). Additional

features include cognitive deficits in executive function, language, and memory, as well as impairments in

sensory recognition (Fekete et al. 2012; Constantinides et al. 2019).

Neurodegeneration in CBS results from the accumulation of hyperphosphorylated tau protein, forming

neurofibrillary tangles and other tau aggregates. Affected regions typically include the frontal and parietal

cortices—particularly the parasagittal superior frontoparietal regions—as well as structures within the BG,

including the SN and putamen (Isella et al. 2018; Constantinides et al. 2019). This is accompanied by

reactive gliosis, a pathological increase in glial cell proliferation (Isella et al. 2018; Constantinides et al.

2019). Astrocytic plaques and thread-like tau pathology are also observed in both grey and white matter

(Dickson, Braak et al. 2009).

4.1.6 Eye Movements in Corticobasal Syndrome

Ocular motor abnormalities in CBS primarily include saccadic apraxia, or increased saccadic latency—the

delay between target appearance and saccade initiation (S. Rivaud-Péchoux et al. 2007). Given the lateral-

ised nature of degeneration in CBS, these latency increases are often ipsilateral to the most affected side
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(Anderson2008Oculomotorindividuals; Sophie Rivaud-Péchoux et al. 2000). Importantly, while latency is

impaired, saccadic metrics such as velocity and amplitude remain relatively preserved compared to PD and

PSP, providing a useful clinical distinction (Mosimann et al. 2005).

CBS individuals also show elevated error rates and longer latencies in antisaccade tasks compared to both

controls and PD individuals. Notably, they often fail to spontaneously self-correct their errors (S. Rivaud-

Péchoux et al. 2007; Siobhan Garbutt et al. 2008). Atrophy in the PC has been linked to increased latency in

prosaccades, while dysfunction in the FEF may underlie impairments in both pro- and antisaccade generation.

Interestingly, in single-task paradigms (prosaccades or antisaccades alone), antisaccade error rates were com-

parable between CBS and PD, whereas PSP individuals exhibited significantly higher error rates. However,

in mixed-task paradigms, CBS individuals showed a marked increase in both prosaccade and antisaccade

errors, suggesting that task-switching exacerbates executive deficits (S. Rivaud-Péchoux et al. 2007).

Additional ocular motor abnormalities have been documented in CBS, although they are generally milder

than in other atypical parkinsonian syndromes. Impaired OKN and increased SWJs are observed in some

cases. Reduced pursuit gain, restricted ocular range, and “jolting” or abrupt eye movements during smooth

pursuit have also been reported (Rinne et al. 1994). Vertical supranuclear gaze palsy occurs less frequently

than in PSP but may be present in up to 20% of CBS individuals early in the disease, increasing to 50%

in those with overlapping PSP pathology (H. Ling et al. 2014). Atypical cases may also exhibit impaired

vertical saccades and early reductions in horizontal saccadic velocity Rinne et al. 1994, though early SWJs

and pronounced saccadic delays remain more indicative of PSP.

In summary, CBS is defined by ocular motor apraxia, particularly manifesting as increased latency of voluntary

saccades. These impairments are often lateralised to the more affected apraxic limb, and while milder than

in PSP or MSA, they may still hold diagnostic value when integrated with broader clinical and cognitive

assessments.

169



4.1.7 Dementia with Lewy Bodies

DLB is defined by the presence of Lewy bodies and Lewy neurites, which are primarily composed of aggreg-

ated alpha-synuclein protein (Hansen et al. 2019). The accumulation of these misfolded proteins leads to

neuronal dysfunction and cell death in the cerebral cortex, SN, and limbic system (Surendranathan, Rowe and

O’Brien 2015). DLB frequently coexists with other neurodegenerative pathologies, most notably Alzheimer’s

disease (AD), with a significant number of cases also displaying amyloid plaques and neurofibrillary tangles

characteristic of AD (Compta et al. 2011). As in other forms of dementia, neuroinflammation is a key feature,

driven by activated microglia and astrocytes, which exacerbate neuronal degeneration (Gate et al. 2021; Zirra

and Huxford 2022).

Lewy body dementia includes two clinical presentations: dementia with Lewy bodies and Parkinson’s disease

dementia (PDD). The clinical implications of DLB differ from those of PD and other atypical parkinsonian

syndromes, primarily due to the predominant cortical involvement in DLB. The distribution of Lewy bodies

differs between these two presentations: in DLB, they are more widespread, affecting the neocortex, limbic

areas, and brainstem, while in PDD, they are largely concentrated in the SN and other regions of the BG

(Hansen et al. 2019; Surendranathan, Rowe and O’Brien 2015). Consequently, DLB is associated with

cognitive fluctuations, visual hallucinations, and other neuropsychiatric symptoms, whereas PDD more

commonly presents with predominant motor features (Compta et al. 2011).

4.1.8 Eye Movements in Dementia with Lewy Bodies

Systematic reporting of ocular motor abnormalities in DLB is limited, both in clinical and experimental

settings. In one study involving 20 individuals with DLB, saccadic eye movements were compared to those

of individuals with PDD. The DLB group exhibited impairments in both reflexive and voluntary saccade

generation, as well as difficulties with more complex tasks such as saccadic prediction, decision-making,

and antisaccades (Mosimann et al. 2005). Compared to individuals with AD and PD, those with DLB

demonstrated more severe saccadic dysfunction, potentially due to the widespread cortical and subcortical

degeneration characteristic of DLB.

Other studies have identified prolonged latencies across various horizontal saccade types, impairments in
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predictive saccades, and deficits in saccadic suppression (Mosimann et al. 2005; Kapoula et al. 2010). A

detailed examination of horizontal and vertical saccades in DLB individuals showed a reduced tendency to

generate short-latency “express saccades” in gap tasks, where a temporal gap separates fixation offset from

target onset (Mosimann et al. 2005). These individuals also showed reduced saccadic velocity and gain, as

well as increased latency in both reflexive and voluntary saccades, with deficits worsening alongside disease

progression (Sophie Rivaud-Péchoux et al. 2000).

Case reports have described a subset of DLB individuals who develop vertical gaze palsy, often accompanied

by horizontal gaze disturbances (Nakashima et al. 2003; Brett, Henson and Staunton 2002; Kapoula et al.

2010). These cases can closely resemble clinical presentations of PSP, highlighting the importance of careful

differential diagnosis when vertical gaze deficits are observed. Additionally, convergence insufficiency has

been reported in DLB, although it is not specific to the condition and may also be seen in PD.

In summary, DLB is typically associated with increased saccadic latency, reduced saccade gain, and a higher

number of errors during complex saccadic tasks. These deficits reflect cortical and subcortical involvement

and, when present alongside characteristic cognitive and neuropsychiatric symptoms, may aid in the differen-

tial diagnosis of dementia-related parkinsonism.

4.2 Project Aims

1. To assess the distinct ocular motor profiles of PSP, MSA, CBS, and DLB.

2. To identify ocular motor biomarkers that can differentiate atypical parkinsonian syndromes from idiopathic

PD.

4.3 Methods

4.3.1 Participants

Participants were recruited for the ocular motor study in atypical parkinsonian syndromes through the methods

described in Chapter 2: General Methods. Inclusion criteria were: (1) a confirmed diagnosis of an atypical
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parkinsonian syndrome or a working diagnosis of atypical parkinsonism; (2) exclusion of idiopathic PD or

genetically confirmed PD through genetic testing; (3) age between 40–80 years; (4) normal or corrected-

to-normal vision; (5) ability to provide informed consent; (6) ability to follow verbal instructions; and (7)

ability to sit comfortably for the duration of the testing. Exclusion criteria included: (1) presence of other

neurological conditions or a history of head trauma or stroke; (2) bilateral visual impairments (recordings

were permitted if vision was intact in one eye); (3) movement-related visual disturbances such as diplopia;

(4) severe psychiatric conditions (e.g., psychosis); (5) systemic health conditions affecting vision, such

as diabetic retinopathy; (6) pregnancy (self-declared); (7) history of epilepsy; (8) eyelid-opening apraxia;

(9) inability to remain seated; and (10) severely impaired ocular motor function that prevented successful

calibration/validation.

Healthy controls were also recruited through the methods outlined in Chapter 2. Inclusion criteria were:

(1) no history of neurodegenerative, neurological, or movement disorders; (2) normal or corrected vision;

(3) normal cognitive function; and (4) ability to provide informed consent and comply with procedures.

Exclusion criteria mirrored those of the patient cohort, including: (1) bilateral visual impairments or diplopia;

(2) severe psychiatric conditions; (3) systemic vision-affecting conditions such as diabetes with retinopathy;

(4) pregnancy (self-declared); and (5) history of epilepsy.

Participants were categorised into six groups based on established diagnostic criteria: PSP, MSA, CBS,

DLB, atypical parkinsonism (ATP), and healthy controls. A total of 92 participants were included: 16 with

PSP, 11 with MSA, 6 with CBS, 2 with DLB, 10 with ATP, and 51 healthy controls. The study received

ethical approval from the UCL Research Ethics Committee. Written informed consent was obtained from all

participants.

4.3.2 Ocular Motor Assessment

All participants underwent the standard ocular motor battery detailed in Chapter 2: General Methods. The

experimental setup, including calibration and validation procedures, was identical to those previously de-

scribed.
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4.3.3 Data Processing and Analysis

Data processing and metric extraction followed the procedures in Chapter 2. Additional analyses were

conducted to explore patterns in eye movements in greater detail.

Saccadic analysis during pursuit tasks involved generating a saccade report for each participant, which

included the total number of saccades and individual saccade characteristics such as amplitude, peak velocity,

average velocity, start and end times, and end position. Saccades were binned into six amplitude-based buck-

ets: <1°, 1–2°, 2–3°, 3–4°, 4–5°, and >5°. For each bucket, the number of saccades and average metrics were

calculated. This analysis was conducted separately for horizontal, vertical, and elliptical pursuit directions.

Histograms were generated to visualise saccade distribution across amplitude bins.

To account for the main sequence effect—the nonlinear relationship between saccade amplitude and peak

velocity—saccadic velocities were corrected using equations detailed in Chapter 2. These adjusted values

were used for further analysis. For oblique, reflexive, volitional, and memory-guided saccades, a temporal

analysis was performed by plotting accuracy and peak velocity of successive saccades over time. Each

saccade was represented as a point, and linear regression was applied to derive the slope and coefficient of

determination (R2).

In horizontal and vertical paradigms, true displacements were calculated using eye position coordinates:

Y-axis displacement for horizontal tasks and X-axis displacement for vertical tasks. This was especially

relevant for reflexive, volitional, and memory-guided saccades.

To identify qualitative features not captured by quantitative metrics, eye movement traces were mapped and

overlaid with target locations for oblique, reflexive, volitional, and memory-guided tasks. This allowed visual

detection of abnormal saccadic patterns such as “round-the-houses” and “zig-zag” trajectories.

To identify which ocular motor measures were most sensitive in detecting PD-related changes, a composite

score was computed for each type of eye movement. Hybrid-weighted composite z-scores were calculated

by incorporating both statistical significance (p-values) and precision (confidence interval widths) into the

weighting process. First, the z-scores for each group’s effect size were computed using the formula:
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z =
x− µ

σ

where x is the group’s effect size, µ is the mean effect size across groups, and σ is the standard deviation.

The CI width for each metric was calculated as:

CI Width = Upper CI − Lower CI

The hybrid weight for each metric was then computed as:

Weight =
1

(p-value × CI Width) + ε′

where ε′ is a small constant to prevent division by zero. Each z-score was multiplied by its corresponding

hybrid weight, and the weighted z-scores were summed across all metrics for each group. The final composite

z-score was obtained by normalising the weighted sum by the total hybrid weight for each group. This

approach ensures that the composite scores reflect both the statistical significance and the precision of the

effect sizes, providing a robust measure of relative group performance across paradigms.

4.3.4 Statistical Analyses

Demographic data were summarised using descriptive statistics. The dataset was inspected for missing values,

and participants with incomplete data were excluded from further analysis. To address the limited sample

sizes of the CBS and DLB groups, bootstrapping (1,000 resamples) was used to compute CIs and p-values.

The bootstrapped values were subsequently used for further analysis. A series of GLMs were fitted to evaluate

the effects of group, age, sex, LEDD, and disease duration on each ocular motor metric using the glm2

function in R. Model estimates included regression coefficients (β estimates), 95% CIs, p-values, AIC, and

BIC for model comparison. Multiple comparions were accounted for using the the Bonferroni correction.

Following the GLM analysis, post hoc pairwise comparisons were conducted among all the groups using the

estimated marginal means package in R. Multiple comparisons were adjusted using the Bonferroni correction.

The significance level for all analyses was set at α = 0.05. All analyses were conducted using R (Version

2023.09.1+494, R Core Team, Vienna, Austria). The data tables for all the analyses are provided in the
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appendix.

4.4 Results

4.4.1 Participants

After account for data loss and exclusions the control group comprised 48 individuals (26 females and 22

males) with a mean age of 62.66 years (SD = 13.68, range = 22.25–79.59). The ATP group included 10

participants (5 males and 5 females) with a mean age of 68.90 years (SD = 2.96, range = 65.08–73.45). The

CBS group consisted of 6 individuals (3 males and 3 females), with a mean age of 70.33 years (SD = 8.10,

range = 57.91–79.34). The DLB group included 2 males with a mean age of 64.50 years (SD = 7.78, range =

59.00–70.00). The MSA group comprised 11 individuals (7 males and 4 females), with a mean age of 67.00

years (SD = 5.51, range = 60.06–75.84). The PSP group consisted of 16 participants (9 males and 7 females)

with a mean age of 68.71 years (SD = 3.31, range = 64.10–75.31). The mean disease duration was 4.15 years

(SD = 1.50) for the ATP group, 2.33 years (SD = 1.03) for the CBS group, 5.00 years (SD = 0.00) for the

DLB group, 3.67 years (SD = 1.10) for the MSA group, and 4.00 years (SD = 1.34) for the PSP group.
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Table 11: Demographic and clinical characteristics of the study cohort. Values are presented as mean ±
standard deviation (SD). Age is reported for all participants, while disease duration is reported for disease
groups only. Data are stratified by group and sex. “-” indicates not applicable or unavailable.

Group Age (Mean ± SD) Disease Duration (Mean ± SD)

ATP (N = 10) 68.89 ± 2.85 4.11 ± 1.36

Males (N = 5) 68.80 ± 2.59 3.80 ± 1.10

Females (N = 5) 69.00 ± 3.56 4.50 ± 1.73

CBS (N = 6) 69.50 ± 8.10 2.50 ± 1.00

Males (N = 3) 72.00 ± 9.56 2.00 ± 0.90

Females (N = 3) 68.67 ± 9.71 2.67 ± 1.15

Healthy Controls (N = 48) 62.89 ± 14.10 -

Males (N = 22) 63.16 ± 15.44 -

Females (N = 26) 62.65 ± 13.14 -

DLB (N = 2) 64.50 ± 7.78 5.00 ± 0.00

Males (N = 2) 64.50 ± 7.78 5.00 ± 0.00

Females (N = 0) - -

MSA (N = 11) 67.00 ± 5.96 3.60 ± 0.97

Males (N = 7) 67.00 ± 3.46 4.33 ± 1.15

Females (N = 4) 67.00 ± 7.02 3.29 ± 0.76

PSP (N = 16) 68.73 ± 3.22 4.00 ± 1.36

Males (N = 9) 68.12 ± 3.36 3.50 ± 1.69

Females (N = 7) 69.43 ± 3.15 4.57 ± 0.53

4.4.2 Eye Movements in Progressive Supranuclear Palsy

In the fixation task, the PSP group exhibited an increased number of large SWJs (β = 9.677, 95% CI [5.713,

13.641], p < 0.001), intrusive saccades (β = 22.093, 95% CI [12.456, 31.729], p < 0.001), and overall saccade

count (β = 24.157, 95% CI [10.656, 37.658], p < 0.001) compared to healthy controls. However, no significant

differences were noted in the number of small SWJs or microsaccades. Additionally, other measures of

fixation, including average pupil size, average fixation duration, and fixation precision metrics, were similar

to controls in PSP.
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In the positional fixation/nystagmus task, the PSP group exhibited an increased number of large SWJs across

trials, with significant differences in the up (β = 4.717, 95% CI [2.085, 7.349], p = 0.0007), down (β = 4.875,

95% CI [2.419, 7.331], p = 0.0002), right (β = 4.333, 95% CI [2.387, 6.279], p < 0.0001), and left positions

(β = 4.771, 95% CI [2.572, 6.970], p < 0.0001) compared to healthy controls. Additionally, PSP individuals

showed significantly increased numbers of intrusive saccades in the up (β = 22.880, 95% CI [12.776, 32.984],

p < 0.0001), down (β = 19.159, 95% CI [10.395, 27.923], p < 0.0001), right (β = 17.037, 95% CI [8.248,

25.825], p = 0.0003), and left positions (β = 22.814, 95% CI [12.120, 33.508], p < 0.0001) compared to

controls.

In the pursuit task, the PSP group exhibited significantly increased average RMSE gaze error across multiple

trial conditions compared to healthy controls. Specifically, RMSE gaze error was higher during horizontal

pursuit at 0.2 Hz (β = 1.446, 95% CI [0.208, 2.684], p = 0.025) and 0.4 Hz (β = 1.497, 95% CI [0.122, 2.871],

p = 0.036) compared to controls. Similarly, RMSE gaze error was significantly elevated during vertical

pursuit at 0.2 Hz (β = 0.980, 95% CI [0.194, 2.154], p = 0.011) and 0.4 Hz (β = 1.285, 95% CI [0.452, 2.118],

p = 0.003) compared to controls. Impairments were also observed in circular pursuit, with increased RMSE

gaze error during anticlockwise pursuit at 0.2 Hz (β = 1.810, 95% CI [0.565, 3.054], p = 0.006) and 0.4 Hz

(β = 2.743, 95% CI [0.651, 4.214], p < 0.001), as well as during clockwise pursuit at 0.2 Hz (β = 2.119, 95%

CI [0.650, 3.262], p = 0.002) and 0.4 Hz (β = 2.777, 95% CI [0.701, 3.961], p < 0.001) compared to controls.

Additionally, velocity gain was significantly reduced in PSP during vertical pursuit at 0.2 Hz (β = -0.626, 95%

CI-1.182, -0.069, p = 0.030) and 0.4 Hz (β = -0.147, 95% CI [-0.455, -0.023], p = 0.045) compared to controls.

In the horizontal antisaccade task, the PSP group exhibited significantly reduced antisaccade amplitude (β =

-6.321, 95% CI [-7.530, -5.112], p < 0.001), peak velocity (β = -172.802, 95% CI [-221.958, -123.646], p

< 0.001), and saccade average velocity (β = -71.977, 95% CI [-89.645, -54.309], p < 0.001) compared to

healthy controls. Additionally, the PSP group made significantly more antisaccade errors (β = 4.767, 95% CI

[2.027, 7.506], p = 0.001) and fewer correct antisaccades (β = -5.034, 95% CI [-7.742, -2.326], p < 0.001)

compared to controls. In the vertical antisaccade task, the PSP group demonstrated a significant reduction in

antisaccade amplitude (β = -4.348, 95% CI [-5.387, -3.308], p < 0.001), peak velocity (β = -191.857, 95%

CI [-254.151, -129.562], p < 0.001), and saccade average velocity (β = -72.654, 95% CI [-88.268, -57.039],

p < 0.001) compared to healthy controls. Additionally, PSP individuals exhibited a higher saccadic latency
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(β = 98.126, 95% CI [23.089, 173.162], p = 0.012) and a greater number of self-corrected antisaccades (β =

2.438, 95% CI [0.453, 4.424], p = 0.018) compared to controls.

Significant differences were observed in oblique saccades at 4°, 8°, and 10° in the PSP group compared to

controls. The PSP group exhibited a significant decrease in saccade amplitude at 4° (β = -0.670, 95% CI

[-1.118, -0.223], p = 0.004), 8° (β = -2.101, 95% CI [-2.863, -1.339], p < 0.001), and 10° (β = -2.928, 95%

CI [-3.865, -1.990], p < 0.001) compared to controls. Average saccade velocity was decreased in PSP at

4° (β = -23.862, 95% CI [-34.745, -12.978], p < 0.001), 8° (β = -39.096, 95% CI [-53.952, -24.240], p <

0.001), and 10° (β = -49.226, 95% CI [-65.751, -32.701], p < 0.001 ) compared to controls. Additionally,

PSP participants demonstrated lower accuracy in both the X (4°: β = 44.399, 95% CI [14.506, 74.293], p =

0.005; 8°: β = 67.479, 95% CI [23.889, 111.070], p = 0.003; 10°: β = 108.708, 95% CI [58.054, 159.363],

p < 0.001) and Y (4°: β = 54.172, 95% CI [22.040, 86.305], p = 0.001; 8°: β = 108.568, 95% CI [62.014,

155.122], p < 0.001; 10°: β = 172.728, 95% CI [118.458, 226.997], p < 0.001) dimensions compared to

controls. The proportion of correct responses was significantly lower in PSP at 8° (β = -3.676, 95% CI

[-6.045, -1.306], p = 0.003) and 10° (β = -4.831, 95% CI [-7.643, -2.020], p = 0.001) compared to controls. A

significant increases in hypometric saccades was noted in PSP at 4° (β = 10.169, 95% CI [5.917, 14.422], p <

0.001), 8° (β = 11.340, 95% CI [6.772, 15.908], p < 0.001), and 10° (β = 12.999, 95% CI [8.813, 17.185], p

< 0.001) compared to controls. Additionally, hypermetric saccades were significantly increased at 4° (β =

11.216, 95% CI [6.938, 15.494], p < 0.001), 8° (β = 14.221, 95% CI [9.544, 18.898], p < 0.001), and 10° (β

= 16.896, 95% CI [12.531, 21.260], p < 0.001) compared to controls.

In the horizontal reflexive saccade task, the PSP group exhibited significantly reduced saccade accuracy (β

= 127.392, 95% CI [31.157, 223.628], p = 0.011) and reduced saccade average velocity (β = -47.036, 95%

CI [-64.860, -29.212], p < 0.001) compared to healthy controls. Additionally, PSP individuals showed a

significant decrease in current saccade peak velocity (β = -140.426, 95% CI [-205.149, -75.703], p < 0.001)

and reduced saccade amplitude (β = -2.711, 95% CI [-3.736, -1.685], p < 0.001) compared to controls. PSP

individuals also made significantly fewer correct reflexive saccades (β = -8.748, 95% CI [-13.058, -4.439],

p < 0.001) and more hypometric saccades (β = 9.383, 95% CI [5.215, 13.551], p < 0.001) compared to

controls. In the vertical reflexive saccade task, PSP individuals demonstrated a significantly reduced saccade

accuracy (β = 153.349, 95% CI [85.332, 221.365], p < 0.001) and a reduction in saccade average velocity (β
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= -59.422, 95% CI [-78.164, -40.679], p < 0.001) compared to controls. PSP individuals also exhibited a

significant decrease in current saccade peak velocity (β = -164.748, 95% CI [-233.152, -96.344], p < 0.001)

and increased saccadic latency (β = 104.557, 95% CI [27.076, 182.038], p = 0.010) compared to controls.

Additionally, saccade amplitude was significantly reduced (β = -3.418, 95% CI [-4.576, -2.259], p < 0.001)

compared to controls. Similar to the horizontal direction, PSP individuals made fewer correct reflexive

saccades (β = -7.185, 95% CI [-10.889, -3.480], p < 0.001) while exhibiting more hypometric saccades (β =

9.161, 95% CI [5.275, 13.047], p < 0.001) compared to controls.

In the volitional saccade task, the PSP group showed significantly altered eye movement characteristics

compared to controls. The PSP group demonstrated an increased number of saccadic steps (β = 0.753, 95%

CI [0.351, 1.155], p = 0.0004) and a reduced number of correct saccades (β = -14.607, 95% CI [-26.002,

-3.213], p = 0.0140) compared to controls. Additionally, saccadic amplitude was significantly lower in

PSP (β = -6.605, 95% CI [-9.505, -3.705], p < 0.001), along with decreased average saccade velocity (β =

-65.223, 95% CI [-94.400, -36.047], p < 0.001) and saccade peak velocity (β = -157.951, 95% CI [-221.439,

-94.463], p < 0.001) compared to controls. In the vertical volitional saccade task, the PSP group had a

significantly higher number of saccadic steps (β = 0.228, 95% CI [0.060, 0.516], p = 0.0124) and reduced

saccade accuracy (β = 168.040, 95% CI [109.034, 227.045], p < 0.001) compared to controls. Furthermore,

PSP participants exhibited a lower number of correct saccades (β = -17.057, 95% CI [-27.066, -7.047], p =

0.0013), an increased number of hypometric saccades (β = 12.270, 95% CI [1.643, 22.898], p = 0.0264),

and reduced saccade amplitude (β = -6.086, 95% CI [-8.406, -3.767], p < 0.001) compared to controls.

Additionally, the PSP group had lower average saccade velocity (β = -65.004, 95% CI [-90.069, -39.939], p <

0.001) and peak saccadic velocity (β = -165.445, 95% CI [-241.558, -89.332], p < 0.001) compared to controls.

In the memory-guided saccade task, the PSP group exhibited significant differences compared to healthy

controls. In the horizontal direction, PSP participants showed an increased number of saccadic steps (β =

0.698, 95% CI [0.263, 1.133], p = 0.002) and decreased saccadic accuracy (β = 153.458, 95% CI [48.996,

257.920], p = 0.005), while the number of correct saccades was significantly lower (β = -8.961, 95% CI

[-17.412, -0.510], p = 0.041) compared to controls. Additionally, PSP participants demonstrated reduced

saccadic performance, with decreased saccadic amplitude (β = -8.893, 95% CI [-12.125, -5.662], p < 0.001),

average saccade velocity (β = -74.795, 95% CI [-102.156, -47.435], p < 0.001), and saccade peak velocity
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(β = -171.861, 95% CI [-230.600, -113.123], p < 0.001) compared to controls. Similarly, in the vertical

direction, the number of saccadic steps (β = 0.308, 95% CI [0.026, 0.590], p = 0.035) was higher and accuracy

(β = 163.045, 95% CI [108.244, 217.846], p < 0.001) were lower, resulting in a lower number of correct

saccades (β = -14.203, 95% CI [-21.291, -7.116], p < 0.001 ) compared to controls. Furthermore, PSP

participants showed an increased number of hypometric saccades (β = 17.378, 95% CI [6.706, 28.049], p =

0.002) compared to controls. As observed in the horizontal direction, PSP participants exhibited significantly

reduced saccadic amplitude (β = -7.092, 95% CI [-9.154, -5.031], p < 0.001), average saccade velocity (β =

-64.906, 95% CI [-88.675, -41.136], p < 0.001), and saccade peak velocity (β = -169.904, 95% CI [-242.698,

-97.110], p < 0.001) compared to controls.

4.4.3 Eye Movements in Corticobasal Syndrome

In the fixation task, the CBS group exhibited a significant increase in fixation precision score as measured by

RMS and SD(β = 0.0259, 95% CI [0.0092, 0.0427], p = 0.0033 and β = 0.0361, 95% CI [0.0090, 0.0632], p

= 0.0108, respectively) compared to controls. The microsaccade count (β = 34.388, 95% CI [14.758, 54.018],

p = 0.00095) and small SWJ count (β = 29.542, 95% CI [15.953, 43.130], p < 0.0001) was also higher

compared to healthy controls. In the positional fixation/nystagmus task where the target was positioned in

four different positions, up, down, right and left, the CBS group had an increased number of large intrusive

saccades only in the right direction (β = 16.643, 95% CI [1.799, 31.487], p = 0.031).

In the pursuit task, the CBS group exhibited significantly higher RMSE in gaze across multiple conditions.

Specifically, RMSE was elevated in horizontal pursuit at 0.2 Hz (β = 4.336, 95% CI [2.245, 6.427], p =

0.0001) and 0.4 Hz (β = 4.241, 95% CI [1.920, 6.563], p = 0.0006) compared to controls. Similarly, deficits

were observed in vertical pursuit at 0.2 Hz (β = 2.305, 95% CI [0.322, 4.289], p = 0.0254) and 0.4 Hz

(β = 2.619, 95% CI [1.211, 4.026], p = 0.0005) compared to controls. Impairments were also evident in

anticlockwise pursuit at 0.2 Hz (β = 4.994, 95% CI [2.892, 7.096], p < 0.0001) and 0.4 Hz (β = 4.349, 95%

CI [2.194, 6.504], p = 0.0002), as well as in clockwise pursuit at 0.2 Hz (β = 4.386, 95% CI [2.236, 6.536], p

= 0.0001) and 0.4 Hz (β = 4.510, 95% CI [2.189, 6.831], p = 0.0003) compared to healthy controls. Gain

was lower in the CBS group in the clockwise direction at 0.4Hz (β = -0.267, 95% CI [-0.514, -0.019], p =

0.037) compared to controls.
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In the antisaccade task, individuals with CBS exhibited significant differences compared to healthy con-

trols. In the horizontal direction, the CBS group had prolonged antisaccade end time (β = -86.266, 95%

CI [-170.319, -2.212], p = 0.0477) and start time (β = -121.384, 95% CI [-201.370, -41.398], p = 0.0039),

along with a higher number of errors (β = 7.440, 95% CI [2.813, 12.066], p = 0.0023) and fewer correct

responses (β = -7.524, 95% CI [-12.099, -2.950], p = 0.0018) compared to controls. In the vertical direc-

tion, the CBS group exhibited reduced antisaccade amplitude (β = -3.160, 95% CI [-4.917, -1.404], p =

0.0007) and lower average velocity (β = -47.531, 95% CI [-73.904, -21.159], p = 0.0007) compared to controls.

No significant differences were observed in the oblique saccades task at 4°, 8°, and 10° between the CBS

group and healthy controls. In all conditions, the CBS group exhibited performance levels comparable to

those of controls, with no statistically significant differences found in metrics such as saccade amplitude,

latency, accuracy, or error types.

In the reflexive saccade task, individuals with CBS demonstrated significant impairments in the vertical

direction. The CBS group exhibited a significantly reduced correct saccades (β = -6.965, 95% CI [-13.222,

-0.709], p = 0.032) compared to healthy controls. Additionally, the number of hypometric saccades was

significantly increased in CBS (β = 7.948, 95% CI [1.385, 14.512], p = 0.020) compared to controls. No

significant differences were observed in the horizontal reflexive saccades.

In the volitional saccade task, no significant differences were observed between individuals with CBS and

healthy controls. Analyses of key parameters, including saccade amplitude, peak velocity, latency, and

accuracy, yielded p-values greater than 0.05, indicating no statistically significant impairments in volitional

eye movements in CBS.

In the memory-guided saccade task, individuals with CBS exhibited significant impairments compared to

healthy controls. In the horizontal direction, CBS participants demonstrated a significantly increased number

of hypometric saccades (β = 26.555, 95% CI [4.185, 48.925], p = 0.023) compared to controls. Additionally,

they exhibited a significantly reduced saccadic amplitude (β = -7.152, 95% CI [-12.610, -1.694], p = 0.012),

along with a delayed saccade end time (β = 3296.902, 95% CI [1094.753, 5499.051,], p = 0.004) and saccade

start time (β = 3514.543, 95% CI [1271.439, 5757.648], p = 0.003), compared to controls. In the vertical
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direction, CBS participants also showed an increased number of hypometric saccades (β = 9.574, 95% CI

[8.450, 27.599], p = 0.030) and a delayed saccade start time (β = 177.378, 95% CI [4.598, 350.159,], p =

0.048), compared to controls.

4.4.4 Eye Movements in Multiple System Atrophy

In the central fixation task, no significant differences were observed between individuals with MSA and

healthy controls. Analyses of key fixation stability metrics, including fixation duration, precision, and mi-

crosaccade frequency, yielded p-values greater than 0.05, indicating no statistically significant impairments

in central fixation in MSA. In the positional fixation task, individuals with MSA exhibited a significant

increase in the number of saccades across multiple trials. Specifically, the number of large intrusive saccades

was significantly higher in the up (β = 10.782, 95% CI [0.451, 22.014], p = 0.044), down (β = 9.986, 95%

CI [0.242, 19.729], p = 0.048), right (β = 15.328, 95% CI [5.558, 25.098], p = 0.003), and left positions

(β = 13.178, 95% CI [1.290, 25.067], p = 0.033) compared to healthy controls. The MSA group also had

an increased pupil size in the the left position (β = 558.101, 95% CI [11.329, 1104.874], p = 0.048) and

a increased number of total saccades in the up position (β = 16.830, 95% CI [0.654, 33.006], p = 0.044)

compared to controls.

In the pursuit task, individuals with MSA exhibited significant impairments in pursuit accuracy and pursuit

gain. Pursuit accuracy was significantly reduced in anticlockwise pursuit at 0.4 Hz (β = 2.046, 95% CI

[0.628, 3.464], p = 0.006) and in clockwise pursuit at 0.4 Hz (β = 2.416, 95% CI [0.889, 3.944], p = 0.003),

compared to controls. Additionally, pursuit gain was significantly reduced in anticlockwise pursuit at 0.4

Hz (β = -0.175, 95% CI [-0.348, -0.001], p = 0.042) and in clockwise pursuit at 0.4 Hz (β = -0.202, 95%

CI [-0.365, -0.039], p = 0.017), compared to controls. No significant differences were observed in the other

directions and speeds.

In the antisaccade task, individuals with MSA exhibited significant impairments in both the horizontal and

vertical directions. In the horizontal direction, the MSA group demonstrated a significantly reduced saccade

amplitude (β = -1.428, 95% CI [-2.773, -0.084], p = 0.041) and a higher number of antisaccade errors (β =

6.552, 95% CI [3.507, 9.597], p < 0.001) compared to controls. The number of correct antisaccades was
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significantly lower (β = 5.034, 95% CI [2.326, 7.742,], p < 0.001), and the number of self corrected errors

was higher (β = 2.985, 95% CI [0.445, 5.524], p = 0.024) compared to controls. In the vertical direction, the

MSA group also exhibited a significantly reduced saccade amplitude (β = -2.582, 95% CI [-3.738, -1.427], p

< 0.001), saccade peak velocity (β = -32.595, 95% CI [-49.954, -15.237], p < 0.001), and saccade average

velocity (β = -89.928, 95% CI [-159.181, -20.676], p = 0.013) compared to controls. Additionally, the MSA

group made significantly more antisaccade errors (β = 6.686, 95% CI [4.244, 9.127], p < 0.001), while the

number of correct antisaccades was significantly lower (β = -6.650, 95% CI [-9.189, -4.111], p < 0.001)

compared to controls. The MSA group also had an increased number of self-correct errors (β = 2.873, 95%

CI [0.665, 5.081], p = 0.012) compared to controls.

In the oblique saccade task, individuals with MSA exhibited significant impairments in saccade amplitude at

higher eccentricities. Specifically, saccade amplitude was significantly reduced at 8° (β = -1.082, 95% CI

[-1.929, -0.235], p = 0.014) and at 10° (β = -1.245, 95% CI [-2.288, -0.203], p = 0.022) compared to healthy

controls. No significant differences were observed at 4° and in other saccadic metrics at 8° and 10°.

In the reflexive saccade task, individuals with MSA exhibited significant impairments in both the horizontal

and vertical directions. In the horizontal direction, saccade accuracy was significant decreased (β = 155.052,

95% CI [48.068, 262.037], p = 0.006), while saccade end time (β = 251.288, 95% CI [110.717, 391.859],

p = 0.001) and saccade start time (β = 245.169, 95% CI [106.690, 383.647], p = 0.001) were significantly

higher, compared to controls. Additionally, saccadic amplitude was significantly lower (β = -1.818, 95% CI p

= 0.002), compared to controls. The MSA group also made significantly fewer correct reflexive saccades

(β = -7.636, 95% CI [-12.427, -2.845], p = 0.002) and exhibited a higher number of hypometric saccades

(β = 7.766, 95% CI [3.132, 12.400], p = 0.002) in the horizontal direction compared to controls. In the

vertical direction, MSA participants also showed significantly reduced saccade peak velocity (β = -21.672,

95% CI [-42.508, -0.836], p = 0.045) and saccade amplitude (β = -1.653, 95% CI [-2.941, -0.365], p = 0.014)

compared to controls. Additionally, the number of correct reflexive saccades was significantly lower (β =

-4.336, 95% CI [-8.454, -0.218], p = 0.042), while the number of hypometric saccades was significantly

higher (β = 7.596, 95% CI [3.275, 11.916], p = 0.001) compared to controls.

In the volitional saccade task, individuals with MSA exhibited a significant increase in the number of hyper-
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metric saccades (β = 11.622, 95% CI [1.048, 22.195], p = 0.034), compared to controls. No other significant

differences were observed in saccade amplitude, velocity, or latency.

In the memory-guided saccade task, individuals with MSA exhibited significant differences in saccadic

accuracy and amplitude. In the horizontal direction, accuracy was significantly decreased (β = 163.192,

95% CI [47.062, 279.322], p = 0.007), compared to controls. In the vertical direction, saccade amplitude

was significantly reduced (β = -2.771, 95% CI [-5.062, -0.479], p = 0.020), compared to controls. No other

significant differences were observed.

4.4.5 Eye Movements in Dementia with Lewy Bodies

In the central fixation task, individuals with DLB exhibited significant differences in fixation precision

compared to healthy controls. Precision measured by RMS was significantly decreased (β = 0.039, 95%

CI [0.016, 0.063], p = 0.002), as was precision measured by SD (β = 0.058, 95% CI [0.020, 0.096], p =

0.004), compared to controls. In the positional fixation task, individuals with DLB exhibited significant

impairments in fixation precision across multiple positions. Fixation precision was significantly decreased

when looking upward (β = 0.023, 95% CI [0.002, 0.044], p = 0.038), downward (β = 0.035, 95% CI [0.007,

0.063], p = 0.016), rightward (β = 0.031, 95% CI [0.004, 0.058], p = 0.027), and leftward (β = 0.023,

95% CI [0.006, 0.051], p = 0.012), measured by RMS compared to controls. Additionally, fixation preci-

sion measured by SD was also significantly lower across upward (β = 0.035, 95% CI [0.001, 0.072], p =

0.043), downward (β = 0.052, 95% CI [0.009, 0.095], p = 0.020), rightward (β = 0.053, 95% CI [0.012,

0.094], p = 0.013), and leftward (β = 0.039, 95% CI [0.008, 0.085], p = 0.011) directions compared to controls.

In the pursuit task, individuals with DLB exhibited significant impairments in pursuit accuracy. Pursuit

accuracy was significantly reduced in horizontal pursuit at 0.4 Hz (β = 5.472, 95% CI [2.210, 8.733], p =

0.002), vertical pursuit at 0.2 Hz (β = 2.859, 95% CI [0.072, 5.646], p = 0.047, vertical pursuit at 0.4 Hz

(β = 4.895, 95% CI [2.917, 6.873], p < 0.001), anticlockwise pursuit at 0.4 Hz (β = 4.989, 95% CI [1.962,

8.017], p = 0.002), and clockwise pursuit at 0.2 Hz (β = 3.695, 95% CI [0.673, 6.717], p = 0.019) compared

to controls. No significant differences were observed in pursuit accuracy at 0.2 Hz for any direction.

184



In the oblique saccade task, individuals with DLB exhibited significant impairments in saccade velocity,

timing, and error patterns. Saccade average velocity was significantly reduced at 8° (β = -57.324, 95% CI

[-92.586, -22.062], p = 0.002), compared to controls. Additionally, saccadic latency at 4° was significantly

prolonged (β = 61.730, 95% CI [3.849, 127.310], p = 0.048) and at 8° (β = 260.822, 95% CI [155.504,

366.140], p < 0.001), compared to controls. As were saccade end time at 4° (β = 214.857, 95% CI [132.698,

297.016], p < 0.001), 8° (β = 570.684, 95% CI [477.155, 664.214], p < 0.001) and at 10° (β = 207.366, 95%

CI [109.224, 305.508], p < 0.001), compared to controls. Accuracy measures were also significantly altered,

with DLB individuals having a higher error margin (β = 88.810, 95% CI [17.856, 159.765], p = 0.016),

compared to controls. The DLB group had an increased number of hypometric saccades at 4° (β = 10.503,

95% CI [0.410, 20.597], p < 0.044) and 8° (β = 13.443, 95% CI [2.600, 24.285], p < 0.017) compared to

controls.

In the antisaccade task, individuals with DLB exhibited significant impairments in both the horizontal and

vertical directions. In the horizontal direction, saccadic amplitude was significantly reduced (β = -2.377, 95%

CI [-4.845, -0.090], p = 0.042), while saccadic latency was significantly increased (β = 613.053, 95% CI

[494.934, 731.172], p < 0.001), compared to controls. Additionally, saccade peak velocity was significantly

reduced (β = -114.408, 95% CI [-231.081, -2.265], p = 0.048), and saccade end time was significantly

prolonged (β = 325.198, 95% CI [212.795, 437.600], p < 0.001), compared to controls. In the vertical

direction, saccadic amplitude was significantly reduced (β = -2.413, 95% CI [-5.283, -0.457], p = 0.010), and

saccadic latency was significantly increased (β = 433.990, 95% CI [234.159, 633.821], p < 0.001) compared

to controls. Similarly, saccade peak velocity was significantly reduced (β = -89.108, 95% CI [-236.967,

-58.751], p = 0.024), and saccade end time was significantly prolonged (β = 315.034, 95% CI [136.931,

493.138], p < 0.001) compared to controls.

In the reflexive saccade task, individuals with DLB exhibited significant impairments in both the horizontal

and vertical directions. In the horizontal direction, accuracy was significantly reduced (β = 306.446, 95% CI

[78.026, 534.867], p = 0.010), while saccade peak velocity was significantly reduced (β = -202.804, 95% CI

[-356.427, -49.182], p = 0.012) compared to controls. Average saccade velocity was significantly lower (β =

-457.793, 95% CI [-753.456, -162.131], p = 0.003) compared to controls. Saccade end time was higher in

the DLB group (β = 463.282, 95% CI [163.152, 763.412], p = 0.003) compared to controls. In the vertical
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direction, accuracy was significantly reduced (β = 169.147, 95% CI [7.706, 330.588], p = 0.043), while peak

saccade velocity was significantly reduced (β = -187.803, 95% CI [-350.163, -25.444], p = 0.026) compared

to controls. Additionally, saccadic end time was significantly increased (β = 482.219, 95% CI [283.922,

680.516], p < 0.001), and average saccade velocity was significantly lower (β = -67.587, 95% CI [-112.073,

-23.100], p = 0.004) compared to controls.

In the volitional saccade task, individuals with DLB exhibited significant impairments in both the horizontal

and vertical directions. In the horizontal direction, the total number of volitional saccades completed in the

horizontal direction was significantly reduced (β = -31.766, 95% CI [-63.103, -0.428], p = 0.040), compared

to controls. Additionally, accuracy was significantly decreased (β = 277.744, 95% CI [45.986, 509.502],

p = 0.021), compared to controls. The number of correct volitional saccades was significantly lower (β =

-37.837, 95% CI [-64.882, -10.791], p = 0.008), while saccadic amplitude was significantly reduced (β =

-8.097, 95% CI [-14.979, -1.214], p = 0.024), compared to controls. In the vertical direction accuracy was

decreased showing a significant difference (β = 116.585, 95% CI [23.469, 256.638], p = 0.011) compared to

controls. Additionally, the number of correct volitional saccades was significantly reduced (β = -19.932, 95%

CI [-43.690, -3.827], p = 0.010), and saccadic amplitude was significantly decreased (β = -4.864, 95% CI

[-10.370, -0.642], p = 0.047) compared to controls. Lastly the total number of volitional saccades completed

in the vertical direction was significantly reduced (β = -41.082, 95% CI [-69.137, -13.027], p = 0.005)

compared to controls.

In the memory-guided saccade task, individuals with DLB exhibited significant impairments in both the

horizontal and vertical directions. In the horizontal direction, the total number of memory guided saccades

completed was significantly reduced (β = -27.347, 95% CI [-56.916, -2.221], p = 0.044), compared to controls.

Additionally, accuracy was lower (β = 306.018, 95% CI [58.072, 553.965], p = 0.018), compared to controls.

Saccade amplitude was significantly lower (β = -12.091, 95% CI [-19.761, -4.420], p = 0.003) compared to

controls. Furthermore, both average saccade velocity (β = -95.288, 95% CI [-160.230, -30.345], p = 0.005)

and saccade peak velocity (β = -169.608, 95% CI [-309.026, -30.189], p = 0.020) were significantly reduced,

compared to controls. In the vertical direction, the total number of memory guided saccades completed

was significantly lower in DLB (β = -37.110, 95% CI [-65.047, -9.174], p = 0.011) compared to controls.

Accuracy was significantly reduced (β = 190.323, 95% CI [60.251, 320.396], p = 0.005) compared to controls.
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Additionally, both average saccade velocity (β = -74.301, 95% CI [-130.719, -17.884], p = 0.012) and peak

saccade velocity (β = -177.378, 95% CI [-350.159, -4.598], p = 0.048) were significantly reduced, compared

to controls.

4.4.6 Eye Movements in Atypical Cases

No significant differences were observed in the ATP group for the fixation task. Analyses of fixation precision,

stability, microsaccade and saccade frequency yielded p-values greater than 0.05, indicating that fixation

control in ATP remains comparable to that of healthy controls. In the positional fixation task, individuals with

ATP exhibited significant impairments in fixation precision across multiple trials. RMS precision measure

was significantly decreased in the up (β = 0.009, 95% CI [0.001, 0.019], p = 0.049), down (β = 0.016, 95%

CI [0.003, 0.030], p = 0.022), right (β = 0.012, 95% CI [0.001, 0.026], p = 0.043), and left (β = 0.017,

95% CI [0.003, 0.031], p = 0.020) positions, compared to controls. Additionally, SD precision measure was

significantly decreased in the upβB = 0.014, 95% CI [0.004, 0.032], p = 0.014), down (β = 0.025, 95% CI

[0.004, 0.046], p = 0.024), right (β = 0.020, 95% CI [0.000, 0.041], p = 0.041), and left (β = 0.034, 95% CI

[0.011, 0.057], p = 0.004) positions compared to controls.

No significant differences were observed in the ATP group for the pursuit task. Analyses of pursuit accuracy

and pursuit gain across all tested conditions, including horizontal, vertical, anticlockwise, and clockwise

directions at 0.2 Hz and 0.4 Hz, yielded p-values greater than 0.05.

In the oblique saccade task, individuals with ATP exhibited significant impairments in saccade amplitude,

velocity, accuracy, and error patterns. Saccadic amplitude at 4° was significantly reduced (β = -1.002, 95%

CI [-1.525, -0.480], p = 0.0003), as was saccade amplitude at 8° (β = -2.342, 95% CI [-3.231, -1.452],

p < 0.001) and at 10° (β = -2.909, 95% CI [-4.004, -1.815], p < 0.001), compared to controls. Saccade

velocity was also significantly lower in ATP, with peak saccade velocity reduced at 4° (β = -25.416, 95%

CI [-38.120, -12.713], p < 0.001), as well at 8° (β = -36.396, 95% CI [-53.737, -19.056], p < 0.001) and at

10° (β = -45.662, 95% CI [-64.950, -26.374], p < 0.001) compared to controls. Average saccade velocity

was also reduced at 4° (β = -63.508, 95% CI [-108.595, -18.422], p = 0.007), 8° (β = -99.046, 95% CI

[-153.089, -45.002], p < 0.001), and 10° (β = -105.680, 95% CI [-162.237, -49.123], p < 0.001) compared to
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controls. Accuracy deficits were evident, with reduced accuracy in the Y plane at 8° (β = 102.422, 95% CI

[48.083, 156.760], p < 0.001) and at 10° (β = 137.741, 95% CI [74.397, 201.086], p < 0.001) compared to

controls. Error analysis revealed significantly fewer correct oblique responses (β = -4.268, 95% CI [-7.550,

-0.987], p = 0.013), along with a reduction in hypometric saccades at 4° (β = -7.115, 95% CI [-12.079,

-2.151], p = 0.006), 8° (β = -11.400, 95% CI [-16.732, -6.068], p < 0.001), and 10° (β = -10.137, 95%

CI [-15.023, -5.251], p < 0.001), compared to controls. However, the number of hypermetric saccades at

4° (β = 7.358, 95% CI [2.365, 12.351], p = 0.005), 8° (β = 13.656, 95% CI [8.197, 19.115], p < 0.001),

and 10° (β = 12.859, 95 CI [7.765, 17.954], p < 0.001) errors was significantly increased, compared to controls.

In the antisaccade task, individuals with ATP exhibited significant impairments in both the horizontal and

vertical directions. In the horizontal direction, saccadic amplitude was significantly reduced (β = -4.473, 95%

CI [-5.885, -3.062], p < 0.001), along with a significant decrease in peak saccade velocity (β = -50.866, 95%

CI [-71.488, -30.243], p < 0.001) and average saccade velocity (β = -101.880, 95% CI [-159.255, -44.505], p

= 0.001) compared to controls. Additionally, ATP participants made significantly more antisaccade errors

(β = 3.972, 95% CI [0.775, 7.169], p = 0.017) and fewer correct responses (β = -4.002, 95% CI [-7.163,

-0.841], p = 0.015), compared to controls. In the vertical direction, ATP participants exhibited significantly

reduced saccadic amplitude (β = -3.797, 95% CI [-5.011, -2.584], p < 0.001) and saccade peak velocity (β =

-59.019, 95% CI [-77.244, -40.794], p < 0.001) compared to controls. Saccadic latency was significantly

increased (β = 117.492, 95% CI [19.224, 215.761], p = 0.022), compared to controls. Additionally, average

saccade velocity (β = -142.088, 95% CI [-214.799, -69.377], p < 0.001) was significantly lower, while saccade

end time was significantly prolonged (β = 146.741, 95% CI [59.158, 234.325], p = 0.002) compared to controls.

In the reflexive saccade task, individuals with ATP exhibited significant impairments in both the horizontal

and vertical directions. In the horizontal direction, peak saccade velocity was significantly reduced (β =

-24.509, 95% CI [-45.314, -3.705], p = 0.024), along with a significant decrease in saccadic amplitude (β =

-1.267, 95% CI [-2.464, -0.069], p = 0.041) compared to controls. The number of correct reflexive responses

was significantly lower (β = -7.745, 95% CI [-12.776, -2.715], p = 0.003), while the number of hypometric

saccades was significantly higher (β = 9.226, 95% CI [4.361, 14.091], p < 0.001), compared to controls. In

the vertical direction, ATP participants exhibited significantly decreased saccade accuracy (β = 102.831, 95%

CI [23.441, 182.220], p = 0.013), compared to controls. Additionally, peak saccade velocity was significantly
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reduced (β = -51.244, 95% CI [-73.120, -29.367], p < 0.001), while saccadic latency was significantly

increased (β = 112.613, 95% CI [15.099, 210.127], p = 0.026) compared to controls. Furthermore, average

saccade velocity was significantly lower (β = -127.143, 95% CI [-206.984, -47.301], p = 0.003), and saccade

end time was significantly prolonged (β = 151.074, 95% CI [60.637, 241.511], p = 0.002) compared to

controls. Additionally, ATP participants made significantly fewer correct responses (β = -6.505, 95% CI

[-10.828, -2.181], p = 0.004), while the number of hypometric saccades was significantly higher (β = 9.430,

95% CI [4.894, 13.965], p < 0.001) compared to controls.

In the volitional saccade task, individuals with ATP exhibited significant impairments in both the horizontal

and vertical directions. In the horizontal direction, the total number of volitional saccades was significantly

reduced (β = -20.581, 95% CI [-35.992, -5.171], p = 0.011), compared to controls. Additionally, accuracy

was significantly decreased (β = 1.228, 95% CI [0.758, 1.697], p < 0.001), compared to controls. Saccade

amplitude was significantly lower (β = -75.952, 95% CI [-150.056, -1.848], p = 0.048), compared to controls.

In the vertical direction, the total number of volitional saccades was significantly lower in ATP (β = -18.485,

95% CI [-32.281, -4.689], p = 0.010), compared to controls. Accuracy was significantly decreased (β =

79.051, 95% CI [10.179, 147.923], p = 0.027) compared to controls. Additionally, both the number of correct

saccades (β = -16.785, 95% CI [-28.468, -5.102], p = 0.006) and saccadic amplitude (β = -6.870, 95% CI

[-9.577, -4.162], p < 0.001) were significantly reduced, compared to controls. Furthermore, average saccade

velocity (β = -71.841, 95% CI [-101.097, -42.585], p < 0.001) and peak saccade velocity (β = -154.811, 95%

CI [-243.651, -65.971], p = 0.001) were significantly reduced, compared to controls.

In the memory-guided saccade task, individuals with ATP exhibited significant impairments in both the hori-

zontal and vertical directions. In the horizontal direction, the total number of memory guided saccades was

significantly reduced (β = -20.385, 95% CI [-34.925, -5.844], p = 0.007), compared to controls. Additionally,

saccadic steps was significantly increased (β = 1.596, 95% CI [1.089, 2.104], p < 0.001), compared to controls.

Saccade amplitude was significantly lower (β = -6.230, 95% CI [-10.002, -2.458], p = 0.002), compared to

controls. Furthermore, both average saccade velocity (β = -49.981, 95% CI [-81.917, -18.045], p = 0.003) and

peak saccade velocity (β = -96.266, 95% CI [-164.826, -27.706], p = 0.007) were significantly reduced, com-

pared to controls. In the vertical direction, total number of memory guided saccades was significantly lower in

ATP (β = -7.707, 95% CI [-21.445, -6.031], p = 0.027), compared to controls. Saccadic steps were increased,
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compared to controls(β = 0.587, 95% CI [0.257, 0.916], p < 0.001). Additionally, the number of correct

saccades was significantly reduced (β = -13.521, 95% CI [-21.794, -5.249], p = 0.002), while hypometric

saccades was significantly increased (β = 20.098, 95% CI [7.642, 32.554], p = 0.002), compared to controls.

Saccade amplitude was significantly lower (β = -7.776, 95% CI [-10.182, -5.370], p < 0.001) compared

to controls. Additionally, saccade end time was significantly prolonged (β = 1780.152, 95% CI [287.120,

3273.185], p = 0.022), peak saccade velocity (β = -161.405, 95% CI [-246.371, -76.439], p < 0.001) and aver-

age saccade velocity (β = -72.949359, 95% CI [-100.69, -45.205], p < 0.001) were lower compared to controls.

4.4.7 Composite Score

Hybrid-weighted composite z-scores were calculated for each ocular motor paradigm across five atypical

parkinsonian syndromes: ATP, CBS, DLB, MSA, and PSP. These scores were computed by combining

z-transformed effect sizes with weights derived from the product of p-values and confidence interval widths,

such that higher composite scores reflect a greater combination of statistical significance and precision. For

the ATP group, the highest composite scores were observed in memory-guided saccades horizontal (1.51),

memory-guided saccades vertical (1.18), antisaccades vertical (0.61), and antisaccades horizontal (0.58). In

the CBS group, central fixation yielded the highest score (0.69), followed by antisaccades horizontal (0.27),

memory-guided saccades vertical (0.18), and antisaccades vertical (0.12). In the DLB group, the highest

composite scores were found in antisaccades horizontal (1.78), antisaccades vertical (1.56), central fixation

(1.44), and memory-guided saccades horizontal (1.30). For the MSA group, the top scores were central

fixation (0.96), antisaccades vertical (0.70), and memory-guided saccades vertical (0.45). The PSP group

showed the highest composite scores in central fixation (1.63), antisaccades vertical (1.38), antisaccades

horizontal (1.16), memory-guided saccades vertical (0.78), and memory-guided saccades horizontal (0.55).

4.4.8 Timescale Analysis

PSP, MSA, CBS, ATP, and DLB groups did not show significant differences from controls in most conditions.

For reflexive saccades, none of these groups exhibited significant changes in either horizontal or vertical

residual velocity, with p-values well above 0.05. Similarly, for volitional saccades, these groups did not

display significant velocity changes. In memory-guided saccades, the MSA group showed a significant
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reduction in vertical residual velocity (p = 0.003), but all other groups did not show any significant differ-

ences in either horizontal or vertical residual velocity. These findings suggest that while iPD, GBA, and

LRRK2 mutations are associated with significant changes in saccadic velocity over time, other Parkinsonian

syndromes and related disorders show little to no significant variation in residual velocity compared to controls.

4.4.9 Saccadic Pursuit

For atypical Parkinsonian syndromes, the Shapiro-Wilk test results reveal a significant deviation from nor-

mality in saccade-related metrics, with W values consistently below 0.80 and p-values under 0.01 for all

conditions. These results suggest that saccadic impairments in atypical syndromes are highly variable,

potentially due to the differential impact of these disorders on ocular motor networks. CBS and PSP, which

frequently involve frontal and brainstem circuits critical for voluntary saccades, showed particularly skewed

distributions, indicating greater inter-individual variability. Given the severity of saccadic dysfunction in

atypical syndromes, the non-normal distribution may reflect a more abrupt or heterogeneous decline in ocular

motor control compared to idiopathic PD.
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Central Fixation Metrics in Atypical Parkinsonian Syndromes

Figure 77: Central Fixation Metrics in Atypical Parkinsonian Syndromes. Box plots show the median, interquartile range, and full range. Generalized
linear models were used to assess the effects of group, age, sex, and disease duration. Statistical significance was set at p < 0.05.
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Central Fixation Metrics in Atypical Parkinsonian Syndromes

Figure 78: Central Fixation Metrics in Atypical Parkinsonian Syndromes. Box plots show the median, interquartile range, and full range. Generalized
linear models were used to assess the effects of group, age, sex, and disease duration. Statistical significance was set at p < 0.05.
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Figure 79: Fixation Traces in Progressive Supranuclear Palsy. A)Large square wave jerks; B)Multi-step square wave jerks.
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Positional Fixation/ Nystagmus Metrics in Atypical Parkinsonian Syndromes

Figure 80: Positional Fixation/ Nystagmus Metrics in Atypical Parkinsonian Syndromes. Box plots show the median, interquartile range, and full
range. Generalized linear models were used to assess the effects of group, age, sex, and disease duration. Statistical significance was set at p < 0.05.
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Positional Fixation/ Nystagmus Metrics in Atypical Parkinsonian Syndromes

Figure 81: Positional Fixation/ Nystagmus Metrics in Atypical Parkinsonian Syndromes. Box plots show the median, interquartile range, and full
range. Generalized linear models were used to assess the effects of group, age, sex, and disease duration. Statistical significance was set at p < 0.05.
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Positional Fixation/ Nystagmus Metrics in Atypical Parkinsonian Syndromes

Figure 82: Positional Fixation/ Nystagmus Metrics in Atypical Parkinsonian Syndromes. Box plots show the median, interquartile range, and full
range. Generalized linear models were used to assess the effects of group, age, sex, and disease duration. Statistical significance was set at p < 0.05.
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Positional Fixation/ Nystagmus Metrics in Atypical Parkinsonian Syndromes

Figure 83: Positional Fixation/ Nystagmus Metrics in Atypical Parkinsonian Syndromes. Box plots show the median, interquartile range, and full
range. Generalized linear models were used to assess the effects of group, age, sex, and disease duration. Statistical significance was set at p < 0.05.
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Positional Fixation/ Nystagmus Metrics in Atypical Parkinsonian Syndromes

Figure 84: Positional Fixation/ Nystagmus Metrics in Atypical Parkinsonian Syndromes. Box plots show the median, interquartile range, and full
range. Generalized linear models were used to assess the effects of group, age, sex, and disease duration. Statistical significance was set at p < 0.05.
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Positional Fixation/ Nystagmus Metrics in Atypical Parkinsonian Syndromes

Figure 85: Positional Fixation/ Nystagmus Metrics in Atypical Parkinsonian Syndromes. Box plots show the median, interquartile range, and full
range. Generalized linear models were used to assess the effects of group, age, sex, and disease duration. Statistical significance was set at p < 0.05.
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Figure 86: Positional Fixation/ Nystagmus Traces in Multiple System Atrophy.
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Smooth Pursuit Metrics in Atypical Parkinsonian Syndromes

Figure 87: Smooth Pursuit Metrics in Atypical Parkinsonian Syndromes. Box plots show the median, interquartile range, and full range. Generalized
linear models were used to assess the effects of group, age, sex, and disease duration. Statistical significance was set at p < 0.05.
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Smooth Pursuit Metrics in Atypical Parkinsonian Syndromes

Figure 88: Smooth Pursuit Metrics in Atypical Parkinsonian Syndromes. Box plots show the median, interquartile range, and full range. Generalized
linear models were used to assess the effects of group, age, sex, and disease duration. Statistical significance was set at p < 0.05.
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Smooth Pursuit Metrics in Atypical Parkinsonian Syndromes

Figure 89: Smooth Pursuit Metrics in Atypical Parkinsonian Syndromes. Box plots show the median, interquartile range, and full range. Generalized
linear models were used to assess the effects of group, age, sex, and disease duration. Statistical significance was set at p < 0.05.
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Figure 90: Saccadic Pursuit Histogram in Atypical Parkinsonian Syndromes. Saccades grouped by amplitude.
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Figure 91: Saccadic Pursuit Histogram in Atypical Parkinsonian Syndromes. Saccades grouped by amplitude.
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Figure 92: Smooth Pursuit Trace in Corticobasal Syndrome. A) Horizontal pursuit at 0.4Hz
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Oblique Saccades Metrics in Atypical Parkinsonian Syndromes

Figure 93: Oblique Saccades Metrics in Atypical Parkinsonian Syndromes. Box plots show the median, interquartile range, and full range.
Generalized linear models were used to assess the effects of group, age, sex, and disease duration. Statistical significance was set at p < 0.05.
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Oblique Saccades Metrics in Atypical Parkinsonian Syndromes

Figure 94: Oblique Saccades Metrics in Atypical Parkinsonian Syndromes. Box plots show the median, interquartile range, and full range.
Generalized linear models were used to assess the effects of group, age, sex, and disease duration. Statistical significance was set at p < 0.05.
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Oblique Saccades Metrics in Atypical Parkinsonian Syndromes

Figure 95: Oblique Saccades Metrics in Atypical Parkinsonian Syndromes. Box plots show the median, interquartile range, and full range.
Generalized linear models were used to assess the effects of group, age, sex, and disease duration. Statistical significance was set at p < 0.05.
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Oblique Saccades Metrics in Atypical Parkinsonian Syndromes

Figure 96: Oblique Saccades Metrics in Atypical Parkinsonian Syndromes. Box plots show the median, interquartile range, and full range.
Generalized linear models were used to assess the effects of group, age, sex, and disease duration. Statistical significance was set at p < 0.05.

211



Oblique Saccades Metrics in Atypical Parkinsonian Syndromes

Figure 97: Oblique Saccades Metrics in Atypical Parkinsonian Syndromes. Box plots show the median, interquartile range, and full range.
Generalized linear models were used to assess the effects of group, age, sex, and disease duration. Statistical significance was set at p < 0.05.
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Figure 98: Oblique Saccades Trace in Progressive Supranuclear Palsy. Images from 10° targets at different positions on the screen; trajectories were
mapped using the position of the pupils. Curved trajectories suggest "round the houses" mechanism for oblique saccades in progressive supranuclear
palsy.
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Antisaccades Horizontal Metrics in Atypical Parkinsonian Syndromes

Figure 99: Antisaccades Horizontal Metrics in Atypical Parkinsonian Syndromes. Box plots show the median, interquartile range, and full range.
Generalized linear models were used to assess the effects of group, age, sex, and disease duration. Statistical significance was set at p < 0.05.
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Antisaccades Horizontal Metrics in Atypical Parkinsonian Syndromes

Figure 100: Antisaccades Horizontal Metrics in Atypical Parkinsonian Syndromes. Box plots show the median, interquartile range, and full range.
Generalized linear models were used to assess the effects of group, age, sex, and disease duration. Statistical significance was set at p < 0.05.
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Antisaccades Vertical Metrics in Atypical Parkinsonian Syndromes

Figure 101: Antisaccades Vertical Metrics in Atypical Parkinsonian Syndromes. Box plots show the median, interquartile range, and full range.
Generalized linear models were used to assess the effects of group, age, sex, and disease duration. Statistical significance was set at p < 0.05.
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Antisaccades Vertical Metrics in Atypical Parkinsonian Syndromes

Figure 102: Antisaccades Vertical Metrics in Atypical Parkinsonian Syndromes. Box plots show the median, interquartile range, and full range.
Generalized linear models were used to assess the effects of group, age, sex, and disease duration. Statistical significance was set at p < 0.05.
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Figure 103: Antisaccades Trace in Multiple System Atrophy.A) Correct antisaccade; B) Self corrected error in antisaccade.
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Reflexive Saccades Horizontal Metrics in Atypical Parkinsonian Syndromes

Figure 104: Reflexive Saccades Horizontal Metrics in Atypical Parkinsonian Syndromes. Box plots show the median, interquartile range, and full
range. Generalized linear models were used to assess the effects of group, age, sex, and disease duration. Statistical significance was set at p < 0.05.
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Reflexive Saccades Horizontal Metrics in Atypical Parkinsonian Syndromes

Figure 105: Reflexive Saccades Horizontal Metrics in Atypical Parkinsonian Syndromes. Box plots show the median, interquartile range, and full
range. Generalized linear models were used to assess the effects of group, age, sex, and disease duration. Statistical significance was set at p < 0.05.
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Reflexive Saccades Vertical Metrics in Atypical Parkinsonian Syndromes

Figure 106: Reflexive Saccades Vertical Metrics in Atypical Parkinsonian Syndromes. Box plots show the median, interquartile range, and full
range. Generalized linear models were used to assess the effects of group, age, sex, and disease duration. Statistical significance was set at p < 0.05.
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Reflexive Saccades Vertical Metrics in Atypical Parkinsonian Syndromes

Figure 107: Reflexive Saccades Vertical Metrics in Atypical Parkinsonian Syndromes. Box plots show the median, interquartile range, and full
range. Generalized linear models were used to assess the effects of group, age, sex, and disease duration. Statistical significance was set at p < 0.05.
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Figure 108: Hypometric Saccades in Atypical Parkinsonian Syndromes. A) Hypometric Saccades in Progressive Supranuclear Palsy; B) Hypometric
Saccades in Corticobasal Syndrome.;
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Timescale Analysis of Reflexive Saccades in Atypical Parkinsonian Syndromes

Figure 109: Timescale Analysis of Reflexive Saccades in Atypical Parkinsonian Syndromes. Residual velocity calculated through the main sequence
effect.
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Timescale Analysis of Reflexive Saccades in Atypical Parkinsonian Syndromes

Figure 110: Timescale Analysis of Reflexive Saccades in Atypical Parkinsonian Syndromes. Residual velocity calculated through the main sequence
effect.
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Volitional Saccades Horizontal Metrics in Atypical Parkinsonian Syndromes

Figure 111: Volitional Saccades Horizontal Metrics in Atypical Parkinsonian Syndromes. Box plots show the median, interquartile range, and full
range. Generalized linear models were used to assess the effects of group, age, sex, and disease duration. Statistical significance was set at p < 0.05.
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Volitional Saccades Horizontal Metrics in Atypical Parkinsonian Syndromes

Figure 112: Volitional Saccades Horizontal Metrics in Atypical Parkinsonian Syndromes. Box plots show the median, interquartile range, and full
range. Generalized linear models were used to assess the effects of group, age, sex, and disease duration. Statistical significance was set at p < 0.05.
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Volitional Saccades Vertical Metrics in Atypical Parkinsonian Syndromes

Figure 113: Volitional Saccades Vertical Metrics in Atypical Parkinsonian Syndromes. Box plots show the median, interquartile range, and full
range. Generalized linear models were used to assess the effects of group, age, sex, and disease duration. Statistical significance was set at p < 0.05.
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Volitional Saccades Vertical Metrics in Atypical Parkinsonian Syndromes

Figure 114: Volitional Saccades Vertical Metrics in Atypical Parkinsonian Syndromes. Box plots show the median, interquartile range, and full
range. Generalized linear models were used to assess the effects of group, age, sex, and disease duration. Statistical significance was set at p < 0.05.
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Timescale Analysis of Volitional Saccades in Atypical Parkinsonian Syndromes

Figure 115: Timescale Analysis of Volitional Saccades in Atypical Parkinsonian Syndromes. Residual velocity calculated through the main sequence
effect.
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Timescale Analysis of Volitional Saccades in Atypical Parkinsonian Syndromes

Figure 116: Timescale Analysis of Volitional Saccades in Atypical Parkinsonian Syndromes. Residual velocity calculated through the main sequence
effect.
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Memory Guided Saccades Horizontal Metrics in Atypical Parkinsonian Syndromes

Figure 117: Memory Guided Saccades Horizontal Metrics in Atypical Parkinsonian Syndromes.
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Memory Guided Saccades Horizontal Metrics in Atypical Parkinsonian Syndromes
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Figure 118: Memory Guided Saccades Horizontal Metrics in Atypical Parkinsonian Syndromes.Box plots show the median, interquartile range,
and full range. Generalized linear models were used to assess the effects of group, age, sex, and disease duration. Statistical significance was set at p <
0.05.
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Memory Guided Saccades Vertical Metrics in Atypical Parkinsonian Syndromes

Figure 119: Memory Guided Saccades Vertical Metrics in Atypical Parkinsonian Syndromes. Box plots show the median, interquartile range, and
full range. Generalized linear models were used to assess the effects of group, age, sex, and disease duration. Statistical significance was set at p < 0.05.
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Memory Guided Saccades Vertical Metrics in Atypical Parkinsonian Syndromes

Figure 120: Memory Guided Saccades Vertical Metrics in Atypical Parkinsonian Syndromes. Box plots show the median, interquartile range, and
full range. Generalized linear models were used to assess the effects of group, age, sex, and disease duration. Statistical significance was set at p < 0.05.
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Timescale Analysis of Memory Guided Saccades in Atypical Parkinsonian Syndromes

Figure 121: Timescale Analysis of Memory Guided Saccades in Atypical Parkinsonian Syndromes. Residual velocity calculated through the main
sequence effect.
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Timescale Analysis of Memory Guided Saccades in Atypical Parkinsonian Syndromes

Figure 122: Timescale Analysis of Memory Guided Saccades in Atypical Parkinsonian Syndromes. Residual velocity calculated through the main
sequence effect.
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Figure 123: Spider Plot of Ocular Motor Paradigms in Atypical Parkinsonian Syndromes. Composite score calculated using statistical outputs;
higher composite scores indicate higher level of significance.
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4.5 Discussion

Understanding ocular motor dysfunction in atypical parkinsonian syndromes provides a unique window into

the neural mechanisms underlying these complex disorders, offering both potential diagnostic biomarkers

and insights into disease progression. Unlike PD, which primarily affects the dopaminergic pathways of the

BG, atypical parkinsonian syndromes involve widespread neurodegeneration across cortical, subcortical, and

brainstem structures. This results in distinct patterns of eye movement impairment. In this study, fixation

stability, smooth pursuit, and multiple saccadic paradigms—including antisaccades, reflexive, oblique,

volitional, and memory-guided saccades—were systematically evaluated in individuals with PSP, CBS,

MSA, DLB, and atypical parkinsonian cases. The results revealed divergent ocular motor profiles across

these syndromes, reflecting disease-specific impairments in key neural circuits such as the SC, FEF, SEF,

cerebellum, and output pathways of the BG. These findings contribute to the growing body of literature on

eye movement dysfunction in atypical parkinsonian syndromes and emphasize the clinical utility of ocular

motor testing. Given its non-invasive nature and sensitivity to functional changes in neurodegenerative

disease, eye-tracking may serve as an objective tool for differential diagnosis, disease monitoring, and future

biomarker development.

Fixation stability is a fundamental ocular motor function that relies on coordinated activity across cortical,

subcortical, and brainstem structures, including the SC, cerebellum, BG, and frontal-parietal eye fields

(Robert H. Wurtz 2008). The impairments observed across PSP, CBS, MSA, DLB, and ATP suggest distinct

underlying pathophysiologies affecting different neural circuits involved in fixation control.

While PSP, CBS, and MSA exhibited specific impairments in fixation stability and intrusive saccades, DLB

and ATP were marked by increased fixation variability, reflecting broader cortical-subcortical dysfunction.

PSP demonstrated severe fixation instability, characterized by a significant increase in large SWJs, intrusive

saccades, and total saccade count. Notably, small SWJs and microsaccades remained unaffected, suggesting

dysfunction in large gaze-holding mechanisms rather than micro-fixational control. This aligns with PSP’s

known pathology involving degeneration of the midbrain and SC, regions critical for saccade suppression

and fixation control (Righini et al. 2004; Hanes and Robert H. Wurtz 2001).

The increased frequency of large intrusive saccades in PSP likely reflects impaired inhibitory control from

the BG and SC hyperactivity (N. M. Warren et al. 2007; Shaikh, Factor and Juncos 2017). Normally, the
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SNpr exerts tonic inhibition on the SC to regulate reflexive saccade generation (Kojima, Koketsu and May

2023). In PSP, tau-related neurodegeneration in the SNpr leads to SC disinhibition, resulting in increased

spontaneous saccades. This may also account for the premature saccade initiation and gaze-holding deficits

observed in PSP (Shaikh and David S. Zee 2018). Interestingly, pupil size and fixation precision remained

preserved in PSP, contrasting with DLB and CBS, where increased fixation variability was observed. This

suggests that PSP-related ocular motor dysfunctions are primarily driven by SC and brainstem circuitry, rather

than the broader cortical degeneration seen in DLB and CBS.

In the positional fixation task, PSP exhibited an increased frequency of large SWJs and intrusive saccades

across all gaze positions (up, down, left, right), confirming that fixation instability in PSP is not direction-

ally selective. This supports previous findings indicating that midbrain atrophy disrupts both vertical and

horizontal saccadic control (J. Lemos et al. 2017; Gorges, Pinkhardt and Kassubek 2014). The presence of

intrusive saccades also suggests impaired regulation from the cerebellar fastigial nucleus, contributing further

to fixation instability (M. Yu and S.-M. Wang 2020).

CBS showed a distinct fixation profile, with increased microsaccades and small SWJs, along with elevated

fixation variability measured by RMS and SD. This pattern is consistent with impaired cortical modulation

of fixation stability due to frontal and parietal degeneration (J. Y. Lee et al. 2009). The FEF and DLPFC are

crucial for suppressing inappropriate saccades and maintaining steady gaze (Cameron, Riddle and D’Esposito

2015). In CBS, degeneration in these areas likely weakens top-down control, resulting in excessive microsac-

cade generation. Interestingly, CBS did not exhibit significant deficits in positional fixation, suggesting that

fixation instability is more evident during central fixation. This may reflect a breakdown in sustained gaze

maintenance, rather than SC-mediated reflexive control as seen in PSP and MSA. The absence of positional

fixation impairments thus helps distinguish CBS from PSP.

MSA presented a markedly different fixation profile. Central fixation was preserved, indicating intact baseline

gaze stability. However, significant increases in large intrusive saccades were observed in positional fixation

tasks across all gaze directions. This pattern suggests that cerebellar degeneration in MSA—particularly

affecting the ocular motor vermis and FN—impairs the ability to maintain eccentric gaze positions (Lal

and Truong 2019; Manto et al. 2012). The cerebellum plays a critical role in stabilizing gaze during po-
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sitional fixation, and its dysfunction in MSA aligns with clinical cerebellar ataxia and associated ocular

motor instability (S. Ren et al. 2019). In contrast to PSP and CBS, which affect central fixation, MSA’s fixa-

tion impairments appear to arise from cerebellar dysfunction during more challenging gaze-holding conditions.

DLB demonstrated marked fixation instability across both central and positional tasks, primarily reflected

by increased variability (RMS and SD), rather than increased saccadic intrusions. This suggests that DLB

individuals struggle to maintain steady gaze, potentially due to widespread cortical involvement rather than

discrete motor dysfunction. The PPC and visual association areas—commonly affected in DLB byα-synuclein

pathology—play essential roles in visuospatial integration and gaze stability (Taylor et al. 2012; J. F. Stein

2023). Degeneration in these areas, along with widespread cholinergic dysfunction, likely contributes to

impaired cortical modulation of the SC and brainstem circuits (Okkels et al. 2024; Segovia, Górriz et al. 2019).

Notably, fixation precision was impaired across all gaze directions, highlighting diffuse cortical-subcortical

dysfunction.

ATP participants did not show central fixation impairments. However, in positional fixation, ATP individuals

exhibited significantly increased variability (RMS and SD) across multiple trials. This suggests that fixation

instability in ATP may be more subtle and emerge primarily under higher task demands. The pattern of

variability suggests that cognitive factors, such as attentional control or executive function, may contribute

more strongly to fixation instability in ATP than motor dysfunction alone.

Smooth pursuit eye movements require precise coordination of cortical, subcortical, and cerebellar networks

to enable continuous tracking of a moving target. The FEF, MT and MST cortices, BG, SC, brainstem burst

neurons, and cerebellum all contribute to pursuit generation and stabilization (Ono). Disruptions within

these circuits can lead to impaired gaze tracking, as seen in atypical parkinsonian syndromes such as PSP,

CBS, MSA, DLB, and atypical parkinsonism.

Unlike idiopathic PD, where pursuit deficits are typically mild and uniform, atypical parkinsonian syndromes

exhibit distinct impairments in pursuit accuracy, velocity gain, and compensatory saccades—each reflecting

syndrome-specific neural dysfunction. PSP demonstrated the most severe pursuit impairments across all

directions, including elevated RMSE gaze error and reduced velocity gain, particularly during vertical pursuit.
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This is consistent with PSP’s hallmark midbrain degeneration (Buch et al. 2022). The SC and riMLF play

essential roles in stabilizing gaze and generating vertical movements (Kato, Arai and T. Hattori 2003). Neuro-

degeneration in these regions leads to disinhibition of the SC, resulting in excessive intrusive saccades and

poor fixation stability, as confirmed by the abundance of large corrective saccades, greater than 5°, observed

in amplitude distribution analyses. The riMLF’s role in vertical pursuit explains the disproportionately greater

deficits observed in PSP for vertical tracking, distinguishing it from PD, where vertical pursuit is generally

preserved (J. Lemos et al. 2017).

CBS also exhibited severe pursuit impairments, albeit with greater variability across individuals compared

to PSP. While PSP-related deficits stem from midbrain pathology, CBS-related pursuit dysfunction likely

arises from cortical degeneration in the frontal and parietal lobes, affecting top-down control of smooth

tracking (Constantinides et al. 2019). The PPC and FEF are responsible for integrating visual motion cues

and suppressing erroneous corrective saccades (Baltaretu et al. 2020). In CBS, damage to these areas results

in erratic gaze shifts, frequent microsaccades, and variability in saccadic amplitude. Some CBS individuals

generated excessive small corrective saccades (<2°), while others exhibited large gaze shifts (>5°), highlight-

ing the asymmetric and heterogeneous nature of CBS-related cortical dysfunction (Jennifer L. Whitwell,

Graff-Radford et al. 2017).

In contrast, MSA showed more selective impairments, with deficits predominantly in circular pursuit at 0.4

Hz and relatively preserved horizontal and vertical tracking. This pattern corresponds with known cerebellar

involvement in MSA, where degeneration disrupts the cerebellum’s role in pursuit gain modulation and

trajectory smoothing (Ortiz et al. 2020). The oculomotor vermis and fastigial nucleus fine-tune pursuit

velocity to accommodate target motion changes (Helmchen, Machner et al. 2022). In MSA, cerebellar atrophy

weakens these mechanisms, resulting in increased pursuit error and a reliance on small-amplitude corrective

saccades. Unlike PSP and CBS, where large saccades are common, MSA pursuit errors are subtler and more

uniformly distributed, supporting the view of a cerebellar-mediated ocular motor instability. Notably, the

greater deficits in circular pursuit over linear directions suggest that cerebellar dysfunction in MSA primarily

affects complex, velocity-dependent adjustments.

DLB individuals showed pursuit impairments primarily at 0.4 Hz in horizontal and vertical directions, while

243



circular pursuit remained relatively intact. Unlike the other subtypes, DLB did not exhibit frequent large

corrective saccades. Instead, deficits were characterized by poor gaze stability and high RMSE error, pointing

toward impaired visuospatial processing rather than primary motor dysfunction. The PPC and lateral occipital

cortex, often affected in DLB due to α-synuclein pathology, play a central role in visuospatial attention and

pursuit tracking (T. Yousaf et al. 2019; Hinkley et al. 2009). Furthermore, cholinergic deficits in DLB impair

sustained visual attention, further contributing to unstable pursuit (Sarter, Givens and Bruno 2001). The

absence of large compensatory saccades, despite significant tracking error, suggests that pursuit impairments

in DLB stem more from cognitive-perceptual dysfunction than from failures in ocular motor execution.

ATP exhibited high inter-individual variability in pursuit performance. Some participants demonstrated

significant tracking deficits with frequent large corrective saccades, while others displayed relatively preserved

pursuit. This variability indicates that ATP encompasses a spectrum of underlying pathologies resembling

PSP-, CBS-, or MSA-like presentations. The broad distribution of saccade amplitudes and RMSE errors in

ATP underscores its heterogeneous nature and the need for refined subtyping within this clinical category.

Overall, smooth pursuit abnormalities in atypical parkinsonian syndromes reflect the distributed, syndrome-

specific nature of neural degeneration—ranging from midbrain dysfunction in PSP to cortical breakdown in

CBS and cerebellar degradation in MSA. These distinct pursuit signatures provide a valuable foundation for

future diagnostic stratification using ocular motor biomarkers.

The findings from the antisaccades paradigms found deficits across all conditions, each reflecting syndrome-

specific ocular motor profiles. PSP exhibited the most pronounced vertical antisaccade impairment, consistent

with its characteristic vertical supranuclear gaze palsy due to early degeneration of midbrain structures,

including the riMLF and interstitial nucleus of Cajal (S. Rivaud-Péchoux et al. 2007; A. L. Chen et al.

2010). PSP individuals showed hypometric or slowed vertical antisaccades and frequent reflexive errors, with

horizontal antisaccades being comparatively less impaired, suggesting a directional asymmetry. In contrast,

MSA displayed relatively symmetric antisaccade performance, with preserved vertical eye movements and

only mildly prolonged latencies. This aligns with the absence of supranuclear gaze palsy in MSA, where

ocular motor control is typically spared due to limited involvement of vertical gaze centers and largely intact

FEF (Brooks et al. 2017). CBS showed impaired initiation and accuracy in both directions, with prolonged

antisaccade latencies linked to dysfunction within the fronto-parietal network, including the DLPFC and
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posterior parietal cortex, which support voluntary saccade generation (Parmera et al. 2016; Heidi C Riek

et al. 2023). However, vertical range was preserved, distinguishing CBS from PSP. DLB was characterized

by bilateral antisaccade impairment without a vertical–horizontal discrepancy. Latencies were prolonged

and error rates high, likely due to executive dysfunction from cortical Lewy body pathology affecting the

prefrontal cortex, alongside generalized saccadic slowing from parkinsonian bradykinesia (Mosimann et al.

2005; Garcia-Esparcia et al. 2017). Importantly, DLB individuals retained full vertical range, contrasting with

PSP. These syndrome-specific patterns can enhance early differentiation of atypical parkinsonian syndromes.

Markedly impaired vertical antisaccades with preserved horizontals are a key indicator for PSP. In contrast,

symmetric slowing with preserved vertical saccades points to MSA or DLB. High antisaccade error rates in

both PSP and DLB reflect frontal executive dysfunction, but only PSP shows associated vertical gaze palsy

(D. R. Williams, De Silva et al. 2005; Mosimann et al. 2005). If CBS present with severe vertical antisaccade

deficits, underlying PSP pathology could be considered.

Oblique saccades involve the coordinated activation of both horizontal and vertical eye movement systems,

requiring precise integration of signals from the SC, cerebellum, brainstem burst neurons, and cortical ocular

motor control regions (Mayu Takahashi et al. 2022). Disruption of these pathways can lead to misdirected,

delayed, or inaccurate oblique saccades, as observed across atypical parkinsonian syndromes. The findings

from this study highlight distinct syndrome-specific impairments in oblique saccade generation, further

differentiating PSP, CBS, MSA, DLB, and ATP.

PSP exhibited pronounced deficits in oblique saccade accuracy, amplitude, and latency, with impairments

worsening at higher eccentricities (4°, 8°, and 10°). These deficits reflect PSP’s characteristic midbrain

pathology, which disrupts the integration of vertical and horizontal saccadic components (J. Lemos et al.

2017). Interestingly, PSP individuals often demonstrated hypermetric oblique saccades, in contrast to the

hypometric horizontal and vertical saccades typically observed in PD. This directional shift in error patterns

aligns with the characteristic “round-the-houses” and “zig-zag” trajectories in PSP, where saccades deviate

from the direct path and exhibit looping or stair-step patterns (Termsarasab et al. 2015; Fearon et al. 2020).

These hypermetric errors suggest instability in the SC-mediated vector summation process, which normally

balances horizontal and vertical saccade components to produce accurate oblique movements (D. Li et al.

2024). In addition, dysfunction in the fastigial oculomotor region of the cerebellum impairs mid-course
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trajectory corrections, resulting in increased positional variability in both X and Y axes (Guerrasio et al. 2010).

In contrast, CBS did not show significant impairments in oblique saccades at any eccentricity, suggesting

relatively intact brainstem and SC-mediated circuits. This contrasts with the cortical-driven deficits in

voluntary saccades and smooth pursuit observed in CBS. The preserved oblique saccade performance further

supports the notion that CBS is primarily a cortical syndrome affecting motor planning rather than subcortical

or brainstem execution pathways, offering an important diagnostic distinction from PSP.

MSA displayed moderate impairments in oblique saccades, specifically reduced saccade amplitude at 8° and

10°, with relatively normal performance at 4°. This amplitude-dependent decline suggests that cerebellar

degeneration in MSA disrupts gain modulation during larger saccades, consistent with cerebellar ocular

motor ataxia. Unlike PSP, where saccades are typically hypermetric, MSA showed progressive hypometria,

in line with dysfunction of the oculomotor vermis and fastigial nucleus, which fine-tune saccadic amplitude

and precision (Helmchen, Pohlmann et al. 2012). The relative preservation of smaller oblique saccades in

MSA implies that early cerebellar dysfunction selectively affects higher amplitude saccades that demand

more precise calibration.

DLB exhibited substantial impairments in oblique saccade timing, accuracy, and velocity, particularly at

higher eccentricities. Individuals showed prolonged latencies and extended saccade durations, with in-

creased horizontal error margins and positional variability. Unlike PSP, where errors were hypermetric

and stereotyped, DLB’s impairments appeared more variable and spatially diffuse. These findings suggest

disruptions in visuospatial processing, rather than motor execution per se. The PPC and lateral occipital

cortex—regions heavily impacted by α-synuclein pathology in DLB—are critical for spatial localization

and saccade planning (Taylor et al. 2012; Cheviet, Pisella and Pélisson 2021). Delayed saccade initiation

and prolonged execution in DLB align with clinical features such as bradyphrenia and attentional disen-

gagement, indicating a cognitive rather than purely motor origin for oblique saccade deficits (Rafal et al. 1984).

ATP individuals demonstrated widespread and heterogeneous impairments across all eccentricities. These

included reduced saccade amplitude, decreased peak velocity, and impaired accuracy, with error patterns

shifting between hypometria and hypermetria. This variability suggests that ATP encompasses mixed patho-
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logies, including PSP-like midbrain dysfunction, MSA-like cerebellar deficits, and DLB-like visuospatial

impairments. Increased positional variability, particularly in the Y-direction, further indicates vertical saccade

instability, potentially reflecting early midbrain or brainstem involvement. However, unlike classic PSP,

vertical saccadic slowing was less severe or consistent.

Compared to idiopathic PD, where oblique saccades are typically preserved and hypometria is mild and

uniform due to basal ganglia dysfunction, atypical parkinsonian syndromes demonstrate pronounced, direction-

specific impairments. These findings reflect broader and more complex neurodegenerative processes. PSP is

characterized by hypermetric, unstable oblique saccades driven by midbrain atrophy and SC disinhibition.

MSA demonstrates progressive hypometria at larger amplitudes due to cerebellar gain adaptation failure.

DLB presents with prolonged latency and high spatial variability linked to visuospatial network degeneration.

ATP, with its diverse impairments, further underscores the need for refined diagnostic stratification using

detailed ocular motor profiling.

PSP exhibited severe reflexive saccade impairments in both horizontal and vertical directions, marked by

significantly reduced saccade amplitude, velocity, and accuracy, alongside prolonged latencies. Notably,

vertical reflexive saccades were more severely affected than horizontal ones—a hallmark of PSP—reflecting

midbrain degeneration involving the riMLF and SC (Sequeira, Rizzo and Rucker 2017; Vinny and Lal 2016).

The high proportion of hypometric saccades suggests insufficient saccadic drive, likely due to disrupted

burst neuron activity within the PPRF and mesencephalic reticular formation (Walton and Freedman 2014).

This is consistent with the characteristic “staircase” saccade pattern and vertical gaze palsy observed in PSP,

wherein individuals require multiple small corrective saccades to reach the intended target (R. Schneider

et al. 2011). Additionally, impaired SC suppression mechanisms may underlie erratic saccadic behavior

and reduced spatial precision (Pin et al. 2023). These features clearly differentiate PSP from other atypical

parkinsonian syndromes such as CBS and MSA, where reflexive saccade deficits are either milder or follow

different trajectories of dysfunction.

CBS demonstrated selective impairments in vertical reflexive saccades, with reduced correct response rates

and increased hypometria. Unlike PSP, which showed profound impairments across both axes, CBS impair-

ments were more localized to vertical saccades, reflecting asymmetric cortical degeneration rather than
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brainstem dysfunction (Aiba et al. 2023). Degeneration in the PPC and SEF likely impairs visuomotor

coordination and spatial mapping, contributing to increased undershooting and reduced spatial accuracy

(W. Ma et al. 2022). Importantly, the absence of significant horizontal impairments further distinguishes

CBS from PSP and MSA, where reflexive saccades are broadly impaired.

MSA exhibited moderate but widespread reflexive saccade abnormalities, with decreased amplitude, velocity,

and accuracy across both horizontal and vertical directions. Unlike PSP, where vertical impairments dominate,

MSA showed a more balanced impairment profile, consistent with diffuse cerebellar and brainstem pathology.

Dysfunction in the fastigial nucleus and oculomotor vermis of the cerebellum likely contributes to hypometric

saccades, increased latency, and prolonged end times (Kojima, Soetedjo and Albert F. Fuchs 2010). These

prolonged saccadic responses mirror the bradykinetic features of MSA, particularly in the MSA-C subtype

(David S. Zee et al. 1976). The increased rate of hypometric saccades supports impaired gain adaptation, a

common marker of cerebellar ataxia and brainstem dysfunction (Jensen, Sinem Balta Beylergil and Shaikh

2019). The profile of reflexive saccade impairments in MSA is thus distinct from PSP, with more modest

velocity reductions and less directional asymmetry.

DLB showed global reflexive saccade dysfunction, including prolonged latencies, reduced velocities, and poor

spatial accuracy in both directions. This uniform impairment pattern differs from PSP’s vertical predominance

or CBS’s parietal asymmetry, indicating a more cortical-subcortical origin. The PPC and BG, which are

affected by α-synuclein pathology in DLB, are essential for reflexive saccade planning and execution (Nimmo

et al. 2020; Hikosaka, Takikawa and Kawagoe 2000). The extended saccadic latencies likely reflect cognitive

slowing and attentional disengagement, rather than pure motor impairment (Bradshaw et al. 2006). DLB

individuals also exhibited significant reductions in saccade accuracy, which aligns with previous findings

linking saccadic instability to visuospatial processing deficits and posterior cortical atrophy (Shakespeare

et al. 2015). The absence of a high hypometric error rate (as seen in PSP and MSA) further suggests that

DLB’s reflexive saccade impairments stem primarily from cortical visuospatial dysfunction.

ATP individuals exhibited a heterogeneous profile, encompassing impairments in amplitude, velocity, latency,

and accuracy. The presence of increased hypometric errors and prolonged latencies suggests combined

dysfunction across multiple neural systems, including brainstem burst neurons, cerebellar gain circuits, and
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cortical visuomotor networks. Unlike PSP, where vertical deficits predominate, or MSA, where hypometria

is cerebellar-driven, ATP individuals showed balanced impairments across directions. This likely reflects the

syndromic heterogeneity of ATP, which may include undiagnosed or evolving forms of PSP, MSA, or DLB.

Future stratification of ATP subtypes based on ocular motor characteristics may aid in better classification

and early diagnosis of these individuals.

PSP exhibited severe impairments in volitional saccade execution, characterized by reduced saccade amp-

litude, slower velocities, and an increased number of saccadic steps (i.e., multiple corrective saccades required

to reach the target). Notably, PSP individuals made significantly fewer correct volitional saccades, particularly

in the vertical direction, highlighting midbrain-driven deficits in voluntary gaze control. The SC, FEF, and

SEF are all significantly affected in PSP, resulting in poor inhibitory control, excessive saccadic fragmentation,

and increased hypometric errors (Lal and Truong 2019; Jensen, Sinem Balta Beylergil and Shaikh 2019;

Shaikh and David S. Zee 2018). The increased number of saccadic steps aligns with the “staircase” saccade

patterns commonly observed in PSP, where individuals struggle to produce single large gaze shifts and instead

rely on a series of small-amplitude corrections (B. Chen et al. 2023; R. M. Schneider et al. 2013). These

features clearly distinguish PSP from CBS and MSA, where volitional saccades are either relatively preserved

or exhibit distinct error profiles.

In contrast to PSP, CBS showed no significant differences from healthy controls in volitional saccade metrics,

suggesting that voluntary saccade control remains relatively preserved. This is somewhat unexpected given

CBS-associated degeneration in cortical ocular motor regions such as the FEF, PPC, and DLPFC, all of

which contribute to top-down control of volitional saccades (Burrell et al. 2014; McDowell, Dyckman et al.

2008). One possible explanation is that CBS-related deficits manifest more prominently in antisaccade and

reflexive saccade tasks, where sensory-motor integration and inhibitory control play larger roles. The relative

preservation of volitional saccades helps differentiate CBS from PSP and DLB, where impairments are more

global.

MSA demonstrated moderate volitional saccade deficits, particularly an increased proportion of hypermetric

(overshooting) saccades. Unlike the hypometric saccades seen in PSP due to midbrain dysfunction, MSA’s

hypermetric errors likely result from cerebellar degeneration—specifically impaired saccadic gain regulation

249



in the fastigial nucleus and oculomotor vermis (Inomata-Terada et al. 2023; Kojima, Soetedjo and Albert F.

Fuchs 2010). The cerebellum is crucial for fine-tuning saccade amplitude, and its dysfunction in MSA may

lead to excessive gaze shifts and overshooting of targets (Manto et al. 2012). Despite this, other volitional

saccade parameters such as latency and velocity were relatively preserved, suggesting milder ocular motor

dysfunction compared to PSP and DLB.

DLB exhibited widespread volitional saccade impairments, including reduced amplitude, slower velocities, in-

creased endpoint variability, and fewer executed saccades across both horizontal and vertical axes. Unlike PSP,

where the impairments are motoric in origin, DLB-related deficits are likely due to higher-order dysfunction

in visuospatial processing and executive control, consistent with posterior cortical atrophy and α-synuclein

pathology affecting the PPC and precuneus (Jennifer L. Whitwell, Graff-Radford et al. 2017). The increased

endpoint variability suggests that DLB individuals struggle with spatial localization and target acquisition.

Furthermore, the reduction in saccade frequency reflects cognitive slowing and attentional disengagement,

differentiating DLB from PSP and MSA, where impairments are driven more by motor execution pathways.

ATP individuals exhibited a combination of volitional saccade impairments observed in PSP, MSA, and DLB,

including reduced saccade amplitude, slower velocities, increased endpoint variability, and fewer correct

responses. The mixed presentation—ranging from PSP-like hypometria to MSA-like hypermetria—suggests

that ATP encompasses a heterogeneous set of ocular motor pathologies. This supports the hypothesis that

ATP includes underlying cases of unclassified PSP, MSA, or DLB phenotypes. The diffuse deficits across

amplitude, velocity, and accuracy highlight dysfunction across multiple neural systems, including midbrain

ocular motor circuits, cerebellar gain control pathways, and frontoparietal networks involved in motor planning.

In contrast to idiopathic PD, where volitional saccade deficits are typically mild and limited to increased

latency and slight hypometria due to basal ganglia dysfunction, APS subtypes display more severe and varied

impairments. PSP is marked by fragmented, hypometric, staircase-like saccades; MSA by cerebellar-driven

hypermetria; DLB by cognitive-executive dysfunction and endpoint inaccuracy; and ATP by a heterogeneous

combination of features. These findings underscore the diagnostic utility of volitional saccade testing for dif-

ferentiating between APS subtypes and PD, and for identifying syndrome-specific neural circuit impairments.
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PSP exhibited severe deficits in memory-guided saccade performance, characterised by increased saccadic

steps, reduced accuracy, hypometric errors, and a lower number of correct responses in both horizontal and

vertical directions. The substantially reduced saccade amplitude and velocity suggest impaired voluntary

saccade initiation and execution, driven by dysfunction in the SC, FEF, and BG. The SC plays a key role

in maintaining the spatial representation of saccadic targets, while the FEF and SEF are responsible for

motor planning and inhibition—all of which are significantly affected by tau pathology in PSP (A. B. Wolf

et al. 2015; Kovacs 2015). The increased hypometric saccades and stepwise corrections align with the

characteristic “staircase” saccade behaviour seen in PSP, reflecting a failure to generate large, single-step

saccades to remembered locations (Rucker 2014). These deficits are more pronounced in vertical saccades,

further differentiating PSP from CBS and MSA, where MGS impairments follow different patterns.

CBS exhibited selective impairments in memory-guided saccades, with increased hypometric errors, reduced

saccadic amplitude, and delayed execution times. Unlike PSP, where both horizontal and vertical saccades

were severely impaired, CBS individuals demonstrated delayed saccade execution and reduced amplitude,

particularly in the horizontal direction. These findings suggest a breakdown in motor planning and working

memory storage, likely driven by parietal and premotor cortical degeneration, including the PPC and sup-

plementary motor area (Boxer et al. 2006). The PPC is critical for maintaining spatial representations and

guiding eye movements, and its degeneration in CBS may lead to deficits in retaining target location over the

memory delay period (Merriam, Genovese and Colby 2003). Additionally, the delayed saccade start and end

times point to dysfunction in motor preparation and execution, further linking CBS-related impairments to

disrupted frontoparietal networks (Alkan et al. 2011).

MSA exhibited moderate deficits in memory-guided saccade performance, primarily affecting saccadic

accuracy and amplitude. Unlike PSP, where vertical impairments dominate, or CBS, where execution delays

are prominent, MSA individuals demonstrated more subtle reductions in saccade amplitude and accuracy,

suggesting a cerebellar contribution. The fastigial nucleus and oculomotor vermis in the cerebellum are

involved in saccadic gain adaptation, and their dysfunction in MSA likely contributes to impaired saccade

precision (Cassanello, Ohl and Rolfs 2016). The absence of substantial latency increases or excessive hy-

pometria in MSA differentiates it from PSP, where midbrain and frontal dysfunction lead to severe gaze

instability, and CBS, where motor planning delays are more evident.
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DLB exhibited widespread impairments in memory-guided saccades, including reduced saccade generation,

lower amplitude, increased endpoint variability, and slower velocities. Unlike PSP and CBS, where impair-

ments are primarily motor-driven, DLB individuals displayed a global reduction in MGS execution, likely

reflecting cognitive dysfunction. The PPC, precuneus, and BG, which are affected by α-synuclein pathology in

DLB, play essential roles in spatial attention, working memory, and saccadic control (Schulz-Schaeffer 2010;

Y. Zhang et al. 2018; Hikosaka, Takikawa and Kawagoe 2000). The reduction in total saccades executed aligns

with bradyphrenia (cognitive slowing) and attentional disengagement, key features of DLB (Schumacher

et al. 2019). Additionally, the greater endpoint variability in DLB compared to PSP and MSA suggests a

breakdown in target localisation and visuospatial processing, rather than purely motor deficits. The significant

slowing of saccade velocity further supports cognitive impairment as a driving factor, distinguishing DLB

from CBS, where MGS execution delays are more related to parietal degeneration.

ATP exhibited a combination of impairments found across PSP, MSA, and DLB, including increased saccadic

steps, reduced amplitude, slower velocities, and greater endpoint variability. Like DLB, ATP individuals

executed fewer memory-guided saccades overall, suggesting an underlying cognitive deficit affecting motor

planning and working memory storage. However, ATP also exhibited increased hypometric errors and

stepwise corrections, similar to PSP, indicating potential overlap in midbrain pathology affecting the SC

and FEF. The significant prolongation of saccade execution times in ATP further suggests disruptions in

both cortical motor planning circuits (PPC, SMA) and brainstem execution centres (SC, cerebellum). These

findings indicate that ATP represents a heterogeneous group with variable impairments in saccade control,

dependent on the underlying neurodegenerative pathology.

The presence of hypometric saccades, although commonly observed across parkinsonian disorders, is not a

sensitive diagnostic marker due to their prevalence in both typical and atypical forms of parkinsonism. In

contrast, hypermetric saccades, characterized by consistent overshooting, appear to be more diagnostically

informative. Hypermetric errors observed in conditions such as MSA and PSP—particularly prominent in

oblique saccade tasks in PSP and volitional saccades in MSA—likely reflect distinct cerebellar or midbrain

pathologies. Consequently, hypermetric saccades may represent a more useful clinical marker for differen-

tiating atypical parkinsonian syndromes from idiopathic PD, which typically shows uniform hypometric
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saccadic errors.±

Consistent with known clinical features, PSP individuals demonstrated markedly greater impairment in

vertical antisaccades compared to horizontal antisaccades. This vertical predominance aligns closely with

PSP’s hallmark midbrain pathology, specifically affecting vertical gaze centers such as the riMLF and inter-

stitial nucleus of Cajal. Thus, pronounced vertical antisaccade impairment—particularly increased latency,

hypometria, and higher error rates—strongly supports a PSP diagnosis, differentiating it from other atypical

syndromes such as CBS or MSA, which exhibit more symmetric or horizontally dominated profiles. Interest-

ingly, CBS presented distinct antisaccade profiles across horizontal and vertical directions. CBS individuals

exhibited significant impairments predominantly in vertical antisaccade tasks, characterized by prolonged

latencies and increased errors, while horizontal antisaccades remained relatively intact. This directional

asymmetry likely results from asymmetric cortical degeneration involving frontoparietal networks, such

as the PPC and DLPFC, which differentially affect vertical versus horizontal saccadic generation. Thus,

evaluating antisaccades separately in horizontal and vertical directions provides a valuable diagnostic dis-

tinction between CBS and other atypical parkinsonian syndromes. A striking distinction in MSA’s ocular

motor profile emerged in fixation tasks, where central fixation stability was largely preserved, but significant

impairment appeared specifically during positional (eccentric) fixation. This pattern aligns closely with

MSA’s known cerebellar degeneration, particularly within the oculomotor vermis and fastigial nucleus,

critical for maintaining eccentric gaze positions. Thus, examining positional fixation stability may serve

as a sensitive measure for identifying early cerebellar ocular motor dysfunction in MSA, distinguishing it

from syndromes like PSP and CBS, where central fixation stability itself is notably impaired. In smooth

pursuit assessments, MSA demonstrated notably greater impairments in elliptical (circular) pursuit at higher

frequencies (0.4 Hz) compared to linear (horizontal or vertical) directions. This selective deficit likely arises

from the cerebellum’s critical role in dynamically adjusting pursuit gain during complex trajectories and

higher velocity demands. Cerebellar degeneration in MSA disrupts these velocity-dependent adjustments,

resulting in pronounced elliptical pursuit impairments. Thus, pursuit paradigms involving complex trajectories

and higher speeds might serve as particularly sensitive markers for cerebellar ocular motor dysfunction in

MSA. Interestingly, DLB individuals exhibited disproportionately greater ocular motor deficits at lower

eccentricities across multiple tasks, including oblique and reflexive saccades. This pattern likely results

from impaired visuospatial attention and cortical integration involving the PPC and lateral occipital regions,

which are more severely disrupted at central or near-central visual fields where precise attentional allocation
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and spatial discrimination are required. Consequently, DLB’s pronounced deficits at smaller eccentricities

suggest a fundamental dysfunction in visuospatial processing rather than primary motor deficits, further dif-

ferentiating DLB from other atypical parkinsonian syndromes with more peripheral ocular motor impairments.

Compared to idiopathic PD, atypical parkinsonian syndromes exhibited markedly more severe and hetero-

geneous ocular motor impairments across all paradigms assessed. Idiopathic PD typically presents mild,

uniform ocular motor deficits such as slight saccadic hypometria, mildly increased latencies, and subtle

pursuit impairment. In contrast, atypical syndromes such as PSP, CBS, MSA, and DLB showed pronounced,

directionally-specific, or amplitude-dependent impairments linked clearly to discrete neural degeneration

involving midbrain, cerebellar, or cortical-subcortical networks. This stark contrast underscores the diagnostic

utility of comprehensive ocular motor testing in distinguishing idiopathic PD from atypical parkinsonian

syndromes.

4.5.1 Clinical Implications

The findings from this study highlight the potential of ocular motor testing as a valuable clinical tool for

distinguishing atypical parkinsonian syndromes from idiopathic PD and from each other. Each atypical

parkinsonian subtype exhibited distinct patterns of saccadic and pursuit impairments, which may serve as

diagnostic biomarkers. For instance, PSP was characterised by vertical saccadic deficits, increased stepwise

corrections, and round-the-houses eye movements, aligning with midbrain degeneration affecting the SC and

FEF. In contrast, CBS displayed pronounced execution delays and spatial inaccuracies in voluntary saccades,

suggesting parietal and premotor cortical involvement. MSA presented with subtle impairments in pursuit

and reflexive saccades, likely reflecting cerebellar dysfunction, while DLB exhibited widespread reductions

in saccade execution, increased endpoint variability, and slower velocities, consistent with cognitive and

visuospatial deficits due to Lewy body pathology.

From a clinical differentiation standpoint, these results reinforce the importance of integrating eye movement

assessments into diagnostic protocols for atypical parkinsonian syndromes. Current diagnostic criteria for

atypical parkinsonian syndromes are largely based on clinical motor symptoms, imaging, and cognitive

assessments, yet many of these syndromes have overlapping features, particularly in early disease stages.
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The distinct ocular motor profiles seen here suggest that a structured ocular motor battery could provide

additional objective markers to aid in differential diagnosis, reducing misclassification rates. Additionally,

eye movement biomarkers may be useful in tracking disease progression and evaluating treatment response,

particularly in clinical trials for atypical parkinsonian syndromes, where early and reliable outcome measures

are needed.

4.5.2 Limitations

Despite the robust statistical and methodological approach used in this study, several limitations should be

acknowledged. Sample size variability across atypical parkinsonian subtypes posed a challenge, particularly

for CBS and DLB cohorts, which had the smallest participant numbers. While bootstrapping and adjusted

statistical methods were employed to mitigate the impact of small sample sizes, larger cohorts are necessary

to confirm these findings and ensure broader generalisability.

Another limitation lies in the potential influence of cognitive impairment on ocular motor performance.

Atypical Parkinsonian syndromes, particularly DLB and CBS, are associated with executive dysfunction

and visuospatial deficits, which could have contributed to the observed impairments in voluntary saccades

and memory-guided tasks. However, differentiating primary motor-related deficits from cognitive influences

remains challenging, and future studies should incorporate neuropsychological assessments alongside ocular

motor testing to clarify these relationships.

Technical challenges were also present. individuals with severe gaze dysfunction, particularly in PSP and

ATP, often had difficulty maintaining stable fixation, which could impact calibration and data accuracy.

Additionally, variability in disease duration and medication status across groups could have influenced results,

particularly since dopaminergic treatments and disease severity may differentially affect saccadic performance.

Further research is required to determine the extent to which ocular motor deficits change over time and

whether they can serve as longitudinal biomarkers of disease progression.
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4.5.3 Future Directions

This study provides a strong foundation for further research into ocular motor biomarkers in atypical Parkin-

sonian syndromes, yet several key areas warrant additional investigation. Longitudinal studies are needed to

track the progression of ocular motor deficits over time, helping determine their clinical utility in monitoring

disease trajectory and treatment effects. Given the variability in findings between atypical Parkinsonian

subtypes, future research should also explore whether ocular motor impairments emerge before overt motor

symptoms, potentially serving as an early diagnostic marker for prodromal atypical Parkinsonian syndromes.

Another avenue for exploration is multimodal integration with imaging and neurophysiological data. Func-

tional MRI and diffusion tensor imaging studies could help map the neural correlates of specific ocular motor

impairments, providing deeper insight into how different neurodegenerative pathologies impact eye movement

control networks. Similarly, combining eye tracking with EEG or magnetoencephalography could shed light

on the cortical and subcortical mechanisms driving atypical Parkinsonian syndromes-related ocular motor

dysfunctions. Additionally, machine learning and AI approaches could enhance automated classification

of atypical Parkinsonian subtypes based on ocular motor metrics. By developing predictive models that

integrate eye movement data with clinical and imaging variables, future studies could pave the way for more

accurate, non-invasive diagnostic tools for atypical Parkinsonian syndromes.

4.6 Chapter Summary

This study investigated ocular motor dysfunction in atypical parkinsonian syndromes atypical Parkinsonian

syndromes, including PSP, CBS, MSA, DLB, and ATP, using a comprehensive battery of eye movement

paradigms. Each atypical Parkinsonian subtype demonstrated distinctive impairments in saccadic control,

pursuit accuracy, and memory-guided eye movements, highlighting potential ocular motor biomarkers for

disease differentiation. Key findings revealed that PSP exhibited profound vertical saccadic impairments,

CBS displayed execution delays and hypometric errors, MSA demonstrated cerebellar-linked impairments

in pursuit and reflexive saccades, DLB was characterised by widespread slowing and increased endpoint

variability, and ATP exhibited mixed deficits across multiple domains. These results underscore the potential

clinical value of ocular motor testing in atypical Parkinsonian syndromes, both for diagnostic refinement and
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disease tracking. Despite methodological strengths, including detailed statistical modelling and composite

score analysis, limitations such as small sample sizes, cognitive influences, and calibration challenges ne-

cessitate further investigation. Future research should focus on longitudinal studies, multimodal integration

with imaging, and AI-based classification models to enhance diagnostic precision and disease monitoring in

atypical Parkinsonian syndromes. This study lays the groundwork for incorporating ocular motor assessments

into clinical practice, potentially improving early detection and personalised treatment strategies for atypical

Parkinsonian syndromes individuals.
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5 Longitudinal Study of Eye Movements in Parkinson’s Disease

5.1 Introduction

PD is a progressive neurodegenerative condition characterised by a decline in both motor and non-motor

functions. Motor symptoms include bradykinesia, rigidity, tremor, and postural instability, while non-motor

symptoms encompass cognitive decline, sleep disturbances, and psychiatric issues. This deterioration is

primarily driven by the gradual loss of dopaminergic neurons in the SN, leading to increased disease severity

and reduced quality of life (Antonini, Reichmann et al. 2023).

The progression of PD is heterogeneous, influenced by factors such as genetics, lifestyle, environmental

exposures, and disease subtypes. Clinical staging tools including the hoehn and yahr (H&Y) scale and the

unified parkinson’s disease rating scale (UPDRS) are commonly used to monitor the progression of motor

symptoms over time (Goetz et al. 2008; Martinez-Martin et al. 2018). Longitudinal studies have shown that

as PD advances, there is a progressive worsening of gait, balance, axial motor symptoms, and freezing of

gait, particularly in the later stages (Deng et al. 2020; Shalash et al. 2022). Non-motor symptoms such as rem

behavior disorder (RBD) have also been identified as early indicators of disease progression, often appearing

before the onset of motor symptoms (Z. Xu, K. N. Anderson and Pavese 2022). The Oxford Discovery Cohort

and other studies have demonstrated that individuals with comorbid RBD exhibit faster cognitive and motor

decline (Y. Liu et al. 2021).

Cross-sectional studies correlating eye movements with disease severity and cognitive decline provide a

starting point for assessing longitudinal changes in eye movements. Decreased fixation instability, reflected

by more frequent SWJs, has been associated with greater disease severity, particularly the worsening of axial

motor symptoms such as postural instability (Przybyszewski et al. 2023). Furthermore, fixation instability

has been linked to prodromal features like RBD, with PD individuals with RBD showing greater fixation

instability compared to non-RBD PD patients and healthy controls. Smooth pursuit deficits, particularly

an increase in saccadic intrusions, are also more pronounced in the advanced stages of the disease (Frei

2021). Progressive saccadic hypometria and increased latency mirror the global motor slowing observed in

bradykinesia (White et al. 1983). Additionally, reductions in saccadic amplitude correlate with cognitive

impairment (MacAskill, Graham et al. 2012). While average saccadic velocity tends to remain stable, peak
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velocity declines with increased disease severity, likely due to impaired co-activation of opposing ocular

muscles (Waldthaler, Tsitsi and Svenningsson 2019). Antisaccade tasks have demonstrated increased latency

and error rates in individuals with cognitive impairment, reinforcing the link between executive dysfunction,

global cognitive decline, and eye movement control (J. Y. Zhang et al. 2021). It is also possible that ocular

motor dysfunction precedes cognitive decline in PD, highlighting the potential of eye movement metrics as

early indicators of both motor and non-motor disease progression.

Although wearable devices are increasingly used for continuous monitoring of motor symptoms, and cognitive

changes have been studied longitudinally, eye movement changes over time in PD remain understudied. In

particular, the long-term effects of dopaminergic therapy on ocular motor function are not well understood.

Given the utility of eye movements as a non-invasive, quantitative measure, examining longitudinal changes

using a comprehensive ocular motor battery may help validate eye tracking as a disease progression biomarker

and assess the impact of medication and therapeutic interventions on PD symptoms.

5.2 Project Aims

1. To investigate changes in ocular motor function over a one-year period in individuals with PD.

2. To explore the potential of eye movement metrics as biomarkers for disease progression in PD.

5.3 Methods

5.3.1 Participants

Participants with idiopathic PD whose eye movements were recorded at baseline in the ocular motor study

discussed in Chapter 3 were invited for a follow-up one year later. Follow-up recordings were conducted

within a one-month window, 12 months after the baseline recording. Participants were excluded if any of

the following criteria were met: (1) development of other neurological conditions or movement disorders,

(2) emergence of eye movement abnormalities such as diplopia, (3) receipt of deep brain stimulation (DBS)

within the past year, or (4) receipt of a positive genetic test result for GBA or LRRK2.
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A total of 23 participants met the timeline and inclusion criteria for the follow-up study. Of these, 21 parti-

cipated, while two were unable to take part due to scheduling conflicts, pre-existing health conditions, or

newly acquired genetic status. Informed consent was obtained, and ethical approval was granted by the UCL

Research Ethics Committee.

5.3.2 Ocular Motor Battery

The standard ocular motor battery described in Chapter 2: General Methods was used at both baseline and

follow-up. The experimental setup, including calibration and validation procedures, remained consistent

across time points.

5.3.3 Data Processing and Analysis

Data processing methods and metric extraction followed the procedures detailed in Chapter 2: General

Methods.

5.3.4 Statistical Analyses

Descriptive statistics were calculated for demographics at baseline and after one year. Paired t-tests were

used to assess within-subject changes. Because the data was not normally distributed as determined by the

Shapiro–Wilk test, (linear mixed models (LMM)s) were fitted separately for each eye movement metric.

Fixed effects included age, sex, disease duration, and LEDD, while participant ID was entered as a random

effect. Bonferroni correction was applied to adjust for multiple comparisons, and 95% CIs were reported

for all fixed effects. Model fit was evaluated using the AIC and the BIC. To test whether changes in metrics

over time differed across subgroups, interaction terms were added to the (LMMs): time disease severity

(mild vs. severe), time LEDD class (low vs. high), time age, and time sex. Post hoc analyses used estimated

marginal means and pairwise comparisons. Participants were grouped as “low” or “high” based on whether

their age, disease duration, or LEDD values fell below or above the respective group means at baseline and

follow-up. Significant interaction terms were interpreted as indicating subgroup-specific effects of time.

Multicollinearity was assessed via variance inflation factor (VIF)s, with values greater than 5 indicating
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potential concern. All analyses were performed using R (Version 2023.09.1+494, R Core Team, Vienna,

Austria). The data tables with all the results are presented in the appendix.

5.3.5 Participants

A total of 20 participants were included in the final analysis; one individual was excluded due to incomplete

data. The cohort consisted of 12 males and 8 females. At baseline, the mean age was 62.25 ± 7.95 years,

with an average disease duration of 6.35± 5.92 years and a mean LEDD of 391.15± 305.73 mg. After one

year, the mean age increased to 63.30± 7.98 years, the average disease duration rose to 7.30± 5.86 years,

and the mean LEDD increased to 461.40± 282.19 mg. Paired t-tests revealed significant changes in disease

duration (p < 0.001) and LEDD (p = 0.009) between baseline and follow-up, while no significant change

was observed in age (p = 0.102). Multicollinearity analysis of the fixed-effect predictors—age, sex, disease

duration, and LEDD—showed no evidence of collinearity, with all VIFs values falling below the threshold of 5.

Table 12: Demographic and clinical characteristics of the study cohort at baseline and one year. Values are
presented as mean ± standard deviation (SD). Age is reported for all participants, while disease duration and
LEDD are reported for disease groups only. Data are stratified by group and sex. “-” indicates not applicable
or unavailable.

Group Age (Mean ± SD) Disease Duration (Mean ± SD) LEDD (Mean ± SD)

Baseline (N = 20) 62.25 ± 7.95 6.35 ± 5.92 391.15 ± 305.73

Males (N = 12) 64.17 ± 6.82 5.83 ± 6.18 401.08 ± 312.70

Females (N = 8) 59.38 ± 9.09 7.13 ± 5.84 376.25 ± 315.65

Follow Up (N = 20) 63.30 ± 7.98 7.30 ± 5.86 461.40 ± 282.19

Males (N = 12) 65.17 ± 6.82 6.83 ± 6.18 452.75 ± 273.53

Females (N = 8) 60.50 ± 9.21 8.00 ± 5.68 474.38 ± 313.44

5.3.6 Ocular Motor Function

For the central fixation task, there were no significant differences in average fixation duration, RMS precision

measure, SD precision measure, average pupil size, number of large intrusive saccades, number of large

SWJs, or number of microsaccades between baseline and one-year follow-up. However, the overall saccade
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count significantly decreased (β = −14.82, 95% CI [-29.02, -0.75], p = 0.05), as did the number of small

SWJs (β = −19.47, 95% CI [-30.46, -8.48], p = 0.002). Pairwise comparisons revealed that the number of

small SWJs significantly decreased in individuals with low disease duration (p = 0.003) and in those with

high LEDD (p = 0.05). Similarly, the total number of saccades decreased significantly in individuals with

low disease duration (p = 0.02) and those with high LEDD (p = 0.05).

Fixation across all eccentric positions (up, down, right, and left) showed no significant differences in average

fixation duration, RMS precision measure, SD precision measure, average pupil size, number of large intrusive

saccades, total number of saccades, or number of microsaccades between baseline and follow-up. However,

in the up position, both small SWJs (β = −16.68, 95% CI [-27.20, -6.10], p = 0.005) and large SWJs

(β = −0.41, 95% CI [-0.75, -0.07], p = 0.02) significantly decreased. Pairwise comparisons showed that

individuals with low disease duration (p = 0.002) and high LEDD (p = 0.01) exhibited a significant reduction

in small SWJs in the up position.

No significant differences were observed in pursuit gain or pursuit accuracy across all directions (horizontal,

vertical, elliptical) and speeds (0.2 Hz and 0.4 Hz) between baseline and follow-up.

Antisaccades in the horizontal direction showed no significant changes in saccade amplitude, average velocity,

peak velocity, latency, end time, number of errors, or number of self-corrected errors. In the vertical direction,

no significant differences were found for amplitude, average velocity, peak velocity, or number of errors.

However, saccade end time (β = 42.30, 95% CI [4.12, 80.10], p = 0.04), latency (β = 38.47, 95% CI [8.75,

67.68], p = 0.02), and number of self-corrected errors (β = 1.90, 95% CI [0.21, 3.59], p = 0.04) increased

significantly. Pairwise comparisons indicated that end time and latency significantly increased in individuals

with low LEDD (p = 0.03 and p = 0.02, respectively), while the number of self-corrected errors significantly

increased in individuals with low disease duration (p = 0.05).

Oblique saccades at 4°, 8°, and 10° eccentricities showed no significant changes in amplitude, average velocity,

peak velocity, latency, end time, X and Y positional accuracy, number of correct saccades, or hypermetric

saccades. However, the number of hypometric saccades at 10° increased significantly (β = 3.38, 95% CI

[1.25, 5.54], p = 0.005). Pairwise comparisons showed increased hypometric saccades in individuals with
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high and low disease duration and low LEDD (p = 0.02, p = 0.05, and p = 0.01, respectively).

No significant differences were found in reflexive saccade metrics—amplitude, average velocity, peak velocity,

latency, end time, accuracy, number of correct, hypometric, or hypermetric saccades—in either the horizontal

or vertical direction.

Volitional saccades in both horizontal and vertical directions also revealed no significant changes in amplitude,

average velocity, peak velocity, latency, end time, accuracy, number of correct, hypometric, or hypermetric

saccades, total number of saccades completed, or number of saccadic steps.

Similarly, memory-guided saccades in both planes showed no significant changes across amplitude, average

velocity, peak velocity, accuracy, number of correct, hypometric, or hypermetric saccades, total number

of saccades completed, or number of saccadic steps. Significant increases were observed in the horizontal

direction for saccade end time (β = 1367.15, 95% CI [57.01, 2679.21], p = 0.05) and latency (β = 1352.95,

95% CI [31.19, 2676.95], p = 0.05), though these changes were not observed in the vertical direction.

Pairwise comparisons showed no significant effects of disease duration or LEDD.
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Longitudinal Change Central Fixation

Figure 124: Central Fixation Metrics. Each line represents an individual; black line represents the mean change over time. Linear mixed-effects
models were fitted separately for each metric, with age, sex, disease duration, and levodopa equivalent daily dose (LEDD) as fixed effects, and participant
ID as a random effect. Statistical significance was set at p < 0.05.
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Longitudinal Change Central Fixation

Figure 125: Central Fixation Metrics. Each line represents an individual; black line represents the mean change over time. Linear mixed-effects
models were fitted separately for each metric, with age, sex, disease duration, and levodopa equivalent daily dose (LEDD) as fixed effects, and participant
ID as a random effect. Statistical significance was set at p < 0.05.
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Longitudinal Change Positional Fixation/ Nystagmus

Figure 126: Positional Fixation/ Nystagmus Metrics. Each line represents an individual; black line represents the mean change over time. Linear
mixed-effects models were fitted separately for each metric, with age, sex, disease duration, and levodopa equivalent daily dose (LEDD) as fixed effects,
and participant ID as a random effect. Statistical significance was set at p < 0.05.
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[Longitudinal Change Positional Fixation/ Nystagmus]Longitudinal Change Positional Fixation/ Nystagmus

Figure 127: Positional Fixation/ Nystagmus Metrics. Each line represents an individual; black line represents the mean change over time. Linear
mixed-effects models were fitted separately for each metric, with age, sex, disease duration, and levodopa equivalent daily dose (LEDD) as fixed effects,
and participant ID as a random effect. Statistical significance was set at p < 0.05.
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Longitudinal Change Positional Fixation/ Nystagmus

Figure 128: Positional Fixation/ Nystagmus Metrics. Each line represents an individual; black line represents the mean change over time. Linear
mixed-effects models were fitted separately for each metric, with age, sex, disease duration, and levodopa equivalent daily dose (LEDD) as fixed effects,
and participant ID as a random effect. Statistical significance was set at p < 0.05.
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Longitudinal Change Positional Fixation/ Nystagmus

Figure 129: Positional Fixation/ Nystagmus Metrics. Each line represents an individual; black line represents the mean change over time. Linear
mixed-effects models were fitted separately for each metric, with age, sex, disease duration, and levodopa equivalent daily dose (LEDD) as fixed effects,
and participant ID as a random effect. Statistical significance was set at p < 0.05.
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Longitudinal Change Positional Fixation/ Nystagmus

Figure 130: Positional Fixation/ Nystagmus Metrics. Each line represents an individual; black line represents the mean change over time. Linear
mixed-effects models were fitted separately for each metric, with age, sex, disease duration, and levodopa equivalent daily dose (LEDD) as fixed effects,
and participant ID as a random effect. Statistical significance was set at p < 0.05.
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Longitudinal Change Pursuit
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Figure 131: Longitudinal Change Pursuit Metrics. Each line represents an individual; black line represents the mean change over time. Linear
mixed-effects models were fitted separately for each metric, with age, sex, disease duration, and levodopa equivalent daily dose (LEDD) as fixed effects,
and participant ID as a random effect. Statistical significance was set at p < 0.05.
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Longitudinal Change Pursuit

Figure 132: Longitudinal Change Pursuit Metrics. Each line represents an individual; black line represents the mean change over time.

Linear mixed-effects models were fitted separately for each metric, with age, sex, disease duration, and levodopa equivalent daily dose (LEDD) as fixed

effects, and participant ID as a random effect. Statistical significance was set at p < 0.05.
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Longitudinal Change Pursuit

Figure 133: Pursuit Metrics. Each line represents an individual; black line represents the mean change over time. Linear mixed-effects models were
fitted separately for each metric, with age, sex, disease duration, and levodopa equivalent daily dose (LEDD) as fixed effects, and participant ID as a
random effect. Statistical significance was set at p < 0.05.
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Longitudinal Change Oblique Saccades

Figure 134: Oblique Saccades Metrics. Each line represents an individual; black line represents the mean change over time. Linear mixed-effects
models were fitted separately for each metric, with age, sex, disease duration, and levodopa equivalent daily dose (LEDD) as fixed effects, and participant
ID as a random effect. Statistical significance was set at p < 0.05.

275



Longitudinal Change Oblique Saccades

Figure 135: Oblique Saccades Metrics. Each line represents an individual; black line represents the mean change over time. Linear mixed-effects
models were fitted separately for each metric, with age, sex, disease duration, and levodopa equivalent daily dose (LEDD) as fixed effects, and participant
ID as a random effect. Statistical significance was set at p < 0.05.
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Longitudinal Change Oblique Saccades

Figure 136: Oblique Saccades Metrics. Each line represents an individual; black line represents the mean change over time. Linear mixed-effects
models were fitted separately for each metric, with age, sex, disease duration, and levodopa equivalent daily dose (LEDD) as fixed effects, and participant
ID as a random effect. Statistical significance was set at p < 0.05.
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Longitudinal Change Oblique Saccades

Figure 137: Oblique Saccades Metrics. Each line represents an individual; black line represents the mean change over time. Linear mixed-effects
models were fitted separately for each metric, with age, sex, disease duration, and levodopa equivalent daily dose (LEDD) as fixed effects, and participant
ID as a random effect. Statistical significance was set at p < 0.05.
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Longitudinal Change Oblique Saccades

Figure 138: Oblique Saccades Metrics. Each line represents an individual; black line represents the mean change over time. Linear mixed-effects
models were fitted separately for each metric, with age, sex, disease duration, and levodopa equivalent daily dose (LEDD) as fixed effects, and participant
ID as a random effect. Statistical significance was set at p < 0.05.
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Longitudinal Change Antisaccades Horizontal

Figure 139: Antisaccades Horizontal Metrics. Each line represents an individual; black line represents the mean change over time. Linear mixed-effects
models were fitted separately for each metric, with age, sex, disease duration, and levodopa equivalent daily dose (LEDD) as fixed effects, and participant
ID as a random effect. Statistical significance was set at p < 0.05.
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Longitudinal Change Antisaccades Horizontal

Figure 140: Antisaccades Horizontal Metrics. Each line represents an individual; black line represents the mean change over time. Linear mixed-effects
models were fitted separately for each metric, with age, sex, disease duration, and levodopa equivalent daily dose (LEDD) as fixed effects, and participant
ID as a random effect. Statistical significance was set at p < 0.05.
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Longitudinal Change Antisaccades Vertical

Figure 141: Antisaccades Vertical Metrics. Each line represents an individual; black line represents the mean change over time. Linear mixed-effects
models were fitted separately for each metric, with age, sex, disease duration, and levodopa equivalent daily dose (LEDD) as fixed effects, and participant
ID as a random effect. Statistical significance was set at p < 0.05.
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Longitudinal Change Antisaccades Vertical

Figure 142: Antisaccades Vertical Metrics. Each line represents an individual; black line represents the mean change over time. Linear mixed-effects
models were fitted separately for each metric, with age, sex, disease duration, and levodopa equivalent daily dose (LEDD) as fixed effects, and participant
ID as a random effect. Statistical significance was set at p < 0.05.
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Longitudinal Change Reflexive Saccades Horizontal

Figure 143: Reflexive Saccades Horizontal Metrics. Each line represents an individual; black line represents the mean change over time. Linear
mixed-effects models were fitted separately for each metric, with age, sex, disease duration, and levodopa equivalent daily dose (LEDD) as fixed effects,
and participant ID as a random effect. Statistical significance was set at p < 0.05.

284



Longitudinal Change Reflexive Saccades Horizontal

Figure 144: Reflexive Saccades Horizontal Metrics. Each line represents an individual; black line represents the mean change over time. Linear
mixed-effects models were fitted separately for each metric, with age, sex, disease duration, and levodopa equivalent daily dose (LEDD) as fixed effects,
and participant ID as a random effect. Statistical significance was set at p < 0.05.

285



Longitudinal Change Reflexive Saccades Vertical

Figure 145: Reflexive Saccades Vertical Metrics. Each line represents an individual; black line represents the mean change over time. Linear
mixed-effects models were fitted separately for each metric, with age, sex, disease duration, and levodopa equivalent daily dose (LEDD) as fixed effects,
and participant ID as a random effect. Statistical significance was set at p < 0.05.
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Longitudinal Change Reflexive Saccades Vertical

Figure 146: Reflexive Saccades Vertical Metrics. Each line represents an individual; black line represents the mean change over time. Linear
mixed-effects models were fitted separately for each metric, with age, sex, disease duration, and levodopa equivalent daily dose (LEDD) as fixed effects,
and participant ID as a random effect. Statistical significance was set at p < 0.05.
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Longitudinal Change Volitional Saccades Horizontal

Figure 147: Volitional Saccades Horizontal Metrics. Each line represents an individual; black line represents the mean change over time. Linear
mixed-effects models were fitted separately for each metric, with age, sex, disease duration, and levodopa equivalent daily dose (LEDD) as fixed effects,
and participant ID as a random effect. Statistical significance was set at p < 0.05.

288



Longitudinal Change Volitional Saccades Horizontal

Figure 148: Volitional Saccades Horizontal Metrics. Each line represents an individual; black line represents the mean change over time. Linear
mixed-effects models were fitted separately for each metric, with age, sex, disease duration, and levodopa equivalent daily dose (LEDD) as fixed effects,
and participant ID as a random effect. Statistical significance was set at p < 0.05.
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Longitudinal Change Volitional Saccades Vertical

Figure 149: Volitional Saccades Vertical Metrics. Each line represents an individual; black line represents the mean change over time. Linear
mixed-effects models were fitted separately for each metric, with age, sex, disease duration, and levodopa equivalent daily dose (LEDD) as fixed effects,
and participant ID as a random effect. Statistical significance was set at p < 0.05.
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Longitudinal Change Volitional Saccades Vertical

Figure 150: Volitional Saccades Vertical Metrics. Each line represents an individual; black line represents the mean change over time. Linear
mixed-effects models were fitted separately for each metric, with age, sex, disease duration, and levodopa equivalent daily dose (LEDD) as fixed effects,
and participant ID as a random effect. Statistical significance was set at p < 0.05.
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Longitudinal Change Memory Guided Saccades Horizontal

Figure 151: Memory Guided Saccades Horizontal Metrics. Each line represents an individual; black line represents the mean change over time.
Linear mixed-effects models were fitted separately for each metric, with age, sex, disease duration, and levodopa equivalent daily dose (LEDD) as fixed
effects, and participant ID as a random effect. Statistical significance was set at p < 0.05.
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Longitudinal Change Memory Guided Saccades Horizontal

Figure 152: Memory Guided Saccades Horizontal Metrics. Each line represents an individual; black line represents the mean change over time.
Linear mixed-effects models were fitted separately for each metric, with age, sex, disease duration, and levodopa equivalent daily dose (LEDD) as fixed
effects, and participant ID as a random effect. Statistical significance was set at p < 0.05.
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Longitudinal Change Memory Guided Saccades Vertical

Figure 153: Memory Guided Saccades Vertical Metrics. Each line represents an individual; black line represents the mean change over time. Linear
mixed-effects models were fitted separately for each metric, with age, sex, disease duration, and levodopa equivalent daily dose (LEDD) as fixed effects,
and participant ID as a random effect. Statistical significance was set at p < 0.05.
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Longitudinal Change Memory Guided Saccades Vertical

Figure 154: Memory Guided Saccades Vertical Metrics. Each line represents an individual; black line represents the mean change over time. Linear
mixed-effects models were fitted separately for each metric, with age, sex, disease duration, and levodopa equivalent daily dose (LEDD) as fixed effects,
and participant ID as a random effect. Statistical significance was set at p < 0.05.

295



5.4 Discussion

This project investigates the longitudinal changes in ocular motor function over a one-year period in PD. While

previous studies have established cross-sectional correlations between eye movement metrics and disease

severity, they have not explored how these metrics evolve over time. Moreover, the effects of dopaminergic

medication, as measured by LEDD, on longitudinal changes in eye movements remain understudied. By

addressing these gaps, this research evaluates eye movement metrics as potential biomarkers for disease

progression and treatment efficacy. The findings of this study indicate that most eye movement metrics in

fixation, pursuit, and saccades remain stable over one year. However, notable differences were observed in

the number of SWJs, the antisaccade task, and the number of hypometric saccades. These findings provide

quantitative evidence that specific eye movement metrics are sensitive to subtle changes in motor and cognitive

function over time, potentially influenced by disease progression and dopaminergic treatment.

The observed decrease in the number of small SWJs after one year may reflect improved voluntary control

due to medication effects, or potentially increased fatigue or declines in attentional and inhibitory con-

trol(Iakovakis et al. 2018. The modulatory effect of dopaminergic medication on fixation appears more

prominent in the early stages of PD, as shown by the pairwise comparisons. Dopaminergic treatment in

early PD may restore regularity in fixation, but as the disease progresses, alternative pathophysiological

mechanisms may dominate, leading to greater variability (Adams et al. 2023). The decrease in SWJs with

treatment aligns with broader motor improvements following dopamine agonists. Prior studies have found

that early intervention can slow symptom progression (Y. Lee et al. 2019) (Poewe 2009 Adams et al. 2023

Iakovakis et al. 2018), though the efficacy of dopaminergic therapy declines in later disease stages (Poewe

2009). This reflects dopamine’s known role in BG circuits, which suppress involuntary movements. However,

the absence of changes in pursuit gain and reflexive saccades suggests dopaminergic therapy has limited

impact on ocular motor functions reliant on non-dopaminergic pathways (Pinkhardt, Jürgens et al. 2012).

Antisaccade performance, reflecting executive dysfunction, declined over the year, likely due to progression

of extra-nigral pathology affecting frontal-subcortical circuits (Poewe 2009). Dopaminergic replacement

may not fully restore these deficits, highlighting the contribution of non-dopaminergic circuits Antonini,

D’Onofrio and Guerra 2023 Jankovic 2008. The increase in saccadic latency and self-corrected errors aligns

with findings that these impairments reflect early cognitive decline even in non-demented PD (O. W. Wong
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et al. 2018). Vertical antisaccade impairments suggest differential vulnerability of circuits controlling vertical

versus horizontal saccades (Pinkhardt, Jürgens et al. 2012). Medial frontal cortex, linked to vertical control,

may be more affected early in PD (Barbosa et al. 2019). The absence of changes in reflexive vertical saccades

suggests impairments are specific to tasks requiring higher voluntary control (MacAskill, Graham et al. 2012).

The increase in hypometric saccades in oblique saccades at high eccentricities may reflect PD’s nuanced

impact on motor planning for large movements. Saccadic hypometria, linked to bradykinesia, is more evident

with disease progression (Terao, Fukuda, Yugeta et al. 2011 MacAskill, Graham et al. 2012). Larger saccades

require greater coordination, potentially explaining their vulnerability (Barbosa et al. 2019). In contrast,

smaller saccades may be preserved longer (MacAskill, Graham et al. 2012). Individuals with shorter disease

duration showed more changes in SWJs and antisaccades, while those with longer duration exhibited stability.

This may reflect a ceiling effect, where advanced PD leaves little room for further decline over one year.

Alternatively, early PD may show more variability and responsiveness to treatment. It is important to interpret

these findings cautiously, as only specific metrics changed, not entire domains of ocular motor function.

The significant changes in metrics such as hypometric saccades and antisaccadic latency raise the question

of ageing versus disease progression. Including healthy controls in future studies could clarify age-related

changes, enhancing the interpretability of eye movement metrics as a biomarker.

A key finding is the stability of most ocular motor metrics compared to the typical decline in other PD

motor symptoms. This may reflect unique neuroanatomical substrates of eye movements. Unlike limb motor

functions dependent on BG circuits, ocular motor control involves non-dopaminergic pathways, such as the

SC, brainstem nuclei, and cerebellum (Pinkhardt, Jürgens et al. 2012). These circuits may be less susceptible

to early degeneration or better compensated. Additionally, a one-year period may be too short to detect

changes in ocular motor metrics. Unlike limb movements, eye movements are less affected by musculoskeletal

constraints (Y. Lee et al. 2019).

Despite PD’s neurodegeneration, the relative ocular motor stability may suggest adaptive neuroplasticity

(O. W. Wong et al. 2018). Compensatory mechanisms, such as cerebellar support or recruitment of alternative

circuits, may help preserve ocular motor function (Manto et al. 2012; Mitoma et al. 2020). These mechanisms

may support less cognitively demanding tasks like reflexive saccades or pursuit in the short term. The
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trajectory of ocular motor impairments may be non-linear, with early PD marked by dynamic change and

advanced PD showing stable deficits. This implies a "window of sensitivity" in which eye movements are

more responsive to disease progression and treatment. This window may be shaped by cognitive reserve—the

brain’s ability to compensate for neurodegeneration (Stern et al. 2019). An "ocular motor reserve" may

preserve eye movement control through efficient or redundant pathways supported by visual engagement,

plasticity, and genetics (Mitoma et al. 2020).

Other theories may explain ocular motor stability. Adaptive internal models, generated by the cerebellum

and ocular motor system, predict and compensate for changes to preserve function (Wolpert, Ghahramani

and Jordan 1995). Alternatively, the differential vulnerability hypothesis posits that not all neural circuits

degenerate at the same rate in PD. Ocular motor pathways may be structurally or functionally more resilient.

Microarray studies and laser capture of ocular motor neurons suggest lower susceptibility to excitotoxicity

Brockington et al. 2013. Understanding these mechanisms could inform therapies aimed at enhancing plasti-

city and compensatory pathways, ultimately supporting motor preservation in PD.

5.4.1 Clinical Implications

The findings of this study have significant clinical implications for the assessment and management of

Parkinson’s Disease (PD). First, the observation that specific ocular motor metrics—such as the number of

SWJs, antisaccade task performance, and hypometric saccades—change over time suggests that these metrics

may serve as valuable biomarkers for monitoring disease progression. Unlike traditional motor assessments,

which can be subject to variability due to medication effects and patient fatigue, eye movement metrics

provide objective, quantifiable data that could complement existing clinical evaluations.

The stability of most ocular motor metrics over a one-year period, despite the progressive nature of PD, sug-

gests the presence of compensatory mechanisms that may maintain function in the early stages of the disease.

This raises the possibility that early intervention strategies, such as neuroprotective treatments or rehabilitative

therapies, could be designed to enhance these compensatory pathways and delay disease progression. Further-

more, the differential effects of dopaminergic therapy on specific eye movement metrics highlight the selective

influence of dopamine replacement on certain motor circuits. For instance, the improvement in fixation regu-
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larity and reduction in SWJs with dopaminergic therapy suggest that fixation abnormalities in early-stage PD

may be responsive to treatment. However, the limited impact of medication on antisaccadic performance and

hypometric saccades underscores the involvement of non-dopaminergic pathways in ocular motor dysfunction.

From a diagnostic perspective, incorporating eye movement testing into routine clinical evaluations could

aid in the early detection of PD. Given that impairments in antisaccades and hypometric saccades reflect

executive dysfunction and bradykinesia, respectively, these metrics could be particularly useful in identifying

patients at risk of cognitive decline or more severe motor impairment. Additionally, the observed directional

bias in vertical antisaccadic impairments suggests that eye movement testing could help differentiate PD from

other parkinsonian syndromes with distinct neuroanatomical involvement.

5.4.2 Limitations

The follow-up study examining eye movements in PD after one year also has several limitations that should be

considered. Firstly, the sample size remains relatively small, with only 20 participants completing the study.

This limited sample may reduce the statistical power to detect subtle changes in eye movement metrics over

time, particularly when examining subgroup interactions such as disease severity, age, and medication effects.

Another limitation is the reliance on a one-year follow-up period. While this provides valuable insights

into short-term progression, it does not capture the long-term trajectory of ocular motor decline in PD. A

longer follow-up period, with multiple assessment points, would allow for a more detailed characterization of

disease-related changes in eye movements.

Additionally, while statistical models were used to account for individual variability and multiple comparisons,

the presence of unmeasured confounding factors cannot be ruled out. Factors such as cognitive decline,

fluctuations in attention, and subtle changes in visual function could influence eye movement metrics over time.

Lastly, participants were assessed while on their usual dopaminergic medication regimen. Since levodopa

and other dopaminergic treatments can modulate eye movements, future studies should consider evaluating

participants in both medicated and unmedicated states to determine the direct effects of disease progression
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independent of pharmacological influence.

5.4.3 Future Directions

To build on these findings, future research should extend the follow-up period to capture longer-term changes

in ocular motor function, allowing for better correlation with the progression of motor symptoms. Addi-

tionally, investigating the neuroanatomical basis of the directional bias observed in vertical antisaccadic

impairments could provide insights into the differential involvement of cortical and subcortical structures in

PD. It would also be valuable to explore the impact of specific dopaminergic therapies on ocular motor metrics,

including the effects of combinations of medication and non-pharmacological interventions. Including larger

and more diverse cohorts, particularly individuals with genetic PD and atypical parkinsonian syndromes,

would help generalize findings across different subtypes. Finally, investigating potential interactions between

ocular motor metrics and other non-motor symptoms, such as sleep disturbances and cognitive decline, could

uncover shared pathways of neurodegeneration.

Overall, the current study offers many insights into the longitudinal changes occurring in ocular motor

function in PD over a one-year period. Indeed, most of the eye movement metrics remained relatively stable,

though important changes were recorded in specific tasks, such as antisaccade performance and hypomet-

ric saccades, as subtle shifts reflective of motor and cognitive function may also be influenced by disease

progression and treatment with dopaminergic drugs. The relative preservation of ocular motor metrics,

despite the inherently progressive nature of PD, likely underscores the presence of compensatory mechanisms,

including neuroplasticity, which may underpin the preservation of certain eye movement functions in the

earliest stages of disease progression. However, the trajectory of ocular motor impairment appears to evolve

in a non-linear fashion with dynamic changes observed in early-stage PD and relatively, yet persistently

abnormal, profiles in the advanced stages of disease. These observations emphasize the requirement for

longer assessments to fully define the evolution of eye movement deficits and their usefulness as biomarkers

for disease progression. Future research should determine the neuroanatomical underpinnings of observed

directional biases, investigate the role of dopaminergic therapies, and include larger, more diverse cohorts to

explore the broader applicability of these findings. We can extend our knowledge of the complex relationship

between ocular motor function and PD, and perhaps from that, new targets for therapeutic interventions will
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emerge that will improve the quality of life for people with Parkinson’s disease.

5.5 Chapter Summary

This chapter explored the longitudinal changes in ocular motor function over a one-year period in PD, ad-

dressing gaps in previous research that primarily focused on cross-sectional analyses. The study found that

while most eye movement metrics remained stable, significant changes were observed in SWJs, antisaccade

task performance, and hypometric saccades. These findings suggest that specific ocular motor impairments

may be sensitive to disease progression and dopaminergic treatment effects, offering potential biomarkers for

monitoring PD.
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6 Saccadic Adaptation in Parkinson’s Disease and Multiple System

Atrophy

6.1 Introduction

Saccadic adaptation is one of the neurophysiological processes that allows the ocular motor system to adjust

the amplitude of saccades in response to visual errors (Havermann, Volcic and Lappe 2012). The implic-

ations of saccadic adaptation extend beyond eye movements, encompassing overall cognitive and motor

function. This suggests that the ocular motor system is not only reactive but also anticipatory, as it can

adjust saccadic behaviour based on contextual factors and prior experiences (A. L. Wong and Shelhamer 2011).

During saccadic motion, when there is a rapid movement to change the field of view, discrepancies between

the intended and actual end position of the eye can lead to misperceptions of objects within the visual field.

Saccadic adaptation allows the recalibration of motor commands to reduce discrepancies and stabilise visual

perception. This adaptation is aided by sensory feedback and corollary discharge signals, allowing the brain

to predict the expected end position of visual targets (Havermann, Volcic and Lappe 2012; Panouillères,

Urquizar et al. 2011). Furthermore, saccadic adaptation also modifies the perceptual accuracy of visual

stimuli, ensuring that the perceived location of objects is in line with their actual position in the environment,

as deviations in saccade end points can lead to the mislocalisation of visual stimuli (Tyralla, Pomè and Zim-

mermann 2023; Stefan Van der Stigchel et al. 2020; Awater et al. 2005). Lastly, as the ocular motor system

operates through a preprogrammed mechanism, it is susceptible to systematic errors such as consistently

overshooting or undershooting a target. Saccadic adaptation allows the recalibration of saccadic gain, which

is the ratio between the amplitude of the saccade and the target distance, and highlights the system’s ability

to learn and maintain optimum ocular motor performance (Waespe and Baumgartner 1992; A. Z. Khan,

Heinen and McPeek 2010). Interestingly, the process of saccadic adaptation does not only rely on corrective

saccades. Research has shown that there is a dissociation between the neural mechanisms that are responsible

for adaptation and those generating corrective saccades, suggesting that the brain can possibly adapt saccadic

commands without necessarily producing a corrective saccade (Panouillères, Urquizar et al. 2011).
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6.1.1 Neural Circuitry of Saccadic Adaptation

Saccadic adaptation primarily involves neural circuits including the superior colliculus (SC), the cerebellum,

and cortical areas. In the adaptation process, the SC acts as the major hub for integrating sensory information

and generating motor commands for saccades. The SC receives input from various cortical areas including

the frontal eye fields (FEF) and lateral intraparietal area, which are pivotal for the planning and execution

of eye movements (Ipata et al. 2006; Schütz, Kerzel and Souto 2014). The output of the SC is directed

towards brainstem nuclei involved in the execution of saccades, and adaptive saccades modify the efficacy of

these commands (Takeichi, Kaneko and Albert F. Fuchs 2007). The SC is also involved in the adaptation of

saccadic commands based on visual feedback (Kojima, Soetedjo and Albert F. Fuchs 2011).

Regions of the cerebellum, including the ocular motor vermis and lobules VI and VII, are involved in saccadic

adaptation through the fine-tuning of motor commands by adjusting saccadic amplitude in response to visual

errors (Salman et al. 2006; Golla et al. 2008). The adaptive role of the cerebellum not only involves a reflexive

response but also learning mechanisms that alter the motor output based on previous error learning (Salman

et al. 2006; Panouillères, Urquizar et al. 2011). Some studies have also highlighted that different parts of the

cerebellum might have a specialised role for adaptation of different types of saccades. It was found that medial

focal lesions impaired the adaptation of reflexive saccades but not scanning voluntary saccades, whereas a

lateral lesion impaired adaptation of scanning voluntary saccades but not reflexive saccades (Alahyane et al.

2008).

In addition to the SC and the cerebellum, the nucleus reticularis tegmenti pontis, which is a bridge between

the basal ganglia and the cerebellum, is also involved in the neural circuitry for saccadic adaptation. This

region receives input from the SC and has projections to the brainstem areas involved in saccadic control.

Changes have been observed in the neural pathways involving the nucleus reticularis tegmenti pontis during

saccadic adaptation, suggesting that it plays a role in modulating the signals driving the adaptation process

(Quessy, Quinet and Freedman 2010).

The cortical areas also play a significant role in saccadic adaptation, particularly the FEFs and the supplement-

ary eye fields. Both regions have been found to be activated in functional imaging studies during saccadic

adaptation tasks, highlighting their role in the planning and execution of adapted saccades (Blurton, Raabe
303



and Greenlee 2012). The interaction between the cortical and subcortical regions, along with the SC and

the cerebellum, forms a neural network involved in processing visual errors and adjusting motor commands

accordingly (Zimmermann, D. Burr and Morrone 2011).

6.1.2 Saccadic Adaptation in Parkinson’s Disease

In PD, saccadic adaptation exhibits selective impairments, particularly in memory-guided saccades, while

visually guided saccades remain largely intact (MacAskill, T. J. Anderson and R. D. Jones 2002). PD is

characterised by degeneration of the basal ganglia, which play a crucial role in modulating motor output,

including eye movements (Lang and Lozano 1998). Research suggests that the basal ganglia do not directly

govern saccadic adaptation but may influence its execution by disrupting communication between the frontal

cortical regions—responsible for volitional eye movement control—and subcortical ocular motor centres

(Brainard and Doupe 2000; Lawrence 2000). This impairment is evident in the adaptive mechanisms required

to modify memory-guided saccades, which rely more on frontal circuits than cerebellar pathways (Optican and

David S. Zee 1984; Takagi, David S. Zee and Tamargo 1998). Parkinsonian patients typically exhibit saccadic

hypometria, a tendency to undershoot visual targets, and while they retain the ability to adaptively increase

or decrease saccade amplitude in reflexive saccades, their capacity to adjust memory-guided saccades is

markedly diminished (Deubel 1999; C. J. Erkelens and Hulleman 1993). These findings align with a broader

understanding of PD-related deficits, where automatic or externally cued movements are better preserved

than internally generated, volitional movements (C. A. Antoniades and Spering 2024). The differential effects

of PD on saccadic adaptation underscore the importance of the basal ganglia-frontal cortex pathways in

motor learning and highlight potential avenues for rehabilitative strategies aimed at enhancing adaptive eye

movement control in these patients.

6.1.3 Saccadic Adaptation in Multiple System Atrophy

Unlike PD, MSA remains largely unstudied in the context of saccadic adaptation, creating a significant gap in

our understanding of how this disorder affects eye movement recalibration. MSA is a progressive neurodegen-

erative condition characterised by varying degrees of basal ganglia and cerebellar involvement, depending on

whether it manifests primarily as multiple system atrophy - parkinsonian (MSA-P) (parkinsonian subtype) or
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multiple system atrophy - cerebellar (MSA-C) (cerebellar subtype) (Ubhi, P. Low and Masliah 2011). Given

the established role of the cerebellum in saccadic adaptation, it is plausible that MSA patients—particularly

those with predominant cerebellar degeneration—would exhibit pronounced deficits in their ability to adapt

saccade amplitudes (Optican and David S. Zee 1984; Takagi, David S. Zee and Tamargo 1998). Studies

in cerebellar disorders show that lesions can impair or completely abolish saccadic adaptation, leading to

persistent dysmetria, either as hypometria or hypermetria (Waespe and Baumgartner 1992; Straube and

Deubel 1995; Straube, Deubel et al. 1995). If a similar mechanism operates in MSA, affected individuals

may struggle to adjust their saccades to compensate for inaccuracies, resulting in a progressive decline in eye

movement control. However, without empirical research explicitly investigating saccadic adaptation in MSA,

these assumptions remain speculative. Future studies are necessary to determine the extent to which saccadic

adaptation is impaired in MSA and whether deficits in this process contribute to the broader ocular motor

dysfunction observed in these patients.

6.2 Project Aims

1. To investigate deficits in saccadic adaptation in PD and MSA.

2. To explore the implications of saccadic adaptation impairments for motor learning and neural plasticity in

these conditions.

6.3 Methods

6.3.1 Participants

Participants were recruited for the saccadic adaptation study in PD and MSA through the methods described

in Chapter 2: General Methods. Inclusion criteria were: (1) a confirmed diagnosis of MSA as per Chapter 2,

(2) a confirmed diagnosis of idiopathic PD, (3) age between 40–80 years, (4) normal or corrected-to-normal

vision, (5) ability to provide informed consent, (6) ability to follow verbal instructions, and (7) ability to sit for

the duration of testing. Participants were excluded if they: (1) had other neurological conditions or a history of

head trauma or stroke, (2) had bilateral visual impairments (if one eye was impaired, the other was recorded)

or movement-related impairments such as diplopia, (3) had severe psychiatric conditions (e.g., psychosis), (4)

305



had systemic conditions affecting vision (e.g., diabetic retinopathy), (5) were pregnant or potentially pregnant

(self-reported), (6) had a history of epilepsy, (7) had eyelid opening apraxia, (8) were physically unable to sit

for testing, or (9) had severe ocular motor impairment preventing successful calibration and validation during

the eye-tracking setup.

Healthy controls were recruited using the same procedures described in Chapter 2. Inclusion criteria were:

(1) no history of neurodegenerative, neurological, or movement disorders, (2) normal or corrected vision, (3)

normal cognitive function, and (4) ability to provide consent and comply with procedures. Exclusion criteria

matched the clinical group, including bilateral visual impairments, psychosis, systemic visual-affecting

conditions, pregnancy, or a history of epilepsy.

Participants were grouped into three cohorts: idiopathic PD, MSA, and healthy controls. A total of 31 parti-

cipants were included: 18 with idiopathic PD, 4 with MSA, and 9 healthy controls. The study was approved

by the UCL research ethics committee, and informed consent was obtained from all participants prior to testing.

6.3.2 Experimental Protocol

The experimental setup followed procedures described in Chapter 2: General Methods, including standard

calibration and validation.

The experimental paradigm had two phases: (1) the adaptation phase with a stepped target, and (2) the test

phase with a standard target. The adaptation phase comprised 100 trials where the target first moved 10°

horizontally and then stepped inward by 2°. The test phase also comprised 100 trials with the target moving

10° horizontally without stepping. A gaze-contingent drift check was employed, triggering recalibration if

eye drift exceeded 2°. Breaks were allowed between blocks, with recalibration as needed.

6.3.3 Data Processing and Analysis

Eye-tracking data were processed using Data Viewer (SR Research). Saccade reports included amplitude,

average and peak velocity, and saccade start time. Trials were divided into adaptation and test phases, and
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saccadic gain was calculated as the ratio of saccade amplitude to the original target amplitude (10°). Mean

saccadic metrics and gain were computed for each participant per phase. Additionally, trials were grouped

into blocks of 10 (e.g., trials 1–10, 11–20), and block-wise average gain was calculated.

6.3.4 Statistical Analyses

Descriptive statistics were used to summarise participant demographics and saccadic metrics per task phase.

Normality was assessed using the Shapiro–Wilk test, and since most data were not normally distributed, non-

parametric analyses were performed. Between-group comparisons (e.g., PD vs. controls, MSA vs. controls)

were conducted using Mann–Whitney U tests. Within-group comparisons (e.g., early vs. late adaptation)

were assessed using Wilcoxon signed-rank tests. Saccadic gain from the first 10 trials was compared to that

from the last 10 trials of each phase to assess adaptation. Between-group differences in gain change were

also tested. Bonferroni correction was applied to all multiple comparisons. Additionally, percentage change

in gain was calculated between the first and last trial blocks per group and phase. Significance was defined as

α = 0.05. All analyses were performed in R (Version 2023.09.1+494, R Core Team, Vienna, Austria).

6.4 Results

6.4.1 Participants

The final cohort included 31 participants: 9 controls, 4 with MSA, and 18 with PD. The control group had a

mean age of 56.49 years (SD = 16.39) and comprised 5 males and 4 females. The MSA group had a mean age

of 66.75 years (SD = 7.93), with 1 male and 3 females, and a mean disease duration of 6.67 years. The PD

group had a mean age of 66.35 years (SD = 6.82), with 12 males and 6 females, and a mean disease duration

of 5.34 years.

307



Table 13: Demographic and clinical characteristics of the study cohort. Values are presented as mean ±
standard deviation (SD). Age is reported for all participants. Data are stratified by group and sex. “-” indicates
not applicable or unavailable.

Group Age (Mean ± SD)

MSA (N = 4) 66.75 ± 7.93

Males (N = 1) 55.00 ± –

Females (N = 3) 70.67 ± 1.53

PD (N = 18) 66.35 ± 6.82

Males (N = 12) 67.01 ± 6.21

Females (N = 6) 65.05 ± 8.39

Control (N = 9) 56.49 ± 16.39

Males (N = 5) 51.23 ± 20.03

Females (N = 4) 63.06 ± 8.81

6.5 Results

6.5.1 Participants

The study included 31 participants: 9 controls, 4 MSA, and 18 PD. The control group had a mean age of

56.49 years (SD = 16.39), with 5 males and 4 females. The MSA group had a mean age of 66.75 years

(SD = 7.93), with 1 male and 3 females, and a mean disease duration of 6.67 years. The PD group had

a mean age of 66.35 years (SD = 6.82), with 12 males and 6 females, and a mean disease duration of 5.34 years.

6.5.2 Saccadic Adaptation in Controls

In the adaptation phase, controls exhibited a significant decrease in gain of 17.44% between the first 10 trials

and the last 10 trials (p = 0.001). Peak saccade velocity and average saccade velocity decreased by 13.87%

and 13.03%, respectively. Saccade duration increased by 192.31%, and saccade start time increased by

19.78%. However, these changes in saccadic metrics were not statistically significant. In the test phase, gain

significantly increased by 13.60% (p = 0.04), while other saccadic metrics showed no significant differences.

Average saccade velocity marginally increased, whereas saccade duration, peak saccade velocity, and saccade
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start time decreased across the test phase.

6.5.3 Saccadic Adaptation in Parkinson’s Disease

Mann–Whitney U tests comparing gain and saccadic metrics between PD and controls revealed no significant

differences in either the adaptation or test phase. Similarly, Wilcoxon signed-rank tests within the PD group

indicated no significant intra-group differences. Nonetheless, during the adaptation phase, individuals with

PD showed a significant gain reduction of 12.14% (p = 0.002) between the first 10 and the last 10 trials.

Saccade duration and start time increased by 27.73% and 16.25%, respectively, while average and peak

saccade velocities slightly decreased. In the test phase, gain increased by 3.87%, and saccade start time

increased by 17.40%, with small reductions in average velocity, peak velocity, and saccade duration. These

changes were not statistically significant. Overall, the PD group exhibited a clear reduction in gain during the

adaptation phase.

6.5.4 Saccadic Adaptation in Multiple System Atrophy

Mann–Whitney U tests comparing gain and saccadic metrics between MSA and controls showed no significant

differences in either the adaptation or test phase. Wilcoxon signed-rank tests within the MSA group also

indicated no significant intra-group differences. Nonetheless, descriptive analysis revealed that, compared

to PD and controls, MSA participants showed only a 4.28% decrease in gain during the adaptation phase,

which was not significant. Saccade duration increased by 21.40%, and unlike the other groups, start time

decreased by 9.36%. Peak and average saccade velocities remained relatively stable (less than 1% change).

In the test phase, gain increased by 5.76%, which was greater than in PD but less than in controls. Average

saccade velocity decreased by 5.81%, while peak velocity increased by 3.49%. Saccade duration and start

time increased by 65.01% and 13.16%, respectively. No significant differences in gain or saccadic metrics

were observed between the first and last 10 trials of the test phase.
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Figure 155: Gain in Adaptation and Test Phases. Mean gain for increments of 25 trials were plotted with SD. Line graphs show the mean saccadic
gain (± standard error) across trial blocks for each group and phase. Percentage change in gain was calculated to assess adaptation within groups, and
between-group differences in gain change were evaluated using non-parametric tests. Bonferroni correction was applied for multiple comparisons.
Statistical significance was defined as p < 0.05.
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Figure 156: Metrics in Adaptation Phase. Average metrics for trial 1-10 and trials 91-100 are plotted. Between-group comparisons (e.g., PD vs.
controls, MSA vs. controls) were conducted using Mann–Whitney U tests, while within-group comparisons (e.g., early vs. late adaptation) were assessed
using Wilcoxon signed-rank tests. Bonferroni correction was applied to adjust for multiple comparisons. Statistical significance was set at p < 0.05.
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Figure 157: Metrics in Test Phase. Average metrics for trial 1-10 and trials 91-100 are plotted. Between-group comparisons (e.g., PD vs. controls,
MSA vs. controls) were conducted using Mann–Whitney U tests, while within-group comparisons (e.g., early vs. late adaptation) were assessed using
Wilcoxon signed-rank tests. Bonferroni correction was applied to adjust for multiple comparisons. Statistical significance was set at p < 0.05.
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Figure 158: Metrics in Adaptation and Test Phases. Average metrics for each phase. Between-group comparisons (e.g., PD vs. controls, MSA vs.
controls) were conducted using Mann–Whitney U tests, while within-group comparisons (e.g., early vs. late adaptation) were assessed using Wilcoxon
signed-rank tests. Bonferroni correction was applied to adjust for multiple comparisons. Statistical significance was set at p < 0.05.

313



6.6 Discussion

This study aimed to investigate saccadic adaptation in individuals with idiopathic PD, MSA, and healthy

controls to better understand motor learning and neural plasticity differences across these groups. The

findings provide insights into the integrity of sensorimotor recalibration mechanisms and the neural substrates

supporting such adaptation. Saccadic adaptation is primarily regulated by the cerebellum, which plays a

role in adjusting movements to maintain accuracy. The ocular motor vermis and the caudal fastigial nucleus

are key structures that help fine-tune saccadic gain, ensuring that eye movements remain precise over time

(Helmchen, Machner et al. 2022). Other regions, such as the SC and FEF, also contribute to this adaptation

(Métais et al. 2022).

Healthy controls demonstrated a robust saccadic adaptation response, evidenced by a significant reduction in

gain across the adaptation phase, followed by clear deadaptation in the test phase. These results are consistent

with established literature, indicating intact error-based learning mechanisms in healthy adults (Métais et al.

2022). Neuroimaging work has advanced our understanding of the neural architecture underlying saccadic

adaptation in healthy individuals. Beyond the cerebellum, saccadic adaptation involves a broad network

of cortical and subcortical regions, including the medial temporal areas, FEF, parietal eye fields (PEF),

precuneus, and right pallidum, each contributing uniquely to motor recalibration, visual error processing,

and directional adaptation (Blurton, Raabe and Greenlee 2012; Gerardin et al. 2012; Guillaume et al. 2018).

Furthermore, the visual and parietal cortices have also been implicated in error detection and trans-saccadic

spatial updating, suggesting that adaptation encompasses both motor execution and perceptual recalibration

components (Cheviet, Pisella and Pélisson 2021; Baltaretu et al. 2020). Altogether, saccadic adaptation in

healthy individuals is a multistage process, engaging a hierarchical network where the cerebellum executes

fast motor recalibration, subcortical structures relay signals, and cortical areas support perceptual remapping,

attention shifts, and integration of error feedback.

In contrast, individuals with PD also exhibited a significant but more modest gain reduction during adaptation

and a blunted deadaptation. Although these changes were not statistically different from controls, they suggest

some degree of preserved but attenuated adaptive plasticity in PD. This is noteworthy given the dopaminergic

system’s central role in reward prediction and error correction—functions critical for adaptation (Keiflin

and Janak 2015). Dopaminergic deficits reduce sensitivity to performance feedback, resulting in attenuated
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trial-by-trial updates in adaptation. In PD, while the cerebellum is relatively spared, dopaminergic depletion

in the basal ganglia, particularly in the striatum, may indirectly affect saccadic adaptation by impairing

motivation and internal performance monitoring (Zhong et al. 2022; Zhai et al. 2023). This could explain the

reduced but preserved adaptation observed. Additionally, PD-related impairments in internal prediction of

movement outcomes may hinder error detection and correction.

MSA participants showed the least change in gain during the adaptation phase and only moderate deadaptation.

This flattened adaptation curve points to cerebellar circuitry dysfunction, often compromised in MSA, partic-

ularly in the cerebellar subtype (S. Ren et al. 2019). Unlike PD, where the basal ganglia are predominantly

affected, MSA encompasses widespread neurodegeneration, including brainstem and cerebellar structures

crucial for visuomotor recalibration (Block and Celnik 2013; Abrahão et al. 2011). Brainstem atrophy likely

contributes to deficits in coordinating saccade generation via the paramedian pontine reticular formation and

feedback modulation from the cerebellum (E. E. Benarroch 2003; Ramat et al. 2007). Furthermore, disruption

in the cerebello-thalamo-cortical loop may impair predictive coding, interfering with both detection and

correction of saccadic errors (Cao et al. 2018).

In healthy controls, the adaptation phase was associated with a substantial increase in saccade duration,

reflecting more controlled and effortful motor recalibration. This supports the idea that the ocular motor

system becomes temporarily less efficient while compensating for visual error (Masselink and Lappe 2021;

Wagner, C. Wolf and Schütz 2021). Saccadic latency also increased moderately, indicating cautious initiation

during adaptation. Both average and peak saccade velocities decreased, though not significantly, suggesting

reduced motor drive or deliberate slowing for precision. During the test phase, most metrics returned toward

baseline—saccade duration and latency decreased, while velocity increased—demonstrating the system’s

dynamic flexibility.

In the PD group, saccade duration and latency increased during adaptation, mirroring but less pronounced

than in controls. Slight decreases in velocity were also noted. These changes may reflect bradykinesia, a

hallmark of PD, even in ocular motor function (Berardelli et al. 2001; Koohi et al. 2021). In the test phase,

gain increased modestly, but other metrics suggested persistent inefficiency: saccade duration decreased,

velocities declined, and latency increased. Unlike controls, PD participants failed to re-engage automatic
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saccade programs effectively, likely due to impaired internal feedback and basal ganglia dysfunction (J. S. Li

et al. 2023; McGregor and Nelson 2019; Blandini et al. 2000).

The MSA group showed the most atypical saccadic profiles. During adaptation, saccade duration increased

modestly, while latency decreased ( 9.4%), diverging from the PD and control trends. This suggests premature

or erratic saccade initiation, possibly due to disrupted cerebellar timing (Johansson, Hesslow and Medina

2016). Velocity metrics changed minimally, indicating unresponsive or impaired scaling. In the test phase,

duration and start time increased without corresponding amplitude adjustment. This highlights an inability to

coordinate timing and amplitude, consistent with cerebellar or brainstem dysfunction (S. Ren et al. 2019). The

dissociation between gain and other metrics underscores a broader breakdown in the ocular motor system’s

integration of planning, execution, and error correction.

The gain trajectories across both adaptation and test phases displayed irregularities, deviating from smooth,

exponential-like learning curves typically observed (Panouillères, Sebastiaan F.W. Neggers et al. 2012). Long

task duration may have introduced cognitive fatigue and attentional lapses, especially in neurodegenerative

groups. Despite drift checks, inconsistent attention could impact trial-to-trial consistency. Both MSA and

PD are linked to elevated motor variability due to neural noise and unreliable internal models (Wiegel et al.

2022; Torres, Cole and Poizner 2014). In controls, plateauing or non-linear learning may have led to jagged

gain curves. Most importantly, the small sample size—particularly for the MSA group—could amplify

inter-individual effects, exaggerating variability in group-level plots.

6.6.1 Clinical Implications

The findings from this study offer valuable clinical insights into the neurophysiological underpinnings of

motor learning deficits in PD and MSA. The observation that individuals with PD demonstrate partially

preserved saccadic adaptation suggests that despite basal ganglia dysfunction, some elements of visuomotor

plasticity remain intact—likely mediated through compensatory cerebellar and cortical mechanisms. This

could inform therapeutic strategies aimed at enhancing residual learning capacity, such as adaptive training

paradigms that leverage intact cerebellar circuitry to reinforce motor recalibration. In contrast, the severely

blunted adaptation response in MSA, coupled with erratic saccadic metrics, points to more profound disrup-
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tion in sensorimotor learning and timing. This supports the clinical differentiation between PD and MSA,

particularly in early or ambiguous cases. Quantitative assessment of saccadic adaptation may therefore serve

as a sensitive biomarker to distinguish between these conditions and track disease progression. Furthermore,

the increased saccade duration and latency in both groups highlight ocular motor slowing as a general feature

of neurodegeneration, which could impact daily activities such as reading, driving, and navigation. Clinically,

these deficits emphasize the need for early detection and patient-specific interventions to preserve functional

independence.

6.6.2 Limitations

Despite the important insights gained, several limitations should be acknowledged. First, the sample size for

the MSA group was small (n = 4), which limits statistical power and generalizability. The heterogeneity

within MSA, particularly between MSA-C and MSA-P subtypes, may have further confounded the results,

as these phenotypes likely show distinct ocular motor profiles. Second, although the gain changes were

statistically significant in PD and controls, many of the changes in other saccadic metrics (e.g., velocity,

latency) did not reach significance, potentially due to inter-individual variability or insufficient trial density

for fine-grained temporal analysis. Additionally, the long experimental duration may have introduced fatigue

effects, especially in neurodegenerative cohorts, possibly impacting attentional consistency and motor exe-

cution over time. Eye tracking was performed under laboratory-controlled conditions, which may not fully

reflect ecological visual behavior. Finally, while this study inferred neural mechanisms based on behavioral

outcomes and prior literature, direct neuroimaging or electrophysiological correlates were not obtained to

confirm the involvement of specific circuits in the observed effects.

6.6.3 Future Directions

Future research should prioritize expanding the sample size, particularly for the MSA group, and consider

stratifying participants by clinical phenotype to better understand subtype-specific impairments. Incorporating

neuroimaging modalities such as high-resolution functional MRI or diffusion tensor imaging would enable

direct mapping of the cerebello-cortical and basal ganglia circuits involved in saccadic adaptation, thereby

validating and refining the circuit-level interpretations proposed in this study. Additionally, longitudinal
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studies could assess how saccadic adaptation evolves with disease progression and how it correlates with other

motor and cognitive symptoms. There is also scope to investigate the impact of dopaminergic medication

or targeted cerebellar stimulation on saccadic adaptation performance in PD. Finally, developing shorter,

adaptive versions of the saccadic adaptation paradigm suitable for bedside or clinical deployment could

help translate this task into a viable biomarker for early diagnosis and treatment monitoring in parkinsonian

syndromes.

6.7 Chapter Summary

This chapter explored saccadic adaptation and deadaptation in healthy controls, idiopathic PD, and MSA.

Using a visual error paradigm, it was found that healthy individuals exhibited robust, bidirectional gain

modulation and coordinated changes in other saccadic metrics, reflecting intact sensorimotor learning. PD par-

ticipants showed significant but attenuated adaptation, with prolonged saccade duration and latency, indicative

of slowed but preserved motor learning, potentially mediated by cerebellar compensation. MSA participants,

by contrast, showed minimal adaptation and highly irregular timing patterns, likely due to widespread cerebel-

lar and brainstem degeneration. The differential adaptation profiles offer mechanistic insight into the neural

circuitry underlying ocular motor plasticity and underscore the distinct pathophysiological bases of PD and

MSA. Although limited by sample size and lack of direct neural recordings, the findings highlight the potential

for saccadic adaptation as a clinical tool to assess motor learning and disease-specific dysfunction. Future

work should focus on expanding cohort sizes, incorporating neuroimaging, and developing translational

applications to harness saccadic metrics as sensitive, non-invasive biomarkers of neurodegeneration.
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7 Effect of Levodopa on Eye Movements in Parkinson’s Disease

7.1 Introduction

Levodopa, also known as L-dopa, is the primary pharmacological agent used in the management of PD. It acts

as the metabolic precursor for the synthesis of dopamine, the neurotransmitter deficient in the nigrostriatal

pathway in PD. Dopa decarboxylase is the enzyme responsible for converting levodopa into dopamine via

decarboxylation (Lahlou et al. 2019; Beigi et al. 2016). In a healthy brain, dopamine modulates the activity

of striatal neurons in the basal ganglia, including both the direct and indirect pathways that initiate and inhibit

movement. Levodopa restores some of this modulation by enhancing the activity of the direct pathway and

suppressing the indirect pathway, alleviating hallmark symptoms of PD such as bradykinesia, rigidity, and

tremor (Ryan, Bair-Marshall and Nelson 2018; Heiman et al. 2014).

Motor fluctuations in PD are commonly referred to as ON and OFF states. During the ON state, levodopa

leads to significant improvement in motor symptoms, as individuals often experience enhanced mobility. This

immediate benefit is primarily attributed to dopamine restoration in the striatum. Clinical studies have shown

that levodopa improves UPDRS scores and reduces resting tremor (Zach, Dirkx, Roth et al. 2020; Miyasaki

2010; Heiman et al. 2014). However, Zach et al. noted that although tremor severity decreased during

ON states, tremor variability and irregular tremor frequencies increased—possibly due to desynchronised

oscillatory activity in the basal ganglia, highlighting the complexity of levodopa’s short-term effects (Zach,

Dirkx, Pasman et al. 2017).

Some studies have also found cognitive benefits of levodopa during ON states, particularly in tasks involving

attention and executive function. However, these effects are not consistent across individuals, with some

reporting worsened cognitive function (Landes et al. 2022). Conversely, during OFF states, cognitive and

motor impairments can become more pronounced, not only due to dopamine depletion but also as a result of

disturbances in cholinergic, glutamatergic, and serotonergic systems—also implicated in PD pathophysiology

(Warren Olanow et al. 2013).

In the context of eye movements, relatively few studies have comprehensively examined ON vs. OFF states.

Hood et al. investigated prosaccades and antisaccades before and after levodopa administration, finding that
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levodopa significantly increased reflexive saccade latency but reduced antisaccade error rates (Hood et al.

2007). This aligns with another study (Vermersch et al. 1994) and may be explained by the tonic inhibition

model, wherein levodopa enhances inhibition of reflexive responses (Anne B. Sereno 1992).

Other investigations by M. J. Munoz, Reilly et al. 2022 and M. J. Munoz, Arora et al. 2023 assessed the

effects of antiparkinsonian medication on visually guided saccades and reaching tasks over several days.

M. J. Munoz, Reilly et al. 2022 examined paradigms with step, gap, and overlap fixation conditions at 10°

and 15° eccentricities, while M. J. Munoz, Arora et al. 2023 evaluated a reaching task where participants

looked at and touched target LEDs. Both studies reported increased saccadic latency and decreased gain and

peak velocity following medication. These discrepancies suggest that while antiparkinsonian medications do

impact eye movements, results may vary depending on the specific paradigms employed. Moreover, other

paradigms such as pursuit and fixation remain underexplored in this context.

This project aims to systematically compare eye movements during ON and OFF states to assess the short-term

effects of levodopa. A comprehensive ocular motor battery is used to evaluate various eye movement classes,

offering an opportunity to replicate previously reported findings and uncover novel insights. Understanding

the short-term modulation of ocular motor behaviour may help determine whether eye movements, like limb

motor functions, can be temporarily improved to support daily tasks that require accurate visual tracking and

rapid eye responses. These findings may also inform best practices for ocular motor testing in PD, particularly

regarding the timing of medication administration.

7.2 Project Aims

1. To evaluate the short-term impact of levodopa on ocular motor function in PD, focusing on changes in

metrics such as latency, error rates, and gain.

2. To determine which ocular motor metrics are most sensitive to dopaminergic therapy.
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7.3 Methodology

7.3.1 Participants

Individuals scheduled for a levodopa challenge test at the Functional Neurosurgery Unit at 33 Queen Square

were approached and informed about the study. Inclusion criteria were: (1) males and females with a con-

firmed diagnosis of idiopathic PD by a neurologist (H&Y scale 1–3); (2) age between 40 and 85 years; (3)

0–10 years since diagnosis; (4) normal or corrected-to-normal vision with no ocular motor abnormalities

such as double vision, eyelid opening apraxia, or blepharospasm; (5) no additional neurological conditions;

(6) ability to provide informed consent; and (7) ability to follow verbal instructions.

Exclusion criteria were: (1) drug or alcohol abuse; (2) other neurological, movement, or eye movement

disorders; (3) pregnancy or suspected pregnancy (self-declared); (4) history of epilepsy; and (5) inability to

sit for 15 minutes.

A total of nine participants (4 females, 5 males) were recruited. The study was approved by the UCL Research

Ethics Committee, and informed consent was obtained from all participants prior to testing.

7.3.2 Experimental Conditions

Each participant was evaluated twice during the levodopa challenge: once in the OFF state (Period A) and

once in the ON state (Period B). Period A was defined as the OFF state, assessed after a minimum 12-hour

withdrawal from all dopaminergic medications to ensure appropriate washout. This session was conducted in

the early morning to minimise discomfort. Following ocular motor assessment, levodopa (200 mg dispersible)

was administered according to the CAPSIT protocol, after a 12-hour medication washout and fasting period.

Period B (ON state) was defined as the time corresponding to peak levodopa effect, approximately 60

minutes after drug administration, based on levodopa’s half-life of approximately 1.5 hours when taken with

carbidopa. Participants also provided self-ratings of their perceived ON/OFF state using a Visual Rating

Scale (VRS) from 0 to 10, where 0 indicated feeling completely OFF and 10 completely ON. This subjective

self-assessment was recorded prior to each ocular motor assessment.
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7.3.3 Ocular Motor Assessment

The experimental setup, including calibration and validation, was as described in Chapter 2: General Methods.

An abridged version of the standard ocular motor battery was used due to clinical time constraints. The

abridged protocol consisted of the following tasks:

1. Central Fixation: A central stationary target was displayed at the screen centre (960, 540) for 30

seconds. Participants were instructed to maintain focus on the target with minimal blinking. One trial

(30 s total duration).

2. Reflexive Saccades: Saccades were elicited in both horizontal (±15◦) and vertical (±10◦) directions

with 30 trials per direction, randomly ordered. Each trial lasted 60 seconds (total duration: 120 s).

3. Volitional Saccades: Two stationary targets were placed at ±15◦. Participants moved their eyes

between them at their own pace. One trial (60 s duration).

4. Memory-Guided Saccades: A blank screen was shown after the volitional saccade task. Participants

were instructed to recall and saccade between previously presented target locations. One trial (60 s

duration).

5. Antisaccades: Participants were instructed to saccade in the opposite direction of a stimulus appearing

at ±15◦ in randomised order (30 trials). Each trial lasted 2 seconds (total duration: 60 s).

7.3.4 Data Processing

Data were processed as described in Chapter 2: General Methods. All ocular motor metrics were extracted

using standard procedures.

7.3.5 Statistical Analyses

Descriptive statistics were calculated for all metrics in ON and OFF states. Continuous variables were

summarised using mean, standard deviation, and median values. As the data were paired and non-normally
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distributed, Wilcoxon signed-rank tests were applied to assess ON vs. OFF differences. Multiple comparisons

were corrected using the Bonferroni method with a 5% threshold.

Effect sizes were calculated using rank-biserial correlation, and 95% confidence intervals for these were

obtained via bootstrapping. A LMM was also fitted for each ocular motor metric, with state (ON/OFF),

age, sex, disease duration, and LEDD as fixed effects, and participant ID as a random effect to account for

repeated measures. Model assumptions were assessed via residual diagnostics, and fixed effects’ confidence

intervals were computed using the Wald method. Statistical significance was set at α = 0.05. Analyses were

conducted in R (Version 2023.09.1+494, R Core Team, Vienna, Austria). Full tables of results are presented

in the appendix.

7.4 Results

7.4.1 Participants

Eight participants were included in the final analysis (5 males, 3 females); one participant was excluded due

to substantial eye-tracking data loss. The overall mean age was 57.50± 4.57 years. Males had a mean age of

55.20± 3.77 years, and females 61.33± 3.06 years. The mean disease duration was 2.80± 1.42 years, with

males averaging 2.40± 1.66 years and females 3.49± 0.60 years.

Table 14: Demographic and clinical characteristics of the study cohort. Values are presented as mean ±
standard deviation (SD). Age and disease duration are reported for all participants. Data are stratified by
group and sex. “-” indicates not applicable or unavailable.

Group Age (Mean ± SD) Disease Duration (Mean ± SD)

Overall (N = 8) 57.50 ± 4.57 2.80 ± 1.42

Males (N = 5) 55.20 ± 3.77 2.40 ± 1.66

Females (N = 3) 61.33 ± 3.06 3.49 ± 0.60
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7.4.2 ON vs. OFF Comparisons

A significant decrease in average fixation duration was observed following levodopa administration, as

indicated by the LMM analysis (β = −553.265, 95% CI [-955.094, -151.430], p = 0.024). This finding was

corroborated by the Wilcoxon signed-rank test (p = 0.023). Additionally, fixation precision measured by

standard deviation (SD) significantly decreased after medication, as shown by the Wilcoxon test (p = 0.023),

suggesting a potential alteration in fixation stability post-levodopa.

No significant effects were observed for antisaccade performance following levodopa administration.

Levodopa significantly decreased saccade end time in the vertical reflexive saccade condition, as indicated by

the LMM analysis (β = −220.022, 95% CI [-303.357, -131.892], p = 0.014), and further supported by the

Wilcoxon test (p = 0.016). This finding suggests faster execution of vertical reflexive saccades post-medication.

No significant effects were observed in the horizontal reflexive saccade condition.

Levodopa significantly influenced several metrics of volitional saccades, reflecting changes in temporal

dynamics and clustering patterns. The total number of volitional saccades completed increased significantly

post-medication (LMM: β = 21.500, 95% CI [5.652, 37.348], p = 0.026; Wilcoxon: p = 0.039), while the

number of saccadic steps decreased significantly (LMM: β = −0.132, 95% CI [-0.228, -0.036], p = 0.038;

Wilcoxon: p = 0.039).

Furthermore, both average saccade end time (LMM: β = 1381.740, 95% CI [514.990, 2248.489], p = 0.013;

Wilcoxon: p = 0.016) and average saccade start time or latency (LMM: β = 1363.712, 95% CI [499.879,

2227.544], p = 0.014; Wilcoxon: p = 0.023) significantly increased post-medication. These findings indicate

that levodopa affects both the spatial clustering and timing characteristics of volitional saccades.

No significant effects were found for memory-guided saccades following levodopa administration.
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Levadopa Effect Central Fixation

Figure 159: Central Fixation Metrics ON and OFF States. Within-subject differences were assessed using Wilcoxon signed-rank tests, with
Bonferroni correction applied for multiple comparisons. Linear mixed-effects models were also fitted to evaluate the influence of state, age, sex, disease
duration, and LEDD, with participant ID included as a random effect. Statistical significance was set at p < 0.05.
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Levadopa Effect Central Fixation

Figure 160: Central Fixation Metrics ON and OFF States. Within-subject differences were assessed using Wilcoxon signed-rank tests, with
Bonferroni correction applied for multiple comparisons. Linear mixed-effects models were also fitted to evaluate the influence of state, age, sex, disease
duration, and LEDD, with participant ID included as a random effect. Statistical significance was set at p < 0.05.
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Figure 161: Antisaccades Metrics ON and OFF States. Within-subject differences were assessed using Wilcoxon signed-rank tests, with Bonferroni
correction applied for multiple comparisons. Linear mixed-effects models were also fitted to evaluate the influence of state, age, sex, disease duration,
and LEDD, with participant ID included as a random effect. Statistical significance was set at p < 0.05.
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Levadopa Effect Antisaccades

Figure 162: Antisaccades Metrics ON and OFF States. Within-subject differences were assessed using Wilcoxon signed-rank tests, with Bonferroni
correction applied for multiple comparisons. Linear mixed-effects models were also fitted to evaluate the influence of state, age, sex, disease duration,
and LEDD, with participant ID included as a random effect. Statistical significance was set at p < 0.05.
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Levadopa Effect Reflexive Saccades Horizontal

Figure 163: Reflexive Saccades Horizontal Metrics ON and OFF States. Within-subject differences were assessed using Wilcoxon signed-rank tests,
with Bonferroni correction applied for multiple comparisons. Linear mixed-effects models were also fitted to evaluate the influence of state, age, sex,
disease duration, and LEDD, with participant ID included as a random effect. Statistical significance was set at p < 0.05.
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Levadopa Effect Reflexive Saccades Horizontal

Figure 164: Reflexive Saccades Horizontal Metrics ON and OFF States. Within-subject differences were assessed using Wilcoxon signed-rank tests,
with Bonferroni correction applied for multiple comparisons. Linear mixed-effects models were also fitted to evaluate the influence of state, age, sex,
disease duration, and LEDD, with participant ID included as a random effect. Statistical significance was set at p < 0.05.
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Levadopa Effect Reflexive Saccades Vertical

Figure 165: Reflexive Saccades Vertical Metrics ON and OFF States. Within-subject differences were assessed using Wilcoxon signed-rank tests,
with Bonferroni correction applied for multiple comparisons. Linear mixed-effects models were also fitted to evaluate the influence of state, age, sex,
disease duration, and LEDD, with participant ID included as a random effect. Statistical significance was set at p < 0.05.
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Levadopa Effect Reflexive Saccades Vertical

Figure 166: Reflexive Saccades Vertical Metrics ON and OFF States. Within-subject differences were assessed using Wilcoxon signed-rank tests,
with Bonferroni correction applied for multiple comparisons. Linear mixed-effects models were also fitted to evaluate the influence of state, age, sex,
disease duration, and LEDD, with participant ID included as a random effect. Statistical significance was set at p < 0.05.
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Levadopa Effect Volitional Saccades

Figure 167: Volitional Saccades Metrics ON and OFF States. Within-subject differences were assessed using Wilcoxon signed-rank tests, with
Bonferroni correction applied for multiple comparisons. Linear mixed-effects models were also fitted to evaluate the influence of state, age, sex, disease
duration, and LEDD, with participant ID included as a random effect. Statistical significance was set at p < 0.05.
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Levadopa Effect Volitional Saccades

Figure 168: Volitional Saccades Metrics ON and OFF States. Within-subject differences were assessed using Wilcoxon signed-rank tests, with
Bonferroni correction applied for multiple comparisons. Linear mixed-effects models were also fitted to evaluate the influence of state, age, sex, disease
duration, and LEDD, with participant ID included as a random effect. Statistical significance was set at p < 0.05.
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Levadopa Effect Memory Guided Saccades

Figure 169: Memory Guided Saccades Metrics ON and OFF States. Within-subject differences were assessed using Wilcoxon signed-rank tests,
with Bonferroni correction applied for multiple comparisons. Linear mixed-effects models were also fitted to evaluate the influence of state, age, sex,
disease duration, and LEDD, with participant ID included as a random effect. Statistical significance was set at p < 0.05.
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Levadopa Effect Memory Guided Saccades

Figure 170: Memory Guided Saccades Metrics ON and OFF States. Within-subject differences were assessed using Wilcoxon signed-rank tests,
with Bonferroni correction applied for multiple comparisons. Linear mixed-effects models were also fitted to evaluate the influence of state, age, sex,
disease duration, and LEDD, with participant ID included as a random effect. Statistical significance was set at p < 0.05.
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7.5 Discussion

This study found that levodopa administration had differential effects on specific aspects of ocular motor

function in PD, particularly fixation stability, reflexive saccades, and volitional saccades. These results suggest

that dopaminergic treatment, even in the short term, can influence ocular motor pathways. While previous

studies have assessed the long-term effects of dopamine on ocular motor function and some have examined

specific tasks such as fixation or antisaccades, the current findings provide novel insights into a broader range

of eye movements, including volitional and memory-guided saccades, in both ON and OFF states. However,

given the small sample size, these findings should be considered preliminary and warrant further investigation.

In the fixation task, levodopa administration led to a significant decrease in average fixation duration, confirmed

by both the LMM analysis and the Wilcoxon signed-rank test. In addition, fixation precision—measured

by the standard deviation of fixation position—also significantly decreased post-medication, suggesting

increased variability in fixation stability. Previous studies examining motor symptoms during ON and OFF

states report mixed findings, ranging from no improvement to decreased stability or enhanced speed of motor

functioning (Corrà et al. 2021; Yin et al. 2022; Freitas, Hess and Fox 2017). The reduction in fixation

duration and precision observed here may reflect dopamine overstimulation within the basal ganglia (H. Yu

et al. 2007). Pulsatile stimulation from short-acting levodopa causes discontinuous activation of dopamine

receptors, potentially destabilising motor circuits in the already dopamine-depleted basal ganglia (Olanow,

Obeso and Stocchi 2006). Alternatively, excessive dopamine may induce hyperkinesia, resulting in the

generation of intrusive saccades during fixation (Güttler et al. 2021). Variability in neural activity within

other fixation-related regions such as the superior colliculus, FEFs, and SEFs could further contribute to

erratic gaze behaviour (Lal and Truong 2019).

No significant changes were observed in antisaccade performance following levodopa administration. An-

tisaccades require top-down executive control, predominantly mediated by the dorsolateral prefrontal cortex.

Since levodopa acts primarily on basal ganglia circuits, its effects on executive functioning may be limited

(Kaufman et al. 2010). Although levodopa has been shown to improve frontal-subcortical and posterior

cortical function in PD, it remains unclear whether these cognitive improvements translate to measurable

changes in antisaccade performance (Gul and J. Yousaf 2019; Orcioli-Silva et al. 2020). Additionally, antisac-

cades are influenced by other neurotransmitter systems such as norepinephrine and acetylcholine, which may
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explain the absence of significant effects (Aponte et al. 2020). Finally, if baseline antisaccade performance

was already well-preserved, a ceiling effect may have masked potential improvements.

Levodopa administration significantly reduced saccade end time in the vertical reflexive saccade task, sug-

gesting a possible enhancement in saccade execution speed or a reduction in planning delay. Vertical and

horizontal saccades are controlled by overlapping but distinct brainstem circuits, and it is plausible that

vertical saccades may benefit more from dopamine-driven facilitation in areas such as the superior colliculus

or cortico-striatal loops (McDowell, Clementz and Sweeney 2012; Lal and Truong 2019). However, caution

should be exercised in interpreting this finding, as saccade end time is not a widely validated metric for

saccadic performance. It may instead reflect variability in execution, trajectory adjustments, or post-saccadic

corrections. The absence of similar changes in horizontal saccades further complicates interpretation and

raises concerns about the robustness of this effect.

Volitional saccade metrics were significantly influenced by levodopa, with an increase in the total number of

saccades completed and a decrease in the number of saccadic steps per movement. These findings suggest

improved saccadic execution and possibly greater movement precision. The observed increase in volitional

saccades aligns with prior studies showing that these movements rely heavily on basal ganglia integrity,

particularly the dopaminergic nigrostriatal pathway, which is disrupted in PD (Redgrave et al. 2010; Hodgson

et al. 2013). Levodopa likely restored some of this function, enhancing the ability to generate goal-directed

saccades. The reduced need for corrective steps may reflect improved accuracy, although an alternative ex-

planation is that levodopa-induced impulsivity led to more committed but less refined movements. Clarifying

this would require analysis of endpoint accuracy and variability.

Despite the increase in saccade number, both saccade start time (latency) and end time increased post-

medication, indicating a paradoxical slowing in initiation and completion. This may result from levodopa’s

modulation of the balance between movement initiation and inhibition in the basal ganglia, particularly

increased inhibition within the indirect pathway delaying saccade release (Lerner et al. 2017; Graybiel,

Canales and Capper-Loup 2000; Biase et al. 2023). Given the executive demands of volitional saccades,

effects on prefrontal cortex function and planning could also introduce timing variability (Cieslik et al. 2016;

René M. Müri and Nyffeler 2008; Molloy et al. 2006; Kiani, Heidari Beni and Aghajan 2023). Additionally,
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the pulsatile pharmacodynamics of short-acting levodopa may cause fluctuating motor timing and inconsistent

initiation speeds (N. Hattori 2022). Rather than facilitating faster responses, levodopa may introduce greater

variability, which in turn prolongs initiation and termination of saccades.

No significant effects were observed for memory-guided saccades. These saccades rely on working memory

and sustained attention, involving prefrontal and hippocampal regions, which are more influenced by cholin-

ergic and noradrenergic neurotransmission than dopaminergic function. Since levodopa primarily targets

dopamine in the basal ganglia, its influence on memory-guided saccades may be limited. This result parallels

the antisaccade findings and reinforces the idea that levodopa has more substantial effects on movement

execution than cognitive control.

Levodopa’s differential influence across ocular motor tasks observed in this study can be explained by its

complex modulation of basal ganglia circuits, particularly via the direct, indirect, and hyperdirect pathways

(Neumann et al. 2018; Gerfen and Surmeier 2011). Enhanced dopaminergic stimulation from levodopa

predominantly activates the direct pathway, facilitating movement by decreasing inhibitory output from basal

ganglia nuclei such as SNpr (Sonne, Reddy and Beato 2020; Lanciego, Luquin and Obeso 2012). Simultan-

eously, levodopa suppresses the indirect and hyperdirect pathways, thereby reducing basal ganglia-mediated

movement inhibition (McGregor and Nelson 2019; Nambu et al. 2023). This dual action might paradoxically

prolong saccade initiation in certain tasks (e.g., volitional and reflexive saccades) by disrupting the balance

between facilitation and inhibition, causing heightened cortical decision thresholds and delayed triggering

of ocular movements. Conversely, increased movement frequency (as seen in volitional saccades) could

arise from reduced tonic inhibition, facilitating repeated but less precise movements (Heo et al. 2020). Tasks

heavily dependent on internal planning or cognitive load (antisaccades, memory-guided saccades) involve

frontal-basal ganglia loops, whose complexity may limit rapid normalization through acute dopaminergic

intervention (Leisman, Braun-Benjamin and Melillo 2014).

At the receptor level, differences in the expression and distribution of dopamine receptor subtypes (D1 vs. D2)

offer insights into the task-specific responses observed with levodopa administration (Gerfen 2023). Reflexive

saccades and fixation tasks, largely mediated by subcortical and collicular pathways, predominantly involve

inhibitory D2 receptor pathways within the basal ganglia, potentially explaining why excessive D2 stimulation
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from acute levodopa administration may paradoxically slow reflexive saccade initiation or disrupt fixation

stability (R. Walker and McSorley 2006; Gerfen 2023; Lanciego, Luquin and Obeso 2012). In contrast,

volitional, antisaccade, and memory-guided saccade tasks heavily engage frontal-cortical basal ganglia loops

enriched in both D1 and D2 receptors, but with significant reliance on cortical D1 receptors to mediate

planning and decision thresholds (Liversedge, Gilchrist and Everling 2012; Volkow et al. 2002; Luft and

Schwarz 2009; Gerfen and Surmeier 2011). Excessive acute D1 receptor activation through levodopa might

heighten cortical decision thresholds, prolonging saccadic initiation times, yet permitting greater overall

movement frequency by facilitating release from tonic inhibition (P. S. Goldman-Rakic, Muly and G. V.

Williams 2000; Chris Muly, Szigeti and Patricia S. Goldman-Rakic 1998). Chronic receptor adaptations in

PD, particularly within these cognitive-executive circuits, could further limit responsiveness of antisaccades

and memory-guided saccades to short-term levodopa treatment (Yunqi Xu et al. 2012).

7.5.1 Clinical Implications

The differential effects of levodopa on ocular motor function in PD have important clinical implications,

particularly in understanding how dopaminergic therapy influences movement control beyond limb motor

function. The observed increase in volitional saccades suggests that levodopa may enhance the ability to

generate self-initiated movements, which could translate to improvements in tasks requiring voluntary gaze

shifts, such as reading or visual scanning. However, the increased fixation instability and prolonged saccade

start and end times highlight potential side effects of dopaminergic overstimulation, which may contribute

to visual disturbances in PD patients. The absence of improvement in antisaccades and memory-guided

saccades suggests that cognitive aspects of eye movement control are not significantly influenced by levodopa,

reinforcing the need for adjunct treatments targeting executive dysfunction. These findings emphasize that

while levodopa remains the cornerstone of PD management, its effects on ocular motor function should be

considered when addressing visual and attentional symptoms in clinical settings. Additionally, the results

suggest that ocular motor assessments could be used as objective biomarkers to evaluate dopaminergic treat-

ment efficacy in PD, offering a non-invasive tool to track disease progression and medication responsiveness.
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7.5.2 Limitations

Several limitations should be acknowledged in interpreting these findings. The small sample size of nine

participants restricts the ability to generalize results to the broader PD population, as individual differences

in disease progression, baseline motor function, and medication response may have influenced the observed

effects. Given the variability in how PD patients respond to levodopa, a larger sample would provide greater

statistical power and reduce the influence of outliers. Given the limitations associated with small samples in

clinical ocular motor studies, future research would benefit from adopting advanced statistical methodologies,

such as Bayesian statistical analyses. Bayesian methods explicitly quantify uncertainty and strength of

evidence, providing probabilistic interpretations that are particularly advantageous in small-sample studies.

By using Bayesian approaches, it is possible to integrate prior knowledge from existing literature, directly

estimate effect size uncertainty, and better quantify evidence for or against the efficacy of levodopa treatment

across ocular motor paradigms, thus mitigating the limitations inherent in frequentist analyses of limited data

sets.

Additionally, this study assessed only the short-term effects of levodopa, leaving uncertainty regarding whether

these ocular motor changes persist, diminish, or evolve with chronic levodopa use. Long-term administration

often leads to motor complications such as dyskinesias and fluctuating efficacy, which may further influence

ocular motor control. Future research should include longitudinal studies to evaluate how ocular motor

function changes over months or years of levodopa therapy, and whether compensatory neural adaptations

develop over time.

Another limitation is the use of a single levodopa dose rather than individualized titration based on disease

severity or patient-specific pharmacokinetics. Levodopa’s effects vary based on absorption rates and meta-

bolism, so some participants may have been under- or over-medicated relative to their optimal response

window. Future studies should consider dosage adjustments based on individual responsiveness, potentially

incorporating plasma drug levels to confirm efficacy at the time of testing.

Potential confounding factors such as fatigue, attentional fluctuations, or unmeasured cognitive effects may

have influenced outcomes. PD patients often experience variability in alertness, which could affect saccadic

performance independently of levodopa’s motor effects. Moreover, while this study focused on dopaminergic
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modulation, other neurotransmitter systems (e.g., cholinergic, noradrenergic) also contribute to ocular motor

control and may account for observed variability. Future studies should pair ocular motor paradigms with

cognitive assessments to evaluate whether levodopa-induced changes in eye movement are linked to broader

cognitive fluctuations.

Finally, the absence of a placebo-controlled or double-blinded design introduces the potential for expectancy

effects or subtle experimenter bias. Future research should incorporate placebo-controlled, double-blind

testing with repeated measures to improve the reliability of findings. Investigating how different PD subtypes

(e.g., tremor-dominant vs. akinetic-rigid) respond to levodopa may also offer deeper insight into subtype-

specific ocular motor modulation.

7.5.3 Future Directions

Future research should focus on clarifying the mechanisms underlying levodopa’s differential effects on

ocular motor function and determining whether observed changes represent true functional improvement or

compensatory movement strategies. Larger-scale studies are necessary to confirm these findings and examine

individual variability related to disease severity, medication dosage, and long-term dopaminergic exposure.

Greater emphasis should also be placed on understanding the roles of non-dopaminergic systems—particularly

cholinergic and noradrenergic pathways—in memory-guided and antisaccadic performance.

Additionally, it would be valuable to explore the effects of continuous dopaminergic stimulation (e.g., dopam-

ine agonists or deep brain stimulation) on ocular motor stability, especially given the potential destabilising

effects of pulsatile levodopa dosing. Finally, integrating ocular motor assessments into routine clinical

evaluations may offer an objective, non-invasive biomarker to monitor motor and cognitive dysfunction in

PD, allowing for more precise and personalized therapeutic interventions.

7.6 Chapter Summary

This chapter demonstrates that levodopa influences specific aspects of ocular motor function in PD, including

fixation stability, reflexive saccades, and volitional saccades. Levodopa was associated with enhanced saccade
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execution in certain paradigms, but also introduced timing complexity and fixation instability. The findings

provide novel insight into the role of dopamine in ocular motor regulation and suggest that ocular motor

metrics may serve as sensitive markers for dopaminergic effects. Further research is needed to validate these

results, investigate the underlying neurophysiological mechanisms, and assess their implications for clinical

management and therapeutic monitoring in PD.
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8 Machine Learning for the Prediction of Parkinson’s Disease and

Atypical Parkinsonian Syndromes

8.1 Introduction

Artificial intelligence in healthcare has gained traction over the past decade with its ability to leverage large

datasets to generate patterns and therefore improve patient outcomes and care delivery. Machine learning is a

subfield of artificial intelligence that focuses on the development of algorithms that can make predictions based

of data. There are several techniques within machine learning including supervised learning, unsupervised

learning, reinforcement learning, and semi-supervised learning (Belle and Papantonis 2021). Each technique

employs different methodologies to tackle problems therefore the choice of model is critical to achieving

high predictive value and maximum system performance.

Supervised learning is the most widely recognised methodology in machine learning wherein models are

trained with labelled datasets. The association of each input with the corresponding output allows the model

to learn the mapping from start to finish and hence make predictions on unseen and new data (Nasteski

2017). Common algorithms used in supervised learning are support vector machines, decision trees and

convolutional neural networks (Z. Ren et al. 2023. These models work best for regression and classification

tasks or where the goal is to predict categorical or continuous outcomes (Muddasar Abbas et al. 2022). On

the other hand, unsupervised learning uses unlabelled data to identify patterns without any guidance on what

the output should be. Unsupervised learning involves clustering techniques such as k-means and hierarchical

clustering and dimensionality reduction for example principle component analysis (Zang et al. 2017). These

methods are primarily used in exploratory data analysis and scenarios where the underlying structure of

the data is unknown (Leng 2024). Semi-supervised learning combines elements of both supervised and

unsupervised learning to mitigate the cost and impracticality of acquiring large data sets. In this case a small

amount of labelled data is used along with a large amount of unlabelled data, allowing the model to utilise

the structure of the unlabelled data to improve its (Al-Azzam and Shatnawi 2021).

Machine learning models need to be evaluated to ensure the models are reliable and capable of making

accurate predictions on new, unseen data to ensure they can be translated into real world applications. Two
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key pitfalls are either over fitting, when the model is very closely aligned with the training dataset that it is

unable to handle new data or under fitting, when the model is unable to capture the underlying structure of

the data (Chauhan 2020). There are various metrics that can be utilised to evaluate the performance of a

model such as classification, regression, ranking and statistical metics. Classification metrics are used when

the data is categorical and are commonly used for classification problems. One classification metric is the

F1 score which combines the precision score (a measure of accuracy of the model) and recall score (the

true positive rate) of a model. This metric tells you how many times a model made a correct prediction on

the entire dataset (Hamner and Frasco 2018). Another method of evaluation is using the receiver operating

characteristic curve which provides a comprehensive view of the models ability to differentiate between

classes and the area under the curve gives a single value for summarising the overall performance of the

model focusing on sensitivity and specificity (AUC-ROC) (Rainio, Teuho and Klén 2024). Utilising these

evaluation methods can help determine the performance of your model and how it can further improved.

The integration of machine learning models into clinical datasets in Parkinson’s Disease has presented a

significant advancement in diagnosis. Models including deep learning and XGBoost have been effectively

able to diagnose PD using voice signals suggesting that non-invasive methods can be effective for early

diagnosis (Nissar et al. 2019; Neto 2023; Alshammri et al. 2023) when quantified appropriately. Furthermore,

in a heterogenous condition such as PD where movement and gait patterns are complex, machine learning has

been successful not only in differentiating PD from healthy individuals at an early stage but also continuously

monitoring the progression of symptoms (A. Li and C. Li 2022; Zhixu Zhao et al. 2023). A challenge that

machine learning has been able to overcome, although in the nascent stages, is the differentiation between

PD and atypical parkinsonian syndromes. Numerous studies have utilised neuroimaging data (Segovia,

Illán et al. 2015; Archer et al. 2019; Y. S. Kim, J. H. Lee and Gahm 2022) and postural data (Song et al.

2022). These models have primarily focused on the differentiation between PD, PSP and MSA and show that

training models with even small datasets can be useful to provide diagnostic value. However, no studies have

incorporated genetic cases of PD, CBS and DLB cohorts within the classification or utilised eye movements

for machine learning models. The incorporation of these further sub groups will possibly provide a more

granular diagnosis and the integration of more clinical symptoms such as posture and neuroimaging will

further increase the diagnostic value of these models.
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8.2 Project Aims

1. To build and validate a machine learning model using ocular motor data to differentiate between PD, APS,

and healthy controls.

2. To identify the most informative ocular motor features for accurate classification and diagnosis.

8.3 Methods

8.3.1 Data Source

A combined dataset was created with data from all twelve unique eye movement paradigms and the relevant

metrics from each: fixation (average pupil size, RMS precision measure, SD precision measure, average fixa-

tion, average fixation duration, microsaccades count, number of small, large square wave jerks and saccadic

intrusions); nystagmus (average pupil size, RMS precision measure, SD precision measure, average fixation,

average fixation duration, microsaccades count, number of small, large square wave jerks and saccadic

intrusions); pursuit in horizontal, vertical and elliptical directions at 0.2 Hz and 0.4 Hz (pursuit gain, saccade

count, and RMS gaze); antisaccades in the horizontal and vertical direction (latency, average velocity, peak

velocity, average amplitude, end time, number of errors and self-correcting errors); oblique saccades at 4°,

8°, and 10° (latency, average velocity, peak velocity, average amplitude, end time, accuracy, and the number

of correct, hypometric, or hypermetric saccades); reflexive saccades in the horizontal and vertical direction

(latency, average velocity, peak velocity, average amplitude, end time, accuracy, and the number of correct,

hypometric, or hypermetric saccades); volitional saccades in the horizontal and vertical direction (total

number of complete saccades, saccadic steps, latency, average velocity, peak velocity, average amplitude, end

time, accuracy, and the number of correct, hypometric, or hypermetric saccades); memory-guided saccades

in the horizontal and vertical direction (total number of complete saccades, saccadic steps, latency, average

velocity, peak velocity, average amplitude, end time, accuracy, and the number of correct, hypometric, or

hypermetric saccades).

A total of 208 participants were included in the model: 52 controls, 12 GBA-positive PD, 3 LRRK2-positive

PD, 101 idiopathic PD, 9 unclassified atypical, 4 CBS, 2 DLB, 10 MSA, and 15 PSP. This provides a rich

set of features for machine learning models to identify patterns relevant for classification. A multi-level
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classification system with four hierarchical levels was constructed. At each level, a predictive model is trained,

and its output is passed as input to the next level, along with the eye movement data. This process continues

iteratively until the final classification at Level 4 is achieved. The hierarchical structure ensures a systematic

breakdown of the disease into subcategories, improving model interpretability and predictive accuracy. A

breakdown of the construction of the model is detailed below.

8.3.2 Data Preparation

The dataset was cleaned and organised before training the model, including data merging, handling missing

values, and classification mapping. The initial step involved consolidating twelve separate data files, each

containing participant-specific measurements, into a single comprehensive dataset. This merging process

ensured that all relevant participant information was centralised, facilitating streamlined analysis and pro-

cessing. The dataset was merged using the unique participant ID, with all identifiable participant data removed.

To address missing values in the dataset, the iterative imputer technique was employed. In the initial stage,

missing values were replaced with simple estimates (e.g., mean or median). At each step, one feature with

missing values was selected, and a regression model was trained using the other features as predictors. This

model was used to predict the missing values, which were updated iteratively. The cycle was repeated for

all features with missing values, refining the imputations at each iteration. The process continued until a

convergence criterion was met (i.e., when imputations stabilised). The advantage of the iterative imputer is

that it considers interdependencies between features, making it more suitable for complex datasets such as

those containing eye movement metrics.

After handling missing values, each participant ID was assigned four levels of classification based on dia-

gnosis: Level 1 distinguished healthy controls from all disease cases; Level 2 differentiated PD from atypical

parkinsonism; Level 3 further divided PD into idiopathic and genetic subtypes, and atypical parkinsonism into

PSP, MSA, CBS, and DLB; Level 4 classified genetic PD into GBA or LRRK2 subtypes. These classifications

were mapped and integrated with the merged eye movement dataset using participant ID as the key.
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Figure 171: Machine Learning Pipeline for Classification. A hierarchical model classifying eye movement
data into healthy, Parkinson’s Disease (PD), or atypical parkinsonian syndromes. Atypical cases are further
classified into dementia with Lewy bodies (DLB), progressive supranuclear palsy (PSP), multiple system
atrophy (MSA), corticobasal syndrome (CBS), and atypical parkinsonism (ATP). PD cases are subclassified
into idiopathic and genetic forms, with genetic PD further divided into GBA- and LRRK2-associated subtypes.

8.3.3 Model Construction

For each classification level (Levels 1–4), depending on the classification task, six machine learning models

were trained and evaluated. The following models were selected due to their individual strengths:

• Random Forest: Constructs a multitude of decision trees during training and outputs the mode of their
348



predictions. It handles high-dimensional data well and reduces the risk of overfitting through ensemble

learning.

• XGBoost: Utilises gradient boosting algorithms to optimise performance by iteratively minimising er-

rors. It has high computational efficiency, strong handling of missing values, and includes regularisation

to prevent overfitting.

• CatBoost: Implements gradient boosting with native support for categorical features. It handles

categorical data efficiently and reduces the need for extensive preprocessing.

• LightGBM: Employs a leaf-wise tree growth strategy for faster and more accurate results. It offers

extremely fast training speed and is effective with large datasets.

• AdaBoost: Combines multiple weak classifiers to create a strong classifier by iteratively adjusting

weights. It improves accuracy with minimal tuning and focuses on misclassified instances for better

learning.

• Gradient Boosting: Builds trees sequentially to minimise prediction error by correcting prior tree

errors. It is highly accurate, versatile, and robust against overfitting.

The performance of each model at every classification level was assessed using accuracy and confusion

matrices. The best-performing model was selected, and its output was combined with the dataset for the

subsequent level to train the next classification model. This hierarchical approach enabled the selection of the

most appropriate model for each classification task based on data structure and sample size—particularly

important when differentiating between binary classifications and multi-class subgroupings with varying

sample sizes.

Figure 172: Hierarchical Classification of Participants. Each participant was classified through four levels:
(1) disease vs. healthy, (2) Parkinson’s Disease (PD) vs. atypical parkinsonism, (3) PD subtypes (idiopathic
vs. genetic) or atypical syndromes (PSP, MSA, CBS, DLB, ATP), and (4) genetic PD subtypes (GBA vs.
LRRK2). The classifications were mapped to the eye movement dataset by unique participant IDs.
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8.3.4 Class Imbalance and Training Strategy

To address the imbalance between the classes, new data points were generated by shuffling the columns of

existing data points for each class. This technique is broadly classified as data augmentation or synthetic

data generation, specifically a column-shuffling augmentation strategy. For each data point, the values of its

features (columns) were shuffled within the same class, i.e., rearranged randomly among instances of the

same class. The shuffled versions were then used as synthetic data points to augment the dataset. This process

created diverse rows for underrepresented classes without introducing bias. Because the new samples were

derived entirely from existing data, no external noise was introduced, ensuring the synthetic data remained

realistic representations of their respective classes.

• Level 1: 100 new rows were generated for healthy controls. Participants classified as healthy did not

continue beyond Level 1.

• Level 2: 50 new rows were generated for PD and 120 for atypical parkinsonianism.

• Level 3: 90 rows were generated for genetic PD, 90 for PSP, 95 for MSA, 100 for CBS, and 100 for

DLB. No new rows were generated for idiopathic PD.

• Level 4: 90 rows were generated for GBA and 100 for LRRK2.

The dataset’s size, complexity, and number of classifications informed the training-test split ratio. For smaller,

binary classification tasks, an 80/20 split was used (Levels 1 and 2). For more complex, multi-class classifica-

tion tasks, a 70/30 split was adopted (Levels 3 and 4).

All code was written using Visual Studio Code (Version 1.95.2 Universal), and model development was

conducted in Python (Version 3.13.1).

8.4 Results

Level 1: Binary classification of healthy controls vs. disease. The best-performing model was Random

Forest with an accuracy of 84% and zero false negatives. Although it had 5 false positives, it outperformed

other models including XGBoost (81%), CatBoost (77%), LightGBM (81%), AdaBoost (84%), and Gradient
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Boosting (81%). Despite sharing the same accuracy as Random Forest, AdaBoost had more false negatives

and four false positives.

Level 2: Binary classification of PD vs. atypical parkinsonianism. AdaBoost achieved the highest accuracy

at 97%, while XGBoost had the lowest at 85%. All models demonstrated high true positive rates for PD.

However, some showed elevated false negatives (e.g., XGBoost) and false positives (e.g., XGBoost, CatBoost,

Gradient Boosting). AdaBoost was selected due to its perfect classification (0 false positives and 0 false

negatives) along with its high accuracy.

Level 3: Multi-class classification of idiopathic vs. genetic PD and PSP vs. MSA vs. CBS vs. DLB. CatBoost,

LightGBM, and Gradient Boosting achieved the highest accuracy (99%), while AdaBoost performed poorest

(40%). Despite XGBoost achieving slightly lower accuracy (97%), it was selected due to its training stability,

a key consideration for machine learning models. Stable models avoid performance fluctuations across

training epochs or data perturbations, making them more reliable and generalisable across datasets.

Level 4: Binary classification of GBA vs. LRRK2. Random Forest, XGBoost, CatBoost, AdaBoost, and

Gradient Boosting all achieved 100% accuracy with perfect classification (0 false positives and false negat-

ives). LightGBM lagged behind with 87%, misclassifying four samples. XGBoost was again selected due

to its consistent stability across training, which is crucial for real-world applicability and reproducibility in

collaborative research environments.
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Figure 173: Confusion Matrices for Level 1 Classification (Disease vs. Healthy). Confusion matrices
showing the performance of six machine learning models in distinguishing between healthy and diseased
participants using eye movement data. Accuracy varies across models, with AdaBoost achieving the highest
performance.
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Figure 174: Performance of Models in Level 1 Classification (Disease vs. Healthy). Comparison of
machine learning models in classifying participants as healthy or diseased using eye movement data. AdaBoost
and Random Forest achieved the highest accuracy (0.84), while CatBoost performed the lowest (0.77).
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Figure 175: Classification Metrics for Level 1 (Disease vs. Healthy). Precision, recall, and F1-score for
six models in classifying healthy vs. diseased participants. AdaBoost and Random Forest show the highest
F1-scores, while CatBoost performs slightly lower.
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Figure 176: Confusion Matrices for Level 2 Classification (PD vs. Atypical Parkinsonian Syndromes.)
Model performance in differentiating Parkinson’s Disease (PD) from atypical parkinsonian syndromes.
AdaBoost achieves the highest accuracy, while XGBoost has the lowest.
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Figure 177: Performance of Models in Level 2 Classification (PD vs. Atypical Parkinsonian Syndromes.)
Evaluation of models in distinguishing Parkinson’s Disease (PD) from atypical parkinsonian syndromes.
AdaBoost demonstrated the highest accuracy (0.97), while XGBoost had the lowest (0.85).
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Figure 178: Classification Metrics for Level 2 (PD vs. Atypical Parkinsonian Syndromes). Evaluation
of model performance in distinguishing PD from atypical parkinsonian syndromes. AdaBoost demonstrates
the highest recall and F1-score, while XGBoost has reduced performance in recall for atypical cases.
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Figure 179: Confusion Matrices for Level 3 Classification (PD and Atypical Subtypes) Classification
results for PD subtypes (idiopathic vs. genetic) and atypical syndromes (PSP, MSA, CBS, DLB, ATP).
Models demonstrate high accuracy, with minor misclassifications.
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Figure 180: Performance of Models in Level 3 Classification (PD and Atypical Subtypes). Model
classification results for idiopathic vs. genetic PD and atypical parkinsonian syndromes (PSP, MSA, CBS,
DLB, ATP). LightGBM and CatBoost achieved near-perfect classification, while AdaBoost showed reduced
performance.

Figure 181: Classification Metrics for Level 3 (PD and Atypical Subtypes). Model performance for
subclassifying PD into idiopathic vs. genetic and atypical parkinsonian syndromes into PSP, MSA, CBS,
DLB, and ATP. Most models achieve high precision and recall, with AdaBoost showing reduced accuracy.

359



Figure 182: Confusion Matrices for Level 4 Classification (Genetic PD: GBA vs. LRRK2).Performance
of machine learning models in subclassifying genetic PD cases into GBA or LRRK2-associated subtypes.
Most models achieve perfect classification (accuracy = 1.0), except for logistic regression.
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Figure 183: Performance of Models in Level 4 Classification (Genetic PD: GBA vs. LRRK2)Comparison
of models in classifying genetic PD subtypes (GBA vs. LRRK2). Most models achieved perfect classification
(accuracy = 1.0), except logistic regression (0.87).
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Figure 184: Classification Metrics for Level 4 (Genetic PD: GBA vs. LRRK2)Precision, recall, and
F1-score for classifying genetic PD cases into GBA or LRRK2 subtypes. Most models achieve perfect
classification, except logistic regression, which shows reduced recall.

8.5 Discussion

This project successfully utilised hierarchical machine learning models to systematically classify a complex

dataset of different classes of eye movements into manageable levels, resulting in the accurate differential

diagnosis of PD and atypical parkinsonian syndromes. Within these classes, it also accurately classified the

subtypes of genetic (GBA and LRRK2 mutations) and idiopathic PD, as well as PSP, MSA, CBS, DLB,

and ATP. The hierarchical structure enabled the stepwise classification of PD and atypical parkinsonian

syndromes and their subtypes, ensuring that each layer provided a refined and focused diagnosis, significantly

improving interpretability and predictive accuracy.

The inclusion of nuanced eye movement features such as fixation duration, pursuit gain, and antisaccadic

errors was pivotal in enabling accurate classification. These metrics, being sensitive indicators of neurode-
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generative processes, underscored their value as biomarkers. At Level 1, where individuals were classified

as either disease or healthy controls, the Random Forest model achieved 84% accuracy, demonstrating the

robustness of ensemble methods in handling diverse input features. Level 2 distinguished PD from atypical

parkinsonian syndromes with 97% accuracy using AdaBoost, reflecting its strength in binary classification

tasks. Level 3, a more complex task involving six subgroups, was managed using XGBoost, which yielded a

high accuracy of 97% and offered greater stability during training. Lastly, Level 4 entailed the binary classi-

fication of GBA and LRRK2 subtypes, with both Random Forest and XGBoost achieving perfect accuracy

(100%), highlighting the feasibility of classifying rare genetic subtypes with the right data and model selection.

This work builds on prior research into the diagnostic utility of motor and non-motor symptoms in combination

with machine learning techniques to diagnose PD and differentiate between atypical parkinsonian syndromes.

However, to date, no study has focused on the differential diagnosis between PD and atypical parkinsonian

syndromes—including their subtypes—using eye movements and machine learning. Machine learning models

have been applied to various data modalities in PD and atypical parkinsonian syndromes, including gait and

movement data (Navita et al. 2025; Abbasi and Rezaee 2025; Hwang et al. 2025), neuroimaging (Cherubini

et al. 2014; Choi et al. 2017; Segovia, Górriz et al. 2019), and less conventional methods such as voice

(Sakar et al. 2013; H. Ma et al. 2017) and handwriting (Drotár et al. 2014; Pereira et al. 2017). Most studies

used support vector machines, neural networks, or ensemble learning and achieved promising results. Given

the variation in data type and classification tasks in this project, model selection was tailored at each level,

improving overall accuracy and performance. Structuring tasks hierarchically enhanced generalisability and

reduced overfitting.

The low performance of AdaBoost in Level 3 (accuracy: 40%) reflects its limitations when handling complex

multi-class imbalances. AdaBoost’s focus on misclassification penalties can overemphasise minority class

errors, especially in highly imbalanced datasets (Chengsheng, Huacheng and Bing 2017). In such cases,

gradient-boosting techniques like XGBoost are more effective (T. Chen and Guestrin 2016). Solutions include

using ensemble strategies or employing SMOTE (Synthetic Minority Oversampling Technique), which

interpolates between data points to generate synthetic samples (Chawla et al. 2002). A literature review of

448 machine learning studies applied to PD diagnosis found that few studies employed multiple models for

one dataset, which can reduce robustness (Mei, Desrosiers and Frasnelli 2021). Ensemble methods, which
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combine predictions from multiple models, offer more reliable performance.

Evaluating model performance using confusion matrices offers a comprehensive understanding of discrim-

ination between groups. In Level 1, false positives (healthy classified as diseased) may reflect subclinical

or age-related visuomotor changes (Dowiasch et al. 2015; Moschner and Baloh 1994). The selected met-

rics may require refinement or the addition of clinical variables to improve classification precision. False

negatives in distinguishing APS from PD suggest difficulties capturing nuanced differences between these

overlapping conditions (Stamelou, N. P. Quinn and Bhatia 2013). Limited representation of certain subtypes

(e.g., MSA, PSP) may have further hindered the model’s ability to learn these differences. Integrating ocular

motor metrics with imaging data and hierarchical feature importance analysis could improve performance.

Despite external influences like medication or comorbidities, eye movements offer diverse, multimodal inputs.

However, overlapping pathways and compensatory mechanisms limit their independence from one another

(Przybyszewski et al. 2023; Holland et al. 2020; Shaikh and David S. Zee 2018).

This research contributes significantly to the application of machine learning in healthcare. Hierarchical

classification improved generalisability and reduced overfitting in multi-class environments. Ocular motor

metrics, tied to basal ganglia and cerebellar circuits, offer diagnostic and prognostic utility. Clinically, the

findings highlight the potential for more tailored treatment strategies and the use of portable, non-invasive

eye-tracking tools for remote assessment—particularly valuable in underserved communities. The demon-

strated feasibility of high-accuracy classification, even for rare genetic subtypes, supports early and accurate

diagnosis and has the potential to improve patient outcomes while reducing healthcare disparities.

8.5.1 Clinical Implications

The findings from this study present significant clinical implications for the diagnosis and management of

PD and atypical Parkinsonian syndromes. The successful implementation of hierarchical machine learning

models to classify different classes of eye movements underscores the potential of eye-tracking technology as

a non-invasive, objective biomarker for neurodegenerative diseases. Given the challenges in differentiating

PD from atypical Parkinsonian syndromes based on clinical symptoms alone, these models offer a promising

approach to improving diagnostic accuracy and reducing misdiagnosis, particularly in the early stages when
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symptom overlap is highest.

The demonstrated high accuracy of classification, particularly in the differentiation between idiopathic and

genetic PD, as well as among atypical Parkinsonian syndromes subtypes, suggests that these machine learning

models could serve as valuable tools in clinical decision-making. Early and accurate classification of PD

subtypes and atypical Parkinsonian syndromes can significantly impact treatment decisions, as different

syndromes respond variably to dopaminergic therapy and disease-modifying interventions. For instance,

the ability to distinguish between PSP and MSA using ocular motor metrics could guide more appropriate

pharmacological and supportive interventions, ultimately improving patient outcomes.

Moreover, the hierarchical approach used in this study ensures that classification occurs in a stepwise manner,

enhancing model interpretability and clinical applicability. The use of decision trees and ensemble learning

methods, such as Random Forest and XGBoost, ensures robustness across different classification levels, mak-

ing them suitable for real-world implementation. These models could be integrated into routine neurological

assessments, complementing traditional clinical evaluations and neuroimaging findings.

Another critical clinical implication is the feasibility of using portable eye-tracking technology for remote

monitoring of disease progression. Given that ocular motor impairments evolve over time, machine learning

models trained on longitudinal eye movement data could provide a non-invasive means of tracking disease

progression and evaluating treatment response. This could be particularly beneficial for patients in remote or

underserved areas who may have limited access to specialized neurological care.

However, the presence of misclassifications, particularly false positives and false negatives, highlights the

need for further refinement of feature selection and model training strategies. Incorporating additional clinical

variables, such as cognitive test scores, imaging data, and genetic markers, could improve classification ac-

curacy and reduce diagnostic uncertainty. Furthermore, addressing algorithmic biases and ensuring equitable

model performance across diverse patient populations will be crucial for broader clinical adoption.

Overall, the integration of machine learning-based ocular motor assessments into clinical practice holds signi-

ficant promise for enhancing diagnostic precision, enabling earlier intervention, and facilitating personalized
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treatment strategies for neurodegenerative diseases.

8.5.2 Limitations

While the study leveraged a rich dataset with numerous ocular motor metrics, there are limitations which need

to be acknowledged and addressed for increased diagnostic value. Some of the atypical groups, particularly

DLB and CBS, had a small sample size. Although satisfactory diagnostic outcomes have been achieved with

small datasets in machine learning (Belić et al. 2019), a larger sample size is necessary to better train a model,

especially in extremely heterogeneous conditions with overlapping phenotypes such as atypical Parkinsonian

syndromes (Deutschländer et al. 2018). Collecting large amounts of data is a challenge in clinical studies but

could be overcome by combining data from various study locations or utilising local and publicly available

repositories of data.

Another key limitation is that this study was not tested in clinical settings, leading to limited translatability

into healthcare systems. This is also a significant problem with a number of machine learning studies in PD,

as there is a need to refine technical approaches for specific clinical settings (Mei, Desrosiers and Frasnelli

2021). While ensemble models like XGBoost and Random Forest are powerful, their complexity limits

interpretability. The study did not report efforts to enhance model explainability for clinicians. Techniques

such as LIME or SHAP can bridge this gap (Zafar and N. Khan 2021; Y. C. Wang, T. C. T. Chen and Chiu 2023).

The study also did not report the use of feature selection techniques, which could dilute the model’s focus on

critical predictors, especially for small classes. Techniques such as Recursive Feature Elimination (RFE),

Principal Component Analysis (PCA), and SHAP can reduce dimensionality and identify key metrics (Jeon

and Sejong Oh 2020; Ding, Yang and F. Ma 2022; Bro and Smilde 2014; Lundberg 2019).

Additionally, the column-shuffling method for class imbalance may not sufficiently represent the distribution

of rare classes. Techniques like SMOTE or adaptive weighting are more robust solutions (Gu, DeAngelis

and Angelaki 2007; Gonzalez-Cuautle et al. 2020). Model selection was largely driven by accuracy, which

is limited in imbalanced datasets. Metrics like F1-score and AUC-ROC provide a better understanding of

model performance (Hamner and Frasco 2018). Cross-validation strategies, such as stratified k-fold, and
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regularisation were also not reported and are critical to avoid overfitting (Liland, Skogholt and Indahl 2024;

C. H. Yu, F. Gao and Q. Y. Wen 2021).

Iterative imputation may also introduce bias if missingness is not random. Alternative imputation methods

like multiple imputation may reduce this bias (Woods et al. 2024). Finally, computational efficiency and

fairness were not addressed. High computational costs can limit real-world implementation, and algorithmic

bias can lead to inequitable outcomes across patient groups (Ngiam and Khor 2019; Ferrara 2024).

8.5.3 Future Directions

Future work should prioritise expanding datasets, especially for rare subtypes, such as PSP-RS vs. PSP-P,

MSA-P vs. MSA-C, and tremor-dominant vs. akinetic-rigid PD (B. Chen et al. 2023; Gültekin 2020; M. C.

Campbell et al. 2020). Integrating multimodal data—such as imaging and genetic profiles—and longitudinal

tracking of motor and cognitive scores would enhance precision and provide insights into disease staging.

Transfer learning and external validation should be pursued to generalise findings across populations. Finally,

model interpretability must be prioritised. Integrating SHAP or LIME into clinical dashboards will build

trust and facilitate clinical adoption.

In conclusion, this work illustrates the successful application of hierarchical machine learning models to

distinguish between PD, atypical Parkinsonian syndromes, and healthy controls using ocular motor data. It

lays a strong foundation for developing scalable, explainable, and accurate diagnostic systems that could

be deployed in real-world clinical environments for early diagnosis, personalised treatment, and remote

monitoring.

8.6 Chapter Summary

This chapter examined the use of hierarchical machine learning models to classify PD and atypical Par-

kinsonian syndromes based on ocular motor metrics. The study successfully demonstrated that stepwise

classification enhances predictive accuracy and interpretability, achieving high performance at different hier-
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archical levels. Notably, the models achieved an accuracy of 84% in distinguishing diseased individuals from

healthy controls, 97% in differentiating PD from atypical Parkinsonian syndromes, and 100% in classifying

genetic subtypes of PD.
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9 Pilot Test for the Comparison of EyeLink (Desktop-Based) and Tobii

(Mobile) Eye Trackers as a Diagnostic Tool for Neurodegenerative

Disorders

9.1 Introduction

Eye-tracking technology has a rich and evolving history that spans over a century, beginning with early

explorations into the mechanics of eye movement and culminating in sophisticated applications across various

fields today. The origins of eye-tracking can be traced back to the late 19th century when researchers first

began to investigate the relationship between eye movements and cognitive processes. Early devices were

rudimentary, often involving mechanical methods to record eye positions, but they laid the groundwork for

future advancements in the field (Płużyczka 2018).

The development of eye-tracking technology can be categorized into three main phases: the early mechanical

systems, the introduction of electronic devices, and the modern era characterized by mobile and unobtrusive

tracking systems. In the early 20th century, researchers like Louis Émile Javal and later, Alfred L. Yarbus,

made significant contributions by studying eye movements during reading and visual perception, establishing

foundational theories about how gaze patterns reflect cognitive processes (Płużyczka 2018). These studies

highlighted the importance of fixations and saccades—two fundamental components of eye movement that

are still central to eye-tracking research today.

The second phase of development began in the mid-20th century with the advent of electronic eye trackers,

which utilized infrared light to detect eye movements more accurately. This technological leap allowed for more

precise measurements and opened new avenues for research in psychology, marketing, and human-computer

interaction. For instance, the introduction of the first commercial eye trackers in the 1980s enabled researchers

to explore visual attention in various contexts, from advertising to user interface design (Khachatryan and

Rihn 2014).

As technology progressed into the 21st century, eye-tracking systems became increasingly sophisticated,

incorporating features such as real-time data processing and mobile tracking capabilities. The integration
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of eye-tracking technology into wearable devices, such as glasses, has allowed researchers to study gaze

behaviour in naturalistic settings, providing insights into how people interact with their environments outside

of controlled laboratory conditions (Hessels et al. 2020; Zhu et al. 2024). This shift has been particularly

impactful in fields like sports science, where understanding gaze behaviour can inform training and perform-

ance strategies (Kredel et al. 2023).

The EyeLink 1000 Plus is a sophisticated eye-tracking system developed by SR Research, designed to provide

high-precision measurements of eye movements for a variety of research applications. This system is partic-

ularly noted for its versatility, allowing for both remote and head-mounted configurations, which makes it

suitable for diverse experimental settings, including cognitive psychology, neuroscience, and human-computer

interaction studies (N. Stein et al. 2021; König et al. 2016). One of the standout features of the EyeLink 1000

Plus is its impressive sampling rate of 1000 Hz, which enables the system to capture eye movements with

exceptional temporal resolution (Raju et al. 2021). This high sampling frequency is crucial for accurately

recording rapid eye movements, such as saccades and fixations, which are fundamental to understanding

visual attention and cognitive processes (Andersson, Nyström and Holmqvist 2010).

The system also boasts a spatial resolution of less than 0.01 degrees of visual angle (RMS), allowing for precise

localization of gaze direction (Raju et al. 2021; Kirkby et al. 2013). This level of accuracy is particularly

beneficial in studies where minute differences in gaze behavior can yield significant insights into cognitive

functioning and visual processing. The EyeLink 1000 Plus is equipped with advanced calibration techniques

that enhance its usability and accuracy. The calibration process can be performed using a variety of methods,

including standard visual-target calibration and innovative approaches that do not require participants to

view the screen directly (Harrar et al. 2018). This flexibility is particularly advantageous in studies involving

populations with cognitive impairments or those who may have difficulty following traditional calibration

protocols.

Furthermore, the system’s ability to track one eye while maintaining high accuracy has been shown to yield

comparable results to binocular tracking, making it a practical choice for many researchers (Hooge et al.

2019). In terms of hardware, the EyeLink 1000 Plus features a compact camera that can be mounted on a

tabletop or used in a head-mounted configuration, depending on the experimental requirements. The camera

utilizes infrared illumination to minimize interference from ambient light, ensuring reliable data collection
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even in varied lighting conditions (Felßberg and Strazdas 2025). The system’s design also accommodates

head movements, which is critical for maintaining data integrity during dynamic tasks (Hooge et al. 2019).

The EyeLink 1000 Plus can be integrated with various stimulus presentation software, such as MATLAB

and Psychophysics Toolbox, allowing researchers to create complex experimental designs while seamlessly

collecting eye movement data (Hartmann and Weisz 2020). The data output from the EyeLink 1000 Plus

includes detailed information on fixation duration, saccade metrics (such as velocity and amplitude), and pupil

size, which can be analyzed to gain insights into cognitive processes and emotional responses (Koochaki and

Najafizadeh 2021). The system’s software provides robust tools for data visualization and analysis, enabling

researchers to interpret their findings effectively. Additionally, the EyeLink 1000 Plus has been validated

in numerous studies, demonstrating its reliability and accuracy across various research domains, including

visual perception, attention, and cognitive neuroscience (Z. Huang et al. 2024; Iacobelli et al. 2023).

The Tobii Pro Nano is a compact, screen-based eye-tracking device developed by Tobii Technology, designed

to facilitate high-quality gaze data collection across research domains such as psychology, marketing, and

human-computer interaction (Limin Zhang and Cui 2022; Pauszek 2023). The device is particularly valued for

its portability and ease of use, making it highly suitable for both laboratory-based and field studies (Convery

et al. 2023; Saleem, Straus and Napolitano 2021). With a sampling rate of up to 60 Hz, the Tobii Pro Nano

can reliably capture key eye movement behaviors such as fixations and saccades. It provides binocular data,

enabling researchers to obtain a more comprehensive understanding of gaze behavior (Limin Zhang and Cui

2022; Reshetniak and Faure 2024; SR Labs 2024). The device offers spatial accuracy of approximately 0.4°,

which is sufficient for many applications, though it does not match the spatial precision of higher-end systems

like the EyeLink 1000 Plus (SR Labs 2024).

Unlike head-mounted systems, the Tobii Pro Nano employs a remote tracking methodology, typically mounted

on a monitor, thus allowing participants to interact naturally with visual stimuli (SR Labs 2024; Thibeault

et al. 2019). This is especially advantageous for studies emphasizing participant comfort or naturalistic

behavior (Narcizo, De Queiroz and Gomes 2014). It compensates for moderate head movements, maintaining

tracking fidelity within the system’s range (Thibeault et al. 2019). Integrated with Tobii software (Tobii Pro

Lab and Tobii Analyzer), the device supports sophisticated gaze data analysis tools, including gaze plots,
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heat maps, and fixation metrics (Blascheck et al. 2017; Blascheck et al. 2014). Calibration is simple and

user-friendly, typically requiring participants to follow an on-screen procedure, which is advantageous in

studies involving children or individuals with cognitive impairments (Cho et al. 2022; Kooiker et al. 2016).

The device also supports diverse stimuli types, from static images to interactive tasks (Niehorster, Andersson

and Nyström 2020; Pentus et al. 2020).

Its lightweight and portable design further enhances its utility in field research, allowing high-quality gaze

data collection beyond controlled laboratory environments (Limin Zhang and Cui 2022; Thibeault et al. 2019).

Despite its mobility, the Tobii Pro Nano maintains robust data quality in variable conditions Dilbeck2023. It

has been widely used to assess attentional biases in at-risk populations and individuals with cognitive disorders

Thibeault2019; Tsitsi2023, providing insights into decision-making and consumer behavior Jaeger2020;

Weinberg2020.

By contrast, the EyeLink 1000 Plus, with its 1000 Hz sampling rate and sub-0.01 degree spatial resolution,

offers unmatched precision for eye movement research (SR Research n.d.). This makes it ideal for analyzing

rapid eye movements such as saccades and fixations in cognitive neuroscience studies (S. B. Hutton 2019).

While the EyeLink 1000 Plus supports both remote and head-mounted configurations, its laboratory-based

setup and complex calibration may pose challenges for less experienced users or time-sensitive clinical

environments (SR Research n.d.; S. B. Hutton 2019). However, this configuration offers unmatched data

quality in controlled settings.

In terms of usability, the Tobii Pro Nano stands out for its user-friendly setup. It requires no head-mounted

hardware and features a simplified calibration process, enhancing its appeal in clinical settings with cognitively

impaired participants (Limin Zhang and Cui 2022). While its precision is lower, its ease of use and par-

ticipant comfort make it suitable for outpatient clinics, home visits, and usability testing (Thibeault et al. 2019).

Clinically, the EyeLink 1000 Plus is preferred where high precision is required—such as detecting subtle

ocular motor changes in neurodegenerative diseases like Alzheimer’s disease (Eraslan Boz et al. 2023;

Seokjun Oh and J.-H. Lee 2024). However, its bulkier setup and sensitivity to head movements may limit its

applicability in real-world or fast-paced clinical settings. The Tobii Pro Nano’s mobility and unobtrusive
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design allow for more natural participant behavior, improving ecological validity in usability and marketing

studies (Thibeault et al. 2019).

Despite their strengths, both systems have limitations. The EyeLink 1000 Plus demands a controlled environ-

ment and experienced operators, while the Tobii Pro Nano may underperform in high-precision applications

due to its lower sampling rate and sensitivity to environmental factors such as ambient lighting. In summary,

the EyeLink 1000 Plus is best suited for controlled laboratory-based research that requires high spatial and

temporal resolution. The Tobii Pro Nano excels in studies prioritizing usability, participant comfort, and

mobility. The choice between the two depends on the specific research goals, participant population, and

environmental constraints.

9.2 Project Aims

1. To compare the performance of the Tobii portable eye tracker and the EyeLink 1000 Plus desktop-

mounted eye tracker in capturing precise eye movement metrics.

2. To evaluate the feasibility of using portable eye trackers in clinical and research settings.

9.3 Methods

9.3.1 Participants

Participants were recruited for the Tobii study following the procedures outlined in Chapter 2: General

Methods. Inclusion criteria were: (1) a confirmed diagnosis of iPD, verified via consultant letters prior to

enrolment, (2) age between 40–80 years, (3) normal or corrected-to-normal vision, (4) ability to provide

informed consent, (5) ability to follow verbal instructions, and (6) capacity to sit comfortably for the duration

of testing. Exclusion criteria included: (1) history of other neurological conditions, head trauma, or stroke,

(2) bilateral visual impairments or conditions impairing ocular motor function (e.g., diplopia), (3) severe psy-

chiatric illness such as psychosis, (4) systemic health conditions affecting vision, such as diabetic retinopathy,

(5) pregnancy or suspected pregnancy (self-declared), and (6) history of epilepsy.
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Thirteen participants with iPD were included. The study received ethical approval from the UCL Research

Ethics Committee, and informed consent was obtained from all participants prior to testing.

9.3.2 EyeLink 1000 Plus Experimental Procedure

The standard ocular motor battery described in Chapter 2: General Methods was administered to all parti-

cipants using the EyeLink 1000 Plus, excluding the pursuit paradigm. The setup, calibration, and validation

procedures were identical to those outlined previously.

9.3.3 Tobii Nano Pro Experimental Procedure

The Tobii Nano Pro is a portable, screen-based eye tracker with dimensions 17 × 1.8 × 1.3 cm and a weight of

59g. It operates at a sampling frequency of 60 Hz and offers spatial accuracy of 0.3° under optimal conditions.

The device includes an embedded camera that captures binocular eye data in 3D space to compute gaze

coordinates, pupil diameter, and eye position. The tracker was attached via USB to a Microsoft Surface Pro 7

tablet (screen size: 26 × 17 cm; resolution: 1920 × 1080 pixels) and secured with magnetic brackets below

the display. Participants were seated approximately 50 cm from the device to match the visual angles used in

EyeLink testing. Calibration used a 9-point target and 3D eye model, with drift compensation. Calibration

was conducted prior to each test.

A modified ocular motor battery (excluding pursuit) was administered using the Tobii Nano Pro:

Fixation: A central target was followed by four peripheral targets presented for 30 seconds each. Targets

were positioned at 10° vertically at positions up and down of the screen, and 15° horizontally, to the right and

the left of the screen. Participants were instructed to fixate steadily with minimal blinking.

Antisaccades: Horizontal (±15°) and vertical (±10°) antisaccade trials were presented in randomized blocks

of 20 trials each. Participants were instructed to look in the opposite direction of the target. Each trial lasted

2 seconds.
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Oblique Saccades: Targets were placed at 8° eccentricity from screen center in 30 randomized trials. Twelve

target positions were evenly distributed along a circle’s circumference. Participants were instructed to follow

each target.

Reflexive Saccades: Participants made reflexive saccades to stimuli at ±15° horizontally and ±10° vertically

in randomized 30-trial blocks. Participants were instructed to look directly at the appearing target.

9.3.4 Data Processing and Analysis

Data processing for EyeLink 1000 Plus followed procedures described in Chapter 2: General Methods. For

Tobii Nano Pro, raw data files were exported, including fixation metrics (average fixation duration, saccade

count, and pupil size), and saccadic metrics (average amplitude, peak velocity, latency, and velocity). Analysis

proceeded in two stages: (1) comparing iPD vs. Control performance using Tobii, and (2) comparing metrics

from EyeLink 1000 Plus vs. Tobii Nano Pro.

9.4 Statistical Analyses

Descriptive statistics (medians, interquartile ranges, and ranges) were calculated for all metrics across Control

and iPD groups. Data normality was evaluated using the Shapiro-Wilk test, revealing non-normal distributions.

Thus, non-parametric methods were employed. Between-group comparisons (iPD vs. Control using Tobii)

were conducted using Mann–Whitney U tests with rank-biserial correlation effect sizes and p-values reported.

Agreement between EyeLink and Tobii data was assessed using four analyses: (1) Spearman correlation, (2)

Bland–Altman analysis for systematic bias and limits of agreement, (3) Intraclass Correlation Coefficients

(ICC) to quantify reliability, and (4) Wilcoxon signed-rank tests to assess systematic paired differences. To

test the effect of Tracker (EyeLink vs. Tobii) and Group (iPD vs. Control), a Friedman test was used as a

non-parametric repeated-measures ANOVA alternative. All statistical analyses were conducted in R (Version

2023.09.1+494, R Core Team, Vienna, Austria), with significance set at α = 0.05.
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9.5 Results

9.5.1 Participants

The dataset included a total of 15 participants, comprising 3 Controls and 11 individuals with iPD. The mean

age of all participants was 63.24 years, with Controls averaging 59.24 years and the iPD group 64.11 years.

There were 9 male and 6 female participants overall. Among iPD participants, the mean Levodopa Equivalent

Daily Dose (LEDD) was 580.45 mg, and the mean disease duration was 4.54 years. As expected, LEDD

values were not applicable to the Control group.

9.5.2 Ocular Motor Metrics Using Tobii

Significant differences between iPD and control groups were observed in selected metrics using the Mann–

Whitney U test. In the fixation paradigm, the iPD group exhibited a significantly greater number of total

saccades (U = 27.00, p = 0.0490, effect size = –0.80) compared to controls. In the vertical reflexive saccades

paradigm, saccadic amplitude was significantly reduced in the iPD group compared to controls (U = 27.00, p

= 0.0490, effect size = –0.80). No other fixation or saccade metrics were significantly different between groups.

9.5.3 Tobii Versus EyeLink 1000 Plus

In the fixation paradigm, Spearman correlation analysis revealed weak associations between Tobii Nano Pro

and EyeLink 1000 Plus for all fixation metrics. Average Fixation Duration showed a weak negative correlation

(ρ = −0.387, p = 0.191), Pupil Size exhibited an extremely weak negative correlation (ρ = −0.110, p =

0.721), and Number of Saccades showed a weak positive correlation (ρ = 0.283, p = 0.348), indicating

poor convergence between the two devices. Bland–Altman plots revealed wide limits of agreement across

metrics, underscoring systematic variability in recorded values. Intraclass Correlation Coefficient (ICC)

values were low across fixation parameters: Average Fixation Duration (ICC = 0.073), Pupil Size (ICC

= 0.121), and Number of Saccades (ICC ≈ 0.000), confirming poor measurement agreement. Wilcoxon

signed-rank tests revealed significant differences between Tobii and EyeLink on all fixation metrics: Average

Fixation Duration (p = 0.0002), Pupil Size (p = 0.0002), and Number of Saccades (p = 0.0017), suggesting

systematic discrepancies likely due to device differences in sampling rate, spatial resolution, and calibration.
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For saccadic metrics across the antisaccade, reflexive, and oblique paradigms, Spearman correlations between

devices ranged from weak to moderate: Peak Velocity (ρ = 0.168, p = 0.602), Saccade Amplitude (ρ = 0.112,

p = 0.729), and Start Time (ρ = 0.538, p = 0.071), indicating inconsistent alignment. Bland–Altman analysis

showed systematic bias and wide limits of agreement across all metrics. ICC values indicated poor reliability

between devices: Peak Velocity (ICC = 0.136), Saccade Amplitude (ICC = 0.121), and Start Time (ICC =

0.0046). Wilcoxon signed-rank tests detected significant differences in Peak Velocity (p = 0.0005), Saccade

Amplitude (p = 0.0005), and Start Time (p = 0.0010) between EyeLink and Tobii, confirming systematic

divergence likely due to differences in tracking algorithms and hardware performance.

9.6 Discussion

This study compared the usability of the Tobii Nano Pro, a portable eye tracker, to the EyeLink 1000 Plus, a

high-precision desktop-mounted tracker, in capturing ocular motor performance in individuals with iPD and

healthy Controls. The results revealed significant discrepancies across several key eye movement metrics,

reflecting both methodological and technical differences between the two systems.

The cross-device comparison demonstrated poor agreement between the Tobii and EyeLink trackers. Spear-

man correlation analyses indicated weak to moderate associations across metrics, while Bland–Altman

analyses highlighted systematic biases and wide limits of agreement. These inconsistencies were further

supported by low ICC values across fixation and saccadic parameters, suggesting unreliable measurement

equivalence. Wilcoxon signed-rank tests confirmed statistically significant differences in nearly all paramet-

ers, particularly in fixation duration, pupil size, and saccadic velocity. Together, these results underscore

substantial divergence between Tobii and EyeLink recordings, likely stemming from fundamental differences

in hardware specifications, calibration procedures, and data preprocessing pipelines.

Device performance varied by paradigm. During fixation tasks, the Tobii system yielded greater variability in

pupil size and saccade count, while EyeLink delivered more stable and precise metrics—an expected finding

given its higher temporal resolution (1000 Hz vs. 60 Hz). In saccade-based paradigms, including antisaccades

and reflexive saccades, Tobii consistently produced lower peak velocity and saccade amplitude estimates.
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This may reflect Tobii’s lower sampling frequency, which can attenuate detection of high-speed ocular events,

and its simplified gaze-detection algorithms. While EyeLink reliably captured expected iPD-associated

impairments in saccadic control, Tobii’s ability to detect these differences was inconsistent, highlighting

concerns about sensitivity for clinical research.

Preprocessing and calibration differences likely contributed to these discrepancies. EyeLink employs a robust

multi-point calibration protocol, while Tobii relies on a shorter 9-point model, potentially increasing noise

and reducing accuracy. Additionally, Tobii’s lower signal-to-noise ratio and reduced pupil tracking precision

in suboptimal lighting conditions may explain variability in pupil size and fixation data. These technical

limitations undermine Tobii’s capacity to capture subtle ocular motor deficits that are detectable using the

EyeLink system.

Furthermore, EyeLink provides more granular outputs, including microsaccade detection and saccade velo-

city profiles, while Tobii offers a limited set of aggregated metrics. This restricts Tobii’s ability to detect

fine-grained impairments frequently observed in PD, such as memory-guided saccade errors or vertical

antisaccade latency increases.

From a methodological perspective, the EyeLink 1000 Plus may be particularly advantageous for diagnostic

and exploratory clinical research, given its superior spatial and temporal resolution, robust gaze position

accuracy, and capability to capture subtle ocular motor abnormalities. In diagnostic research—where precise

detection of subtle eye movement impairments is crucial—the EyeLink system’s higher sampling rate and

accuracy provide greater reliability in identifying disease-specific biomarkers. Additionally, in exploratory

research investigating nuanced differences across clinical subpopulations or novel ocular motor paradigms,

the EyeLink’s sensitivity facilitates detailed analyses, enhancing the interpretability and reproducibility

of findings. Conversely, while the Tobii Nano Pro offers practical benefits due to its portability, ease of

setup, and user-friendly interface, its comparatively lower precision may limit its application in diagnostic

contexts requiring fine-grained measurement. Future comparative research should carefully consider the

balance between accuracy and practical usability, potentially integrating both systems in a complementary

approach where EyeLink is utilized in exploratory or diagnostic phases and Tobii in larger-scale screening or

longitudinal monitoring.
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While the present study provides a comparison of Tobii Nano Pro and EyeLink 1000 Plus, it is important to

acknowledge that direct comparison of these two fundamentally different eye trackers may not be the most

effective strategy for evaluating their relative utility. These systems differ not only in hardware specifica-

tions—such as sampling rate, spatial resolution, and calibration protocols—but also in their core design

philosophies: EyeLink is engineered for high-precision, lab-based neuroscience research, whereas Tobii

prioritizes portability and ease of use for more naturalistic or field-based settings. As a result, attempting to

draw equivalence across all metrics may overlook the strengths and intended applications of each device.

More critically, the significant differences observed in raw output between the two systems raise concerns

about measurement validity rather than simply measurement precision. In this context, rather than comparing

identical metrics across devices, a more constructive approach would involve analysing data collected from

each device separately, identifying the metrics most sensitive to disease-related changes within each system,

and then evaluating their respective diagnostic performance.

Future research should consider using each eye tracker independently to develop device-specific models

of ocular motor impairment, particularly in clinical populations such as iPD. These models could then be

compared on the basis of diagnostic sensitivity, specificity, or predictive value, offering a more ecologically

valid and clinically relevant assessment of each device’s utility. This paradigm shift—from attempting

to equate raw measurements to assessing diagnostic performance within each system’s constraints—may

yield more actionable insights, particularly when considering the translation of eye-tracking technology

into clinical screening or monitoring tools. Moreover, incorporating machine learning or multivariate

classification techniques could help optimize each system’s strengths and accommodate their limitations,

ultimately providing a more nuanced understanding of how mobile and lab-based eye-tracking systems can

be best utilized in neurodegenerative disease research.

9.6.1 Clinical Implications

Although the Tobii Nano Pro provides an accessible and portable eye-tracking option, its reduced temporal

resolution and limited precision diminish its utility for detecting subtle ocular motor changes in iPD. These

findings suggest that Tobii may be more suitable for large-scale field studies or screening tools, whereas

EyeLink remains the preferred system for high-resolution, laboratory-based research. Future studies should
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explore methods to harmonize data outputs between devices, such as through standardized calibration correc-

tions or cross-device transformation models.

9.6.2 Limitations

This study had several limitations. Most notably, the sample size was substantially smaller for the Tobii

dataset (13 iPD, 3 Controls) compared to the EyeLink dataset, potentially limiting statistical power and

generalizability. Additionally, Tobii’s lower sampling frequency and simpler calibration procedures likely con-

tributed to systematic measurement differences. Environmental factors such as lighting and head movement

tolerance also differ between the two systems, affecting measurement consistency. Future studies should prior-

itize larger Tobii datasets and aim to standardize preprocessing methods to enhance inter-device comparability.

9.6.3 Future Directions

Further research should investigate methods to enhance Tobii’s measurement accuracy and alignment with

high-precision systems like EyeLink. Machine learning models trained on both datasets may enable correction

of Tobii-derived outputs, improving metric comparability. Developing adaptive preprocessing pipelines that

address differences in sampling, calibration drift, and noise levels could enhance Tobii’s clinical research

utility. Additionally, larger-scale validation studies with diverse participant groups are needed to evaluate

Tobii’s sensitivity to disease-related ocular motor changes. Multimodal approaches integrating eye-tracking

with imaging or motion sensors may offer a more comprehensive view of ocular motor deficits in neurode-

generative disorders.

9.7 Chapter Summary

In summary, while both Tobii and EyeLink successfully captured ocular motor data, substantial differences in

measurement precision, calibration, and data output limit their interchangeability. EyeLink 1000 Plus remains

the gold standard for high-resolution ocular motor research, particularly in clinical populations like iPD. Tobii

Nano Pro provides a promising alternative for portable applications but requires further refinement to match

the precision of lab-based systems. Researchers must account for these device-specific characteristics when
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designing studies or interpreting eye-tracking results in neurodegenerative disease research.
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10 Detection of Eye Movements in Parkinson’s Disease in Laptop/T-

ablet/Smartphone Application – Proof of Concept

10.1 Introduction

Eye movement measurement has significantly evolved, transitioning from invasive traditional methods to

modern, non-invasive technologies that improve accuracy, feasibility, and cost-effectiveness in clinical set-

tings. Early foundational techniques, such as search coils and infrared systems, provided high accuracy

but were often impractical and uncomfortable, limiting their clinical applicability. Search coils embedded

in contact lenses or surgically implanted offered precise data but were invasive and unsuitable for routine

assessments. Similarly, infrared-based systems like the Dual Purkinje Tracker, while non-invasive, exhibited

limitations due to positional sensitivity and calibration dependency (Murray, Hunfalvay and Bolte 2017).

These shortcomings have hindered broader adoption in clinical practice (Niehorster, Santini et al. 2020).

Recent advancements have introduced video-based and wearable eye-tracking systems that allow accurate and

unobtrusive gaze recording in naturalistic environments. Devices like the Tobii Pro Glasses have demonstrated

robust performance even under dynamic conditions (J. Y. Lee et al. 2009; Onkhar, Dodou and Winter 2024),

expanding their use in contexts like paediatric ADHD assessment and real-world behavioural studies (Kasneci,

Black and Wood 2017). Accuracy remains a critical benchmark for clinical applicability, and studies show

that calibration procedures, individual physiology, and target size significantly affect measurement precision

(Novák et al. 2024).

Cost is another determinant in the clinical deployment of eye-tracking technologies. Traditional systems are

often prohibitively expensive, whereas modern video-based alternatives have become increasingly affordable.

Open-source platforms like GazeParser (Sogo 2013) democratize access, supporting widespread adoption

across varied clinical and research settings.

From a practicality standpoint, modern systems—especially wearable models—have been designed for

seamless integration into clinical workflows (Junaid et al. 2022; Dwivedi, Mehrotra and Chandra 2022),

enabling eye care professionals to obtain objective metrics with minimal disruption. Their ecological validity,
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derived from assessments in real-world settings, enhances the clinical relevance of collected data Evans2012.

These tools are increasingly employed in applications ranging from glaucoma assessment to multimodal

investigations in ADHD and depression (Kasneci, Black and Wood 2017; D. Y. Lee et al. 2023). However,

standardization in calibration protocols and evaluation metrics remains necessary for improving reproducibil-

ity.

Despite progress, several challenges remain in applying eye-tracking to PD. Off-the-shelf systems, such

as the Tobii EyeX, often lack the spatial and temporal resolution required for detecting the subtle visual

and cognitive impairments characteristic of PD (Morgante, Zolfaghari and Johnson 2012; Pauszek 2023).

Moreover, affordability often comes at the cost of reduced accuracy, limiting meaningful data acquisition in

economically constrained settings. Additionally, current devices rarely allow integration with other physiolo-

gical measures like EEG, resulting in fragmented insights (Gong et al. 2021).

PD-specific applications must account for the unique eye movement strategies and cognitive changes as-

sociated with the disorders (X. Liao et al. 2024). Without this sensitivity, generalized systems may fail to

provide actionable data. Machine learning and artificial intelligence integration holds promise for overcoming

these challenges, allowing for the development of adaptive models that enhance diagnostic specificity and

tailor interventions (D. Li et al. 2024). However, clinician familiarity with these systems remains limited,

highlighting the need for awareness and education to support adoption (Tahri Sqalli et al. 2023).

Medical application development must prioritize usability, diagnostic accuracy, and workflow integration.

User-friendly design increases clinical uptake, as shown in trials evaluating digital medication reconciliation

and history-taking tools (Gionfriddo et al. 2022; Kripalani et al. 2019; Noack et al. 2023). Precision is equally

critical—studies employing AI-driven models have demonstrated high diagnostic accuracy in radiology and

lesion detection (Khalifa and Albadawy 2024; Pinto-Coelho 2023; Harry 2023). Integration into existing

clinical systems, as demonstrated by applications in ICU management (De Backere et al. 2015), ensures

minimal workflow disruption. Case studies also underscore the role of mobile tools in improving dosage

accuracy and diagnosis via gaze detection (Khaleel, Abbas and Ibrahim 2024; Harpaz et al. 2024). AI-driven

triaging and diagnostic support applications further reinforce the value of intelligent tools in enhancing

patient outcomes (Khosravi et al. 2024). The continued evolution of healthcare will require such synergistic
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collaborations between technology developers and medical professionals.

In summary, modern eye-tracking technologies offer significant advantages over traditional methods but still

face limitations in the context of PD. These include low specificity, lack of integration with other diagnostic

modalities, and inadequate sensitivity to PD-specific ocular signatures. By prioritizing user-centered design,

integrating AI, standardizing metrics, and enabling multimodal analysis, the proposed mobile-based applica-

tion aims to bridge these gaps. The ultimate goal is to improve diagnostic precision, personalize interventions,

and enhance the quality of life for individuals with PD.

10.2 Project Aims

1. To develop and test a proof-of-concept app for automated detection and analysis of saccades and antisac-

cades.

2. To evaluate the app’s accuracy and usability as a portable tool for ocular motor assessment.

10.3 Methods

10.3.1 Experimental Design

The initial application was designed for reflexive and antisaccades in the horizontal direction. Each paradigm

ran for one minute and total of thirty saccades each. In the reflexive saccades the participants were instructed

to follow the target and in the antisaccades paradigm the participants were instructed to look in the opposite

direction. The paradigms were designed to emulate the specifications of an eye tracker. A one degree green

dot was used as the target, adjusted for the dimensions of the screen used.

10.3.2 Hardware and Software Requirements

The application was designed for laptops, tablets and phones with an integrated webcam and can be used

either on MacOS or Windows. For the development of the application MacOS was used with a dynamically

adjustable, baseline screen resolution of 640 × 480 px. Visual Studio Code 1.95.2 (Universal) was used to
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code and Python 3.13.1 was used to run the application.

10.3.3 Software Development

To run the application successfully a series of packages in python were utilised: cv2 - captures live video

and displays the experimental screen; dlib - provides robust facial landmark detection for eye-tracking;

numpy - handles array-based operations and numerical computations; scipy.spatial.distance - calculates dis-

tances, essential for eye metrics like velocity and amplitude; PyQt5 (QApplication, QWidget, QVBoxLayout,

QLabel, PyQt5.QtWidgets, PyQt5.QtCore) - used to create a graphical user interface (GUI) for displaying

post-experiment results and sys: allows clean exits of the PyQt application. These imports allow for modular

development and simplification of tasks like video processing, numerical analysis, and GUI creation.

The face predictor and the landmark predictor were incorporated next. A face detector is to identify fa-

cial regions in the video feed and a facial landmark predictor to locate sixty eight specific points on the

face, such as the eyes, nose, and mouth. Facial landmarks are foundational for accurately identifying and

tracking eye regions. The try-except block ensures the predictor file is loaded correctly and provides er-

ror handling if the file is missing or invalid. Within the sixty eight point facial model, the eye landmark

indices were set as 36-42 for the right eye and 42-48 for the left eye. These indices help isolate the eye

regions for calculating metrics like the eye aspect ratio. The eye aspect ratio is a metric to measure eye

openness. It uses vertical distances and horizontal distance between landmarks. This is commonly used in

eye-tracking studies to detect blinks or prolonged closures, aiding in understanding eye activity during the task.

After the configurations for the detection of eye are set, the webcam is initialised. The target and the timing

of the paradigms were configured. Targets were defined based on screen resolution and angular displacement,

fifteen degrees horizontally converted to pixel distances. Dynamic adjustments allowed for customized

experiments, including grid-like arrangements: right, left, top, bottom, and centre targets were calculated

relative to the screen centre. Custom setups included grid-based or corner-aligned positions for varied saccade

patterns. Targets’ positions were adjusted by modifying the angular offsets and a uniform grid of targets

was created using specified horizontal and vertical spacing. For instance, an 8-target grid surrounding the

centre position was implemented, with dynamic adjustments based on experimental requirements. Positions
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were calculated as fractions of the screen width and height, ensuring dynamic adaptability to varying screen

resolutions. Target positions alternated every 2 seconds. Custom timing configurations were introduced to

extend durations if required for experimental variation. A real time processing loop was created wherein a

black frame was configured for displaying targets and frames from the webcam are captured and converted to

greyscale for faster processing.

Figure 185: Targets Displayed on Laptop Screen. Based on screen resolution and angular displacement.

Real-time processing is critical for dynamic experiments, allowing continuous eye-tracking and target ad-

justments. OpenCV captured real-time video streams from the webcam and Dlib’s facial landmark detector

isolated eye regions for subsequent tracking. Algorithms extracted gaze direction and eye-centre positions,

enabling dynamic calculation of saccade metrics. State machine managed phase transitions and dynamically

adjusted target switching mechanisms.
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Figure 186: Isolated Eye Regions for Tracking.Using packages from python.

The captured frames are used to output metrics for the paradigms in real time The following metrics were

calculated: velocity - calculated as the Euclidean distance between successive positions over elapsed time,

velocity data were updated for each frame, ensuring accurate temporal resolution; amplitude - measured as

the displacement between initial and final positions within a phase, the largest displacement values for each

phase were recorded to evaluate participant response; deviation or accuracy - quantified as the Euclidean

distance from the gaze position to the target, deviation data were logged over time to assess consistency and tar-

get adherence and error detection - counted erroneous movements towards targets during the antisaccade phase.

The PyQt5 framework was used to create a graphical interface for post-experiment analysis. The GUI dis-

played the metrics of mean and peak velocity, amplitude, deviation or accuracy and error rate (for antisaccade

paradigm). The GUI provided real-time experiment feedback and summarized participant performance.

Metrics were displayed in an organized format for immediate interpretation by experimenters.
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Figure 187: Sample Results from Application. Results displayed and stored for the first minute (reflexive
saccades) and second minute (antisaccades).
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10.3.4 Ethical Considerations

Data were anonymized using session-specific labels, with no identifiable visual data stored. Ensured compli-

ance with relevant data protection laws, particularly in managing video streams and participant information,

therefore, data was processed in real time rather than retrospective video analysis. No video recordings were

stored after the completion of the paradigms.

10.3.5 Pilot Testing

For the pilot testing an M1 16 inch MacBook Pro was used. Fifteen participants, three controls and twelve

idiopathic PD, were briefed about the project and the instructions of how to use the application. The parti-

cipants were recruited through the methods detailed in Chapter 2: General Methods. hey were instructed to

complete the task with independence and only seek help if absolutely necessary. The participants were left in

the testing room for the task.

As the aim was also the test the usability of the application, participants were asked to do record their eye move-

ments independently after the instructions were completed. First they were asked to position themselves at 30

cm from the screen and check if both their eyes are being captured. Once this was confirmed, they were asked

to commence the first paradigm. An instruction screen for the reflexive saccade task was display and then upon

pressing enter the paradigm commenced and lasted for one minute. Once reflexive saccades were complete the

instructions for the antisaccade task were displayed and upon pressing enter the paradigm commenced and also

lasted for one minute. After the completion of both tasks, the results were stored under a unique participant ID.

The participants were asked two questions about the ease of use and the applicability of the application: 1)

On a scale of 1-10, how would the ease of setup for this application, with 1 being it was extremely easy and

10 being it was extremely difficult? 2)On a scale of 1-10, would you be able to replicate the same procedure

at home, with 1 being I would be able to do it very comfortably and 10 being I will not be able to do it very

comfortably? Their scores were recorded along with their unique participant ID.
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10.3.6 Statistical Analyses

Descriptive statistics were calculated for saccadic measures, demographic variables, and questionnaire scores.

Continuous variables were summarized using mean, standard deviation (SD), and median. Normality was

assessed using the Shapiro-Wilk test. Since most variables did not meet the assumption of normality, Mann-

Whitney U tests were used to compare PD and control groups for all saccadic measures. To correct for

multiple comparisons, Bonferroni correction was applied. The significance level for all analyses was set at

α=0.05. All analyses were done using R (Version 2023.09.1494, R Core Team, Vienna, Austria).

10.4 Results

10.4.1 Application Development

The development of the eye-tracking application was successful and demonstrated feasibility for conducting

reflexive and antisaccade paradigms. The application was functional across multiple devices, including

laptops, tablets, and phones with an integrated webcam, supporting both MacOS and Windows operating

systems. The software accurately captured and processed real-time eye-tracking data, successfully computing

saccadic metrics such as velocity, amplitude, accuracy, and error rate.

However, the application remains in its preliminary stages, with pilot testing highlighting areas for improve-

ment in usability, robustness, and optimization for diverse screen resolutions and lighting conditions. While

initial results indicate that the system can track saccades and provide real-time feedback, further refinements

are required to enhance stability, increase accuracy in detecting eye landmarks, and streamline the user

interface for improved participant accessibility.

10.4.2 Participants

A total of 15 participants were included in the study, comprising 10 males and 5 females. The mean age of par-

ticipants in the control group was 61.33 ± 3.06 years, while the PD group had a mean age of 63.33 ± 8.34 years.

Within the control group, the mean age for males was 61.00 ± 4.24 years, and for females, it was 62.00 . In the

PD group, the mean age for males was 62.38 ± 9.01 years, while females had a mean age of 65.25 ± 7.63 years.

390



Table 15: Demographic and clinical characteristics of the study cohort. Values are presented as mean ±
standard deviation (SD). Age and disease duration are reported for all participants. Data are stratified by
group and sex. “-” indicates not applicable or unavailable.

Group Age (Mean ± SD) Ease of Use Score (Mean ± SD) Ability of Home Use (Mean ± SD)

Control (N = 3) 61.33 ± 3.06 4.67 ± 0.58 5.00 ± 1.00

Females (N = 1) 62.00 ± – 5.00 ± – 4.00 ± –

Males (N = 2) 61.00 ± 4.24 4.50 ± 0.71 5.50 ± 0.71

PD (N = 12) 63.33 ± 8.34 3.33 ± 1.30 4.67 ± 1.61

Females (N = 4) 65.25 ± 7.63 3.75 ± 2.06 5.00 ± 1.41

Males (N = 8) 62.38 ± 9.01 3.12 ± 0.83 4.50 ± 1.77

10.4.3 Application Function

The analysis revealed notable differences between the control and PD groups in several saccadic measures.

Reflexive average velocity was lower in PD (8.12 ± 7.03) compared to controls (13.23 ± 18.54), showing

a 47.86% difference; however, the Mann-Whitney U test indicated no significant difference (W = 16.5,

p = 0.885). Similarly, reflexive amplitude was markedly reduced in PD (22.80 ± 17.19) compared to controls

(48.28 ± 49.52), a 71.71% difference, but this was not statistically significant (W = 16, p = 0.840). Reflexive

accuracy was higher in PD (1767.08 ± 1913.63) compared to controls (1135.48 ± 794.62), with a 43.52%

difference, though again, statistical testing did not show significance (W = 20, p = 0.840).

For antisaccade measures, peak velocity was higher in controls (2.14 ± 2.93) than in PD (1.32 ± 2.06), a

47.27% difference, but this difference was not statistically significant (W = 10.5, p = 0.312). Antisaccade

amplitude was also larger in controls (456.64 ± 561.79) compared to PD (236.10 ± 272.13), reflecting a

63.67% difference, though this difference was not significant (W = 14.5, p = 0.665). Other measures,

including antisaccade average velocity, latency, and error rate, did not show major differences between groups,

with all p-values exceeding 0.05.
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Figure 188: Application Results for Saccadic Metrics. Between-group comparisons were performed using Mann–Whitney U tests, with Bonferroni
correction applied for multiple comparisons. Statistical significance was defined as p < 0.05.
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Figure 189: Application Results for Saccadic Metrics. Between-group comparisons were performed using Mann–Whitney U tests, with Bonferroni
correction applied for multiple comparisons. Statistical significance was defined as p < 0.05.

393



10.4.4 Application Usability

The usability of the application was assessed based on participant responses to two questions: ease of setup

and the likelihood of replicating the procedure at home. On a scale from 1 (extremely easy) to 10 (extremely

difficult), control participants rated the ease of setup at an average of 4.67 ± 0.58, while PD participants

provided an average rating of 3.33 ± 1.30. For home-based usability, where 1 indicated high confidence in

replicating the procedure and 10 indicated significant difficulty, controls reported an average score of 5.00 ±

1.00, whereas PD participants rated their confidence lower at 4.67 ± 1.61.

10.5 Discussion

The results of this study highlight both the feasibility and limitations of the developed webcam-based eye-

tracking application in assessing reflexive and antisaccadic eye movements. The application successfully

computed key saccadic measures such as velocity, amplitude, accuracy, and error rate while maintaining

compatibility across multiple devices. However, pilot testing revealed areas requiring refinement, particularly

in optimizing the system’s robustness across varying lighting conditions and screen resolutions.

Although the descriptive statistics suggested meaningful differences between the control and PD groups,

particularly in reflexive and antisaccade measures, these differences did not reach statistical significance. Re-

flexive amplitude was markedly lower in PD participants compared to controls, reflecting the well-documented

impairment in saccadic control in PD (C. A. Antoniades and Spering 2024; Lal and Truong 2019). Similarly,

reflexive accuracy was higher in PD participants, which may be attributed to compensatory mechanisms

or differences in fixation stability (Otero-Millan, R. Schneider et al. 2013. Notably, antisaccade amplitude

and peak velocity were also higher in PD, though these differences were not statistically significant. Given

the variability in the dataset, these trends warrant further investigation with a larger sample size to better

understand their clinical significance.

The trends observed in this study align with established ocular motor profiles of PD. Previous research has

consistently shown that PD is associated with hypometric reflexive saccades, which is consistent with the

reduced reflexive amplitude observed in this study (Sekar, T N Panouillères and Kaski n.d.). This finding
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likely reflects deficits in the basal ganglia circuitry responsible for initiating and executing saccadic move-

ments (Enderle 2002. The increased reflexive accuracy in PD participants may be due to prolonged fixation

durations or a compensatory strategy to maintain visual stability (Briand et al. 1999). Similarly, the observed

differences in antisaccade measures are in line with known deficits in voluntary eye movement control in PD,

where patients often exhibit prolonged latencies and increased error rates due to impaired prefrontal cortical

regulation (C. A. Antoniades, Demeyere et al. 2015). However, the lack of statistical significance suggests

that the small sample size may have limited the ability to detect meaningful group differences, reducing the

effect sizes and increasing the likelihood of type II errors.

From a technical perspective, several hardware and software improvements are necessary to enhance the

accuracy and usability of the application. One notable issue was the accuracy of eye-tracking under suboptimal

lighting conditions. Variability in lighting can affect the ability of the facial landmark detector to reliably

identify eye regions, leading to fluctuations in tracking accuracy. Implementing adaptive contrast adjustments

or infrared-based tracking could mitigate these issues and improve overall reliability. Hardware compatibility

and performance optimization are necessary to enhance the application’s reliability. Since webcam qual-

ity varies across different consumer and medical devices, further testing is required to ensure consistency

across multiple platforms. Optimizing the software for mobile devices could improve portability, allowing

for broader use in home-based assessments and in low-resource settings where traditional eye-tracking sys-

tems are unavailable. Addressing these compatibility concerns will be key to expanding the application’s reach.

User experience and accessibility are critical factors for the widespread adoption of this application. While

participants generally found the software easy to use, those with more advanced PD may experience difficulties

due to motor impairments and cognitive deficits. Incorporating features such as voice-guided instructions,

an adaptive interface, and a multi-language option could significantly improve usability. Ensuring that the

application remains accessible to individuals with varying levels of disease severity will be essential for its

practical implementation.

Cognitive impairment is a significant factor in PD that may influence eye movement performance. Beyond

motor deficits, PD is associated with executive dysfunction, which could impact the ability to perform

antisaccadic tasks correctly. Integrating cognitive screening elements alongside saccadic assessments may
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provide a more comprehensive neurological evaluation. Given the established link between eye movement

abnormalities and cognitive function, this application has the potential to expand its use beyond PD to include

conditions such as mild cognitive impairment and dementia.

Data security and ethical considerations must also be addressed before large-scale deployment. Since the

application processes live video feeds, ensuring that data privacy is protected is paramount. Although the cur-

rent design avoids storing raw video data, additional encryption measures and secure cloud storage solutions

should be explored to meet the requirements of GDPR, HIPAA, and other data protection regulations. Future

versions of the application must ensure compliance with legal and ethical standards to enable clinical use.

Another challenge identified was the issue of head movement stability. Participants, particularly those with

PD, may struggle to maintain a steady head position during the task, leading to tracking inconsistencies.

Implementing real-time head position correction or a guided feedback mechanism to encourage minimal

movement could help address this issue. Additionally, using a more sophisticated gaze-tracking algorithm

with predictive filtering could compensate for small head displacements and improve tracking precision.

Lastly, a key technical issue identified in this study is the challenge of calibration and ensuring data quality.

Accurate eye-tracking relies on a robust calibration process to correctly map gaze positions across different

screen resolutions and user environments. Inconsistent calibration can lead to erroneous gaze estimations,

particularly in participants with PD who may struggle to maintain a steady fixation during the calibration

process. Implementing an automated and adaptive calibration method that adjusts in real-time based on gaze

stability could help mitigate these challenges. Additionally, incorporating quality assurance checks, such as

periodic recalibration prompts and real-time validation of gaze consistency, would enhance the reliability of

the collected data.

10.5.1 Clinical Implications

The clinical implications of this study lie in the potential for a portable and cost-effective eye-tracking solution

for PD assessment. Traditional eye-tracking systems are expensive and require specialized equipment, limiting

accessibility. This application, leveraging readily available webcams, presents an opportunity for scalable,

remote monitoring of saccadic function in neurological conditions. The ability to detect subtle differences in
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saccadic parameters in PD suggests potential applications in disease monitoring and early diagnosis. Further

refinements to the algorithm to enhance precision, along with validation against gold-standard eye-tracking

devices, will be necessary to strengthen clinical utility.

10.5.2 Limitations

Several limitations must be acknowledged. First, the small sample size reduces the statistical power of the

study, increasing the likelihood of type II errors and impacted the ability to achieve statistical significance

despite observable trends. Small samples are inherently more susceptible to variability, making it difficult

to distinguish true differences from noise. Future studies should aim to recruit a larger and more diverse

participant pool to increase statistical power and enhance the generalizability of findings. Increasing the

number of participants would also allow for more robust subgroup analyses, potentially revealing differential

effects based on disease severity or cognitive status. Additionally, variability in lighting conditions and device

specifications may have influenced the accuracy of eye-tracking measurements. The application also relies

on webcam-based tracking, which may not achieve the same level of precision as infrared-based eye trackers.

Lastly, usability assessments relied on subjective ratings, which may introduce bias in participant responses.

10.5.3 Future Directions

Future research should focus on expanding the sample size to improve the statistical power of the study.

Efforts should also be made to refine the tracking algorithm to improve landmark detection and minimize

environmental influences on tracking accuracy. Incorporating additional features such as real-time calibration

and automated quality control checks would enhance reliability. Further validation studies comparing the

webcam-based system to traditional eye-tracking methods are necessary to establish its validity in clinical and

research settings. Additionally, improving the robustness of the GUI to guide users through setup, ensuring

proper calibration and minimizing errors, will be crucial for increasing adoption and usability in real-world

applications.

Another critical direction for future development is expanding the application to support a broader range of eye

movements beyond reflexive and antisaccades. Incorporating paradigms for smooth pursuit, memory-guided
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saccades, and fixation stability assessments would provide a more comprehensive evaluation of ocular motor

function in PD and other neurological conditions. Moreover, integrating machine learning algorithms to

analyse eye-tracking data and generate automated diagnostic predictions with a likelihood percentage could

significantly enhance the clinical utility of the application. Such an approach would allow for more precise,

data-driven assessments, reducing the reliance on manual interpretation. Finally, efforts should be made to

explore the feasibility of deploying this system into healthcare settings for routine screenings and telemedicine

applications, ensuring that the technology can be seamlessly integrated into existing clinical workflows.

10.6 Chapter Summary

In summary, this study demonstrates the feasibility of using a webcam-based eye-tracking application

for assessing reflexive and antisaccadic eye movements. While the application showed promise, further

improvements are needed to enhance accuracy and robustness. The findings provide a foundation for future

developments aimed at creating an accessible and scalable tool for remote eye movement assessments in

PD and other neurological conditions. Continued refinements in tracking accuracy, usability, and validation

against standard clinical tools will be necessary to ensure the application’s efficacy and reliability in practical

settings.
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11 General Discussion

The overarching aim of this thesis was to investigate the utility of eye movements as biomarkers for PD and

atypical Parkinsonian syndromes through a series of complementary studies. This research examined how

distinct eye movement paradigms—including fixation, saccades, pursuit, and saccadic adaptation—can aid in

disease characterization, progression monitoring, and the differentiation of neurodegenerative conditions. In

addition, the effect of levodopa on eye movements was assessed to evaluate the potential of ocular motor

metrics as indicators of treatment response. The usability of two eye-tracking systems, the Eyelink and Tobii,

was also evaluated to determine their suitability for both research and clinical applications. Finally, machine

learning approaches were integrated to enhance the diagnostic and predictive potential of ocular motor data

in distinguishing PD and atypical Parkinsonian syndromes.

PD is associated with a range of eye movement abnormalities that reflect underlying BG dysfunction. Across

studies, consistent findings showed that individuals with PD exhibit fixation instability, increased SWJs,

hypometric saccades, and prolonged saccadic latency. Antisaccade tasks, in particular, revealed significantly

elevated error rates and delayed responses, reflecting impairments in volitional saccade control and inhibitory

processes. While reflexive saccades were relatively preserved, they showed increased latency and reduced

gain as the disease progressed.

The atypical Parkinsonian syndromes-focused study identified distinct ocular motor signatures across MSA,

PSP, and CBS. PSP was marked by severely impaired vertical saccades, disrupted smooth pursuit, and fre-

quent SWJs, clearly differentiating it from PD. MSA presented with mild supranuclear gaze palsy, increased

SWJs, and gaze-evoked nystagmus, while CBS was characterized by asymmetric saccadic deficits. These

findings reinforce the diagnostic utility of eye movement analysis, particularly in the early stages of atypical

Parkinsonian syndromes when clinical presentations often overlap.
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Figure 190: Ocular Motor Features of Parkinson’s Disease and Atypical Parkinsonian Syndromes. Red: low diagnostic value, yellow: medium
diagnostic value and green: high diagnostic value. Figure by author.
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Given that atypical Parkinsonian syndromes often present with more pronounced ocular motor impairments

compared to PD, eye movement assessments hold particular promise for differential diagnosis. These findings

underscore the value of ocular motor analysis in distinguishing atypical Parkinsonian subtypes, especially

during early disease stages when clinical presentations commonly overlap.

The one-year follow-up study evaluated disease progression in PD using ocular motor metrics. Participants

exhibited worsening fixation instability, increased SWJs, greater saccadic latency, and reduced pursuit gain

over time. Notably, these changes correlated with both disease severity and cognitive decline, reinforcing the

potential of eye-tracking as a longitudinal tool for monitoring neurodegeneration. Additionally, increased

hypometric saccades and higher antisaccade error rates were associated with faster progression, suggesting

these metrics may serve as early indicators of disease worsening. Given that levodopa can influence eye

movements over time, its long-term impact should be carefully considered during study design. Stratifying

PD participants by their LEDD may improve the interpretation of ocular motor findings by distinguishing

medication effects from disease-related changes.

The levodopa challenge study revealed selective improvements in ocular motor function following dopaminer-

gic administration. Antisaccade error rates significantly improved, while reflexive saccadic latencies and peak

velocities showed modest enhancements. However, fixation instability and pursuit deficits remained largely

unaffected, suggesting that dopaminergic modulation primarily influences volitional rather than reflexive

eye movement control. These results indicate that specific ocular motor tasks may serve as biomarkers for

levodopa responsiveness, supporting more tailored treatment strategies. Given the measurable effects of

levodopa on eye movements, it is crucial that future studies and clinical evaluations account for patients’ on

and off medication states when designing protocols and interpreting findings.

Saccadic adaptation, a form of motor learning, was investigated in PD and MSA. The results indicated

that individuals with PD exhibited impaired memory-guided saccadic adaptation, whereas those with MSA

showed more pronounced deficits in visually guided adaptation. These findings suggest that distinct neural

circuits underlie adaptation impairments in PD and MSA, offering a potential means of differentiating

these conditions. Furthermore, the reduced adaptation observed in PD highlights diminished neuroplasti-

city, which may have broader implications for rehabilitation approaches and adaptive motor learning strategies.
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A machine learning model was developed using ocular motor data to classify PD, atypical Parkinsonian

syndromes, and healthy controls. Feature selection identified antisaccade error rates, fixation instability, and

smooth pursuit gain as the most informative ocular motor biomarkers. The model achieved high classific-

ation accuracy, supporting the feasibility of automating PD diagnosis through eye-tracking metrics. This

study underscores the potential of machine learning-assisted diagnostic tools to enhance early detection and

differential diagnosis of neurodegenerative diseases.

While clinical assessments of eye movements can offer preliminary insights into ocular motor abnormalities

during the diagnostic phase, more concrete and objective differentiation—particularly in PD, where ocular

motor deviations from controls may be subtle—necessitates the integration of advanced machine learning

models. These computational approaches can detect nuanced patterns and assess performance across multiple

paradigms simultaneously, rather than in isolation. For eye movements to serve as a reliable diagnostic

biomarker in PD, their analysis must be complemented by data-driven techniques that enhance sensitivity

and diagnostic precision.

In the context of atypical Parkinsonian syndromes, initial differential diagnosis can be informed by clinical

evaluation of hallmark ocular motor features—such as vertical saccade slowing in PSP, gaze-evoked nystag-

mus in MSA, and asymmetric saccadic impairments in CBS. Standard statistical analyses can aid in detecting

group-level differences across specific metrics; however, due to clinical overlap and phenotypic heterogeneity

within atypical Parkinsonian subtypes, these methods often fall short in enabling precise individual-level

classification. To overcome this limitation, the application of machine learning is equally critical for atypical

Parkinsonian syndromes. By integrating data across diverse ocular motor paradigms and leveraging non-linear

feature interactions, machine learning models provide a more robust and scalable framework for accurate

subtype differentiation and early diagnosis.

Together, these findings underscore that while specific eye movement paradigms—such as fixation, saccades,

and pursuit—are clinically relevant and can reveal important disease-specific abnormalities, their diagnostic

value is limited when evaluated in isolation. Conventional clinical assessments and statistical analyses offer

a useful starting point for identifying group-level trends and informing preliminary differential diagnoses.
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However, the complexity and subtlety of ocular motor changes, particularly in early PD and across atypical

Parkinsonian subtypes, necessitate a more holistic approach. Integrating data across multiple paradigms

using advanced machine learning models enhances the sensitivity and specificity of diagnostic classification,

enabling the discovery of latent patterns that may not be visible through traditional methods. For eye

movements to serve as robust, clinically actionable biomarkers, they must therefore be analysed in unison,

within a framework that combines rich behavioural data with computational precision.

The comparative analysis between the Eyelink 1000 Plus (desktop-based) and Tobii Nano Pro (portable eye

tracker) revealed notable discrepancies in measurement accuracy and reliability. While the Eyelink system

provided superior temporal resolution and spatial accuracy, the Tobii device exhibited greater variability

and reduced precision across fixation and saccadic metrics. Intraclass correlation coefficient (ICC) values

were low, and Bland-Altman analyses indicated systematic biases, suggesting that the two systems are not

interchangeable. Nevertheless, the portability of the Tobii Nano Pro makes it a viable tool for field-based

studies, provided that calibration protocols and preprocessing pipelines are rigorously optimized.

The feasibility of using smartphone cameras for eye movement detection was also explored as a low-cost

diagnostic alternative. Preliminary findings indicated reliable detection of saccadic onset; however, the accur-

acy of fine-grained metrics such as pursuit gain and microsaccade detection was limited. Future advances in

image processing and AI-based gaze estimation could significantly enhance the accessibility and scalability

of eye-tracking technology in clinical contexts.

Collectively, these studies underscore the utility of eye-tracking as an objective and non-invasive method for

characterizing neurodegenerative disorders, tracking disease progression, and evaluating treatment effects.

The consistent association between ocular motor impairments and symptom severity in PD reinforces the

potential of eye movement metrics as viable clinical biomarkers. Additionally, the presence of distinct

ocular motor profiles in atypical Parkinsonian subtypes supports the role of eye-tracking in differential

diagnosis—particularly in early disease stages where motor symptoms may overlap.

Technology selection emerged as a critical factor in eye-tracking research. The observed discrepancies

between Eyelink and Tobii systems demonstrate that while high-precision devices offer more reliable data,

portable systems can still serve as practical tools for large-scale screening or field-based applications if paired
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with appropriate preprocessing strategies. Moreover, the integration of machine learning algorithms into

eye-tracking workflows enhances diagnostic capabilities by automating classification and prediction, laying

the groundwork for more accessible and scalable diagnostic tools.

The incorporation of eye-tracking into clinical practice holds substantial promise for improving diagnostic

precision, enabling earlier detection of neurodegenerative diseases, and facilitating real-time monitoring of

disease progression in PD and atypical Parkinsonian syndromes. The strong correlation between ocular motor

abnormalities and disease severity suggests that eye movement assessments could be integrated into routine

neurological evaluations, guiding timely intervention and personalized treatment planning. Eye-tracking is a

non-invasive, cost-effective, and objective modality that could complement existing diagnostic tools. Notably,

its ability to differentiate PD from atypical Parkinsonian syndromes—including subtypes such as PSP and

MSA—could help reduce diagnostic uncertainty in early stages. Longitudinal ocular motor assessments may

also enable more granular monitoring of disease progression, further supporting individualized management

strategies.

Machine learning enhances the clinical utility of eye-tracking by enabling high-accuracy, automated clas-

sification models. These tools could assist neurologists in real-time decision-making and potentially be

integrated into wearable technology and telemedicine platforms to facilitate remote patient monitoring. Such

advancements would be particularly valuable in underserved settings with limited access to specialist care.

However, for widespread clinical adoption, further validation across larger, diverse cohorts is necessary, along

with standardization of protocols and regulatory approval. Future work should prioritize the development of

affordable, smartphone-based eye-tracking solutions to ensure accessibility across varied healthcare settings.

Several methodological considerations must be addressed when interpreting these findings. Differences in

device characteristics—such as sampling rate, spatial resolution, and calibration techniques—can significantly

influence data reliability. Variability in sample sizes across studies may also affect statistical power, with

larger datasets providing more robust conclusions. Preprocessing steps, including noise filtering, fixation

detection algorithms, and data smoothing, further impact cross-study comparability. Additionally, envir-

onmental factors such as lighting conditions, screen size, and participant head movement tolerance may

introduce variability, particularly when comparing results across eye-tracking platforms. Addressing these
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methodological limitations is essential to improve reproducibility and enhance the clinical reliability of

eye-tracking metrics.

Future studies should aim to standardize eye-tracking protocols across research centres and clinical ap-

plications. Integrating multimodal data—including gait analysis, neuroimaging, and electrophysiological

recordings—may yield a more comprehensive understanding of neurodegenerative disease mechanisms.

Further refinement of machine learning approaches, particularly through the use of longitudinal data, could

enhance predictive accuracy and improve forecasting of disease trajectories. Development of cost-effective,

smartphone-compatible eye-tracking solutions should also be prioritized to expand global access to these

tools. Finally, larger-scale longitudinal studies are needed to validate eye movement metrics as robust clinical

biomarkers for use in trials and routine diagnostics.

This thesis emphasizes the pivotal role of eye-tracking in the clinical and research domains of PD and atypical

Parkinsonian syndromes. The findings highlight the diagnostic, monitoring, and treatment evaluation potential

of ocular motor assessments. While machine learning significantly advances diagnostic precision, future

efforts must focus on validation, standardization, and technological innovation to fully realize the clinical

potential of eye movement analysis.
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Appendices

A Ocular Motor Function in Parkinson’s Disease

Metric Estimate Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Saccade Amplitude -1.725502 0.012832 -3.068823 -0.382182 692.612906 720.456658

Saccade Average Velocity -23.403952 0.022285 -43.273247 -3.534656 1570.867030 1598.710782

Saccade End Time -9.269553 0.803259 -82.069945 63.530840 1994.192941 2022.036693

Saccade Peak Velocity -55.167015 0.045053 -108.681029 -1.653000 1893.857387 1921.701138

Saccade Latency -3.265369 0.885988 -47.827977 41.297240 1834.183592 1862.027343

Number of Errors 0.378227 0.817647 -2.831401 3.587854 976.562253 1004.406005

Number of Correct Saccades -0.357602 0.829288 -3.602758 2.887555 980.151105 1007.994857

Number of Self Corrected Errors 0.347796 0.810030 -2.483071 3.178663 935.625833 963.469585

Table 16: GBA-PD Generalised Linear Model Results for Antisaccades Horizontal

Metric Estimate Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Saccade Amplitude -1.644265 0.007303 -2.829684 -0.458846 651.847205 679.690957

Saccade Average Velocity -30.982368 0.000761 -48.660923 -13.303812 1532.782649 1560.626400

Saccade End Time 2.489433 0.945124 -68.281919 73.260785 1984.977878 2012.821630

Saccade Peak Velocity -86.757550 0.009239 -151.262119 -22.252981 1954.751737 1982.595489

Saccade Latency 29.374594 0.205485 -15.908122 74.657310 1839.409465 1867.253217

Number of Errors -0.702674 0.606137 -3.368337 1.962989 916.023389 943.867141

Number of Correct Saccades 0.688284 0.616751 -2.001821 3.378389 918.998907 946.842659

Number of Self Corrected Errors 0.396074 0.730371 -1.852381 2.644529 860.535158 888.378910

Table 17: GBA-PD Generalised Linear Model Results for Antisaccades Vertical

Metric Estimate Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Average Pupil Size 595.517106 0.040412 30.795247 1160.238965 2662.040445 2689.884196

Fixation Precision RMS -0.005470 0.261041 -0.014973 0.004034 -921.489731 -893.645979

Fixation Precision SD -0.004343 0.580777 -0.019723 0.011037 -764.549602 -736.705850

Large SWJ Count 0.576400 0.016656 0.109664 1.043137 347.986788 375.830540

Intrusive Saccade Count 0.378990 0.908619 -6.082008 6.839988 1204.641291 1232.485042

Microsaccade Count 2.210830 0.881496 -26.808613 31.230273 1694.352715 1722.196466

Small SWJ Count 5.168029 0.776112 -30.387161 40.723220 1760.569863 1788.413615

Fixation Duration 33.778198 0.913419 -574.131340 641.687737 2686.064284 2713.908036

Saccade Count 7.425158 0.405325 -10.015616 24.865932 1528.368100 1556.211852

Table 18: GBA-PD Generalised Linear Model Results for Central Fixation
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Metric Estimate Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Total Number of Saccades -4.703083 0.539274 -19.684752 10.278587 1478.821525 1506.665276

Saccadic Steps 0.171389 0.573651 -0.424334 0.767111 427.534038 455.377790

Accuracy -90.613190 0.090490 -194.871914 13.645535 2111.277210 2139.120961

Number of Correct Saccades 7.435526 0.155124 -2.765438 17.636491 1353.524991 1381.368743

Number of Hypometric Saccades -2.254186 0.711627 -14.183771 9.675399 1404.556767 1432.400519

Number of Hypermetric Saccades -8.967641 0.217784 -23.171013 5.235731 1461.430067 1489.273819

Saccade Amplitude 0.188460 0.918110 -3.398312 3.775231 1012.780078 1040.623830

Saccade Average Velocity -7.972680 0.640142 -41.331994 25.386635 1739.787656 1767.631408

Saccade End Time 297.710944 0.614191 -857.462917 1452.884805 2895.349783 2923.193534

Saccade Peak Velocity -42.954215 0.262781 -117.859929 31.951498 2003.486816 2031.330567

Saccade Latency 300.652991 0.610762 -854.728584 1456.034565 2895.408396 2923.252148

Table 19: GBA-PD Generalised Linear Model Results for Memory Guided Saccades Horizontal

Metric Estimate Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Total Number of Saccades -0.993069 0.894662 -15.668924 13.682786 1472.098163 1499.941915

Saccadic Steps 0.139287 0.597186 -0.376247 0.654821 380.403799 408.247550

Accuracy -10.982539 0.748218 -77.922740 55.957662 1966.834481 1994.678233

Number of Correct Saccades -5.146812 0.225494 -13.436414 3.142790 1285.886425 1313.730177

Number of Hypometric Saccades 12.677394 0.049677 0.116958 25.237830 1421.355696 1449.199448

Number of Hypermetric Saccades -7.450006 0.107678 -16.474102 1.574091 1313.562645 1341.406397

Saccade Amplitude -1.388485 0.320009 -4.116306 1.339335 923.537688 951.381440

Saccade Average Velocity -20.935220 0.149703 -49.277095 7.406655 1686.650752 1714.494504

Saccade End Time 499.075481 0.529049 -1051.413059 2049.564021 2991.297844 3019.141596

Saccade Peak Velocity -80.842150 0.044574 -159.084469 -2.599831 2017.694057 2045.537809

Saccade Latency 547.333449 0.494483 -1019.152121 2113.819019 2994.644088 3022.487840

Table 20: GBA-PD Generalised Linear Model Results for Memory Guided Saccades Vertical
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Metric Estimate Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Microsaccade Count Up 4.044316 0.581484 -10.305821 18.394452 1464.781366 1492.625118

Microsaccade Count Down -17.377039 0.401417 -57.854952 23.100875 1802.842391 1830.686143

Microsaccade Count Right 6.041244 0.677860 -22.410003 34.492491 1687.906374 1715.750126

Microsaccade Count Left -2.800852 0.773039 -21.802021 16.200317 1556.302944 1584.146696

Small SWJ Count Up 4.639282 0.413022 -6.438743 15.717308 1380.413869 1408.257621

Small SWJ Count Down -21.623764 0.440044 -76.372692 33.125163 1901.294816 1929.138568

Small SWJ Count Right 15.646990 0.287204 -13.069277 44.363258 1690.928973 1718.772725

Small SWJ Count Left -9.117390 0.526403 -37.261371 19.026590 1684.366503 1712.210255

Large SWJ Count Up 0.186197 0.354878 -0.207079 0.579473 292.158284 320.002036

Large SWJ Count Down 0.170953 0.427113 -0.249854 0.591759 314.216123 342.059875

Large SWJ Count Right 0.073836 0.788156 -0.463803 0.611476 394.091112 421.934864

Large SWJ Count Left -0.060078 0.766717 -0.456284 0.336129 294.578401 322.422153

Intrusive Saccade Count Up -0.647517 0.767158 -4.926177 3.631143 1070.282384 1098.126135

Intrusive Saccade Count Down 0.463695 0.872932 -5.209351 6.136741 1162.242512 1190.086264

Intrusive Saccade Count Right 4.445762 0.225569 -2.715873 11.607396 1238.204433 1266.048185

Intrusive Saccade Count Left 0.813917 0.786680 -5.070590 6.698425 1174.173087 1202.016839

Average Fixation Duration Up 470.925609 0.081793 -55.971466 997.822685 2639.439485 2667.283237

Average Fixation Duration Down 753.231918 0.012170 171.313943 1335.149894 2671.819198 2699.662950

Average Fixation Duration Right 579.691880 0.037820 37.299287 1122.084474 2648.888547 2676.732299

Average Fixation Duration Left 499.465180 0.086995 -68.895916 1067.826277 2664.134546 2691.978298

Fixation Precision RMS Up -0.004509 0.318438 -0.013337 0.004320 -945.499854 -917.656102

Fixation Precision RMS Down -0.004158 0.491828 -0.015984 0.007669 -850.201329 -822.357578

Fixation Precision RMS Right -0.002283 0.696936 -0.013752 0.009186 -860.216371 -832.372619

Fixation Precision RMS Left -0.005686 0.295634 -0.016306 0.004934 -885.289345 -857.445593

Fixation Precision SD Up -0.007599 0.319082 -0.022498 0.007301 -774.895129 -747.051377

Fixation Precision SD Down -0.003608 0.669017 -0.020116 0.012901 -741.469447 -713.625695

Fixation Precision SD Right -0.001441 0.876070 -0.019521 0.016639 -711.825909 -683.982157

Fixation Precision SD Left -0.006207 0.448052 -0.022201 0.009787 -751.792039 -723.948288

Average Pupil Size Up -224.747500 0.315799 -662.450308 212.955309 2578.977873 2606.821625

Average Pupil Size Down -174.596128 0.474077 -651.459067 302.266810 2606.912470 2634.756222

Average Pupil Size Right -98.242410 0.626574 -493.198837 296.714017 2545.476577 2573.320328

Average Pupil Size Left -41.260760 0.849430 -466.523639 384.002120 2569.578431 2597.422183

Saccade Count Up 5.755489 0.543547 -12.773593 24.284572 1548.101113 1575.944864

Saccade Count Down -3.421430 0.725941 -22.517508 15.674647 1557.927222 1585.770974

Saccade Count Right 2.485825 0.787544 -15.561194 20.532844 1539.507431 1567.351183

Saccade Count Left -4.362932 0.656501 -23.552795 14.826931 1559.524368 1587.368119

Table 21: GBA-PD Generalised Linear Model Results for Nystagmus/ Positional Fixation
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Metric Estimate Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Saccade Amplitude - 4 Degrees -0.273194 0.292065 -0.779674 0.233285 374.627257 402.471009

Saccade Amplitude - 8 Degrees -0.762035 0.081778 -1.614598 0.090528 544.396230 572.239981

Saccade Amplitude - 10 Degrees -1.097199 0.027524 -2.063693 -0.130706 585.285428 613.129179

Saccade Average Velocity - 4 Degrees -5.639104 0.334781 -17.062325 5.784118 1390.417104 1418.260855

Saccade Average Velocity - 8 Degrees -12.701729 0.134474 -29.248134 3.844676 1511.206822 1539.050574

Saccade Average Velocity - 10 Degrees -19.272839 0.044792 -37.945135 -0.600542 1550.611128 1578.454880

Saccade End Time - 4 Degrees 2.679327 0.908942 -43.160285 48.518939 1843.394230 1871.237981

Saccade End Time - 8 Degrees 16.944212 0.544531 -37.739206 71.627631 1900.904515 1928.748267

Saccade End Time - 10 Degrees 35.760522 0.184244 -16.790240 88.311284 1887.935931 1915.779682

Saccade Peak Velocity - 4 Degrees -22.305695 0.268920 -61.708288 17.096898 1794.064891 1821.908643

Saccade Peak Velocity - 8 Degrees -40.538145 0.125065 -92.057721 10.981431 1881.475345 1909.319097

Saccade Peak Velocity - 10 Degrees -55.139109 0.045352 -108.701515 -1.576702 1894.152050 1921.995801

Saccade Latency - 4 Degrees 12.310673 0.392484 -15.827012 40.448359 1684.293575 1712.137327

Saccade Latency - 8 Degrees 16.663553 0.323310 -16.298474 49.625580 1735.881902 1763.725654

Saccade Latency - 10 Degrees 28.495506 0.056539 -0.574660 57.565673 1694.922035 1722.765786

X Accuracy - 4 Degrees 12.877934 0.447417 -20.260378 46.016246 1737.620749 1765.464501

X Accuracy - 8 Degrees 26.291749 0.262328 -19.513431 72.096930 1843.149268 1870.993020

X Accuracy - 10 Degrees 55.192570 0.025038 7.386304 102.998837 1857.088874 1884.932626

Y Accuracy - 4 Degrees 11.303242 0.669501 -40.500975 63.107459 1883.271507 1911.115259

Y Accuracy - 8 Degrees 44.949604 0.118926 -11.237223 101.136430 1909.746219 1937.589971

Y Accuracy - 10 Degrees 92.725785 0.006144 27.306451 158.145119 1959.342397 1987.186149

Correct Saccade Count - 4 Degrees -1.258395 0.068997 -2.605308 0.088518 693.483526 721.327277

Correct Saccade Count - 8 Degrees -2.594418 0.058805 -5.265535 0.076699 916.689720 944.533472

Correct Saccade Count - 10 Degrees -3.671454 0.014370 -6.577967 -0.764940 944.222820 972.066572

Hypometric Saccade Count - 4 Degrees -1.481996 0.522950 -6.018694 3.054703 1089.372825 1117.216577

Hypometric Saccade Count - 8 Degrees -2.101307 0.372542 -6.706516 2.503901 1094.259030 1122.102782

Hypometric Saccade Count - 10 Degrees -3.058308 0.182245 -7.531970 1.415354 1084.811366 1112.655118

Hypermetric Saccade Count - 4 Degrees 2.386480 0.322775 -2.328966 7.101926 1101.970774 1129.814526

Hypermetric Saccade Count - 8 Degrees 4.078239 0.069655 -0.297307 8.453784 1077.581950 1105.425701

Hypermetric Saccade Count - 10 Degrees 6.561568 0.002691 2.345253 10.777884 1065.497252 1093.341003

Table 22: GBA-PD Generalised Linear Model Results for Oblique Saccades

Metric Estimate Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

RMSE Gaze Horizontal 0.2Hz -0.421514 0.378423 -1.356779 0.513751 574.578120 602.421872

RMSE Gaze Horizontal 0.4Hz -0.200525 0.719674 -1.293623 0.892573 625.414934 653.258686

RMSE Gaze Vertical 0.2Hz -0.609314 0.244041 -1.630558 0.411929 603.248722 631.092474

RMSE Gaze Vertical 0.4Hz 0.335037 0.471616 -0.574946 1.245020 565.644425 593.488177

RMSE Gaze Anticlockwise 0.2Hz 0.109441 0.853899 -1.053460 1.272342 645.594940 673.438691

RMSE Gaze Anticlockwise 0.4Hz 0.256256 0.687830 -0.991405 1.503918 668.530155 696.373907

RMSE Gaze Clockwise 0.2Hz 0.529646 0.403773 -0.710315 1.769607 666.511812 694.355564

RMSE Gaze Clockwise 0.4Hz 0.074275 0.909719 -1.207462 1.356013 677.314315 705.158067

Pursuit Gain Horizontal 0.2Hz 3.005834 0.005545 0.911469 5.100200 837.391491 865.235243

Pursuit Gain Horizontal 0.4Hz 0.081460 0.876986 -0.948286 1.111206 605.951538 633.795290

Pursuit Gain Vertical 0.2Hz 0.543213 0.375371 -0.654375 1.740801 655.176643 683.020395

Pursuit Gain Vertical 0.4Hz -0.082903 0.802047 -0.729927 0.564121 454.464705 482.308457

Pursuit Gain Anticlockwise 0.2Hz 0.063871 0.534003 -0.136971 0.264712 73.087512 100.931264

Pursuit Gain Anticlockwise 0.4Hz -0.008566 0.865308 -0.107383 0.090251 -158.126637 -130.282885

Pursuit Gain Clockwise 0.2Hz 0.029466 0.779067 -0.176042 0.234974 80.575591 108.419343

Pursuit Gain Clockwise 0.4Hz -0.002857 0.960783 -0.116574 0.110859 -112.343904 -84.500152

Table 23: GBA-PD Generalised Linear Model Results for Pursuit
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Metric Estimate Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Accuracy 51.241076 0.330097 -51.554969 154.037120 2106.671262 2134.515014

Saccade Average Velocity -21.198368 0.026047 -39.688134 -2.708602 1547.408649 1575.252401

Saccade End Time -19.987456 0.809341 -182.075053 142.100140 2255.128413 2282.972165

Saccade Peak Velocity -73.047788 0.022702 -135.258552 -10.837025 1942.947918 1970.791670

Saccade Latency 1.425259 0.985920 -156.606280 159.456799 2246.866830 2274.710582

Saccade Amplitude -1.357749 0.012388 -2.409386 -0.306112 612.809141 640.652893

Number of Correct Saccades -4.787668 0.029928 -9.070049 -0.505287 1070.565755 1098.409507

Number of Hypometric Saccades 4.090843 0.053508 -0.030139 8.211825 1058.041573 1085.885325

Number of Hypermetric Saccades 4.090843 0.033508 0.030139 8.211825 1058.041573 1085.885325

Table 24: Generalised Linear Model Results for Reflexive Saccades Horizontal

Metric Estimate Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Accuracy 51.144012 0.155373 -19.064193 121.352216 1982.373430 2010.217182

Saccade Average Velocity -25.492556 0.013044 -45.386404 -5.598709 1571.269605 1599.113357

Saccade End Time 11.280265 0.791508 -72.209430 94.769960 2038.855547 2066.699299

Saccade Peak Velocity -73.761202 0.030883 -140.124520 -7.397884 1964.012876 1991.856628

Saccade Latency 40.551165 0.053534 -0.303244 81.405575 1805.860592 1833.704344

Saccade Amplitude -1.386879 0.027673 -2.609738 -0.164021 661.984089 689.827840

Number of Correct Saccades -4.768116 0.022790 -8.831533 -0.704700 1053.455665 1081.299416

Number of Hypometric Saccades 6.335645 0.006994 1.793005 10.878285 1089.799512 1117.643263

Number of Hypermetric Saccades -1.714055 0.263712 -4.708968 1.280858 953.990144 981.833896

Table 25: GBA-PD Generalised Linear Model Results for Reflexive Saccades Vertical

Metric Estimate Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Total Number of Saccades -0.158177 0.985117 -16.751205 16.434851 1512.124112 1539.967864

Saccadic Steps 0.044317 0.821273 -0.339526 0.428161 284.244135 312.087887

Accuracy -67.785901 0.175983 -165.516121 29.944319 2090.196511 2118.040263

Number of Correct Saccades -5.199585 0.441689 -18.411915 8.012744 1437.850824 1465.694576

Number of Hypometric Saccades 3.364383 0.531084 -7.139725 13.868491 1363.071625 1390.915377

Number of Hypermetric Saccades 4.373714 0.342222 -4.624151 13.371578 1312.613638 1340.457390

Saccade Amplitude 1.509809 0.374745 -1.814407 4.834025 987.998017 1015.841769

Saccade Average Velocity 5.101787 0.778867 -30.446861 40.650435 1760.509872 1788.353624

Saccade End Time -515.745039 0.526585 -2108.472013 1076.981935 3000.059927 3027.903679

Saccade Peak Velocity -27.603226 0.483123 -104.563298 49.356847 2012.307262 2040.151013

Saccade Latency -520.274279 0.530263 -2141.402596 1100.854037 3005.821904 3033.665655

Table 26: GBA-PD Generalised Linear Model Results for Volitional Saccades Horizontal
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Metric Estimate Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Total Number of Saccades 3.513043 0.641339 -11.239062 18.265148 1473.787556 1501.631307

Saccadic Steps -0.041401 0.846543 -0.459979 0.377178 312.485542 340.329294

Accuracy -16.189147 0.644099 -84.738493 52.360199 1974.578341 2002.422092

Number of Correct Saccades -3.356593 0.559601 -14.608229 7.895043 1385.483193 1413.326945

Number of Hypometric Saccades 15.564045 0.014382 3.241198 27.886892 1415.130117 1442.973869

Number of Hypermetric Saccades -7.677173 0.152539 -18.143277 2.788932 1361.890043 1389.733795

Saccade Amplitude -0.396957 0.758352 -2.921448 2.127534 898.284655 926.128407

Saccade Average Velocity -10.240360 0.476512 -38.364145 17.883425 1684.132486 1711.976237

Saccade End Time 569.474842 0.553314 -1309.263121 2448.212805 3053.899685 3081.743437

Saccade Peak Velocity -62.079600 0.121488 -140.221237 16.062036 2017.274291 2045.118043

Saccade Latency 587.437004 0.541331 -1293.381490 2468.255498 3054.260500 3082.104252

Table 27: GBA-PD Generalised Linear Model Results for Volitional Saccades Vertical

Table 28: Composite Scores for iPD, GBA-PD, LRRK2-PD

Paradigm GBA Weighted Z iPD Weighted Z LRRK2 Weighted Z

Antisaccades Horizontal 31.971774744429904 1.2269597367314422 0.2104448708127101

Antisaccades Vertical 62.81707826 6.2417830496607065 0.3352666185605462

Central Fixation 0.012343471 0.2406766227101482 5.427186678307486

Memory Guided Saccades Horizontal 0.058742456 0.057633408 0.008844454

Memory Guided Saccades Vertical 0.029644893 0.068386545 0.0282616793459376

Nystagmus/ Positional Fixation 0.008395331 0.1573770656709374 0.0240582765990732

Oblique Saccades 3.446786312828965 0.1095234367445423 0.5788340895306906

Pursuit 0.1860802915320841 0.9712654321867285 0.6165419881039349

Reflexive Saccades Horizontal 0.008259874 0.032444519 0.003351059

Reflexive Saccades Vertical 0.048010802 0.003005667 0.00370069

Volitional Saccades Horizontal 0.033429549 0.0210926418831605 0.020592257

Volitional Saccades Vertical 0.0304846305308607 0.06266768 0.013472925
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B Ocular Motor Function in Atypical Parkinsonian Syndromes

Table 29: Atypical Parkinsonian Syndromes Generalised Linear Model Results Memory Guided Saccades
Vertical

Metric Estimate Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Total Number of Saccades -7.706886 0.274886 -21.445053 6.031280 769.183648 791.376821

Total Number of Saccades 5.670241 0.577720 -14.209561 25.550043 769.183648 791.376821

Total Number of Saccades -37.110443 0.011017 -65.047336 -9.173549 769.183648 791.376821

Total Number of Saccades 2.302021 0.731146 -10.782702 15.386744 769.183648 791.376821

Total Number of Saccades -6.539372 0.279490 -18.309457 5.230713 769.183648 791.376821

Average Number of Saccadic Steps 0.586623 0.000787 0.257419 0.915828 119.945254 142.138427

Average Number of Saccadic Steps -0.068821 0.777800 -0.545196 0.407553 119.945254 142.138427

Average Number of Saccadic Steps 0.135238 0.693214 -0.534206 0.804683 119.945254 142.138427

Average Number of Saccadic Steps 0.214561 0.183694 -0.098984 0.528107 119.945254 142.138427

Average Number of Saccadic Steps 0.308278 0.035251 0.026234 0.590321 119.945254 142.138427

Average Accuracy (pixels) 119.250381 0.000463 55.286263 183.214500 1036.820777 1059.013950

Average Accuracy (pixels) 40.548211 0.393149 -52.011009 133.107430 1036.820777 1059.013950

Average Accuracy (pixels) 190.323231 0.005297 60.250654 320.395809 1036.820777 1059.013950

Average Accuracy (pixels) 51.250790 0.103153 -9.670932 112.172512 1036.820777 1059.013950

Average Accuracy (pixels) 163.045268 0.000000 108.244428 217.846108 1036.820777 1059.013950

Total Number of Correct Saccades -13.521364 0.001958 -21.793956 -5.248773 680.925623 703.118796

Total Number of Correct Saccades 0.751041 0.902446 -11.219805 12.721887 680.925623 703.118796

Total Number of Correct Saccades -15.912710 0.067477 -32.735225 0.909804 680.925623 703.118796

Total Number of Correct Saccades -7.101550 0.081168 -14.980663 0.777563 680.925623 703.118796

Total Number of Correct Saccades -14.203297 0.000182 -21.290786 -7.115808 680.925623 703.118796

Total Number of Hypometric Saccades 20.098022 0.002220 7.642013 32.554031 752.136055 774.329228

Total Number of Hypometric Saccades 9.574353 0.030100 8.450104 27.598811 752.136055 774.329228

Total Number of Hypometric Saccades -4.486494 0.729396 -29.816089 20.843102 752.136055 774.329228

Total Number of Hypometric Saccades 9.571298 0.117813 -2.292252 21.434849 752.136055 774.329228

Total Number of Hypometric Saccades 17.377854 0.002031 6.706250 28.049459 752.136055 774.329228

Total Number of Hypermetic Saccades -14.075211 0.002940 -23.063324 -5.087099 695.359795 717.552968

Total Number of Hypermetic Saccades -6.722729 0.314117 -19.728969 6.283511 695.359795 717.552968

Total Number of Hypermetic Saccades -14.934796 0.113256 -33.212339 3.342747 695.359795 717.552968

Total Number of Hypermetic Saccades -1.477723 0.736014 -10.038323 7.082878 695.359795 717.552968

Total Number of Hypermetic Saccades -9.860087 0.014130 -17.560593 -2.159580 695.359795 717.552968

Average Saccade Amplitude -7.775884 0.000000 -10.182042 -5.369725 466.050168 488.243341

Average Saccade Amplitude -2.575443 0.151087 -6.057272 0.906387 466.050168 488.243341

Average Saccade Amplitude -4.370869 0.083858 -9.263850 0.522112 466.050168 488.243341

Average Saccade Amplitude -2.770667 0.020248 -5.062379 -0.478956 466.050168 488.243341

Average Saccade Amplitude -7.092393 0.000000 -9.153854 -5.030933 466.050168 488.243341

Average Saccade Velocity -72.949359 0.000002 -100.693101 -45.205617 891.476495 913.669668

Average Saccade Velocity -9.263072 0.652346 -49.409629 30.883486 891.476495 913.669668

Average Saccade Velocity -74.301310 0.011694 -130.718879 -17.883741 891.476495 913.669668

Average Saccade Velocity -20.736855 0.128015 -47.160990 5.687281 891.476495 913.669668

Average Saccade Velocity -64.905569 0.000001 -88.674838 -41.136299 891.476495 913.669668

Average Saccade End Time (ms) 1780.152223 0.021980 287.119716 3273.184729 1584.962936 1607.156109

Average Saccade End Time (ms) -504.756198 0.648276 -2665.247540 1655.735143 1584.962936 1607.156109

Average Saccade End Time (ms) -734.941104 0.636494 -3771.058721 2301.176513 1584.962936 1607.156109

Average Saccade End Time (ms) -504.927791 0.488508 -1926.945528 917.089945 1584.962936 1607.156109

Average Saccade End Time (ms) 193.426384 0.767720 -1085.719456 1472.572224 1584.962936 1607.156109

Peak Saccade Velocity -161.405054 0.000367 -246.371088 -76.439019 1086.224476 1108.417649

Peak Saccade Velocity 5.069978 0.935789 -117.880045 128.020002 1086.224476 1108.417649

Peak Saccade Velocity -177.378347 0.047616 -350.158828 -4.597866 1086.224476 1108.417649

Peak Saccade Velocity -59.114036 0.156169 -140.038736 21.810665 1086.224476 1108.417649

Peak Saccade Velocity -169.903924 0.000017 -242.698019 -97.109830 1086.224476 1108.417649
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Table 30: Atypical Parkinsonian Syndromes Generalised Linear Model Results Memory Guided Saccades
Horizontal

Metric Estimate Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Total Number of Saccades -20.384553 0.007432 -34.925001 -5.844105 779.059268 801.252441

Total Number of Saccades -2.375957 0.825412 -23.416699 18.664786 779.059268 801.252441

Total Number of Saccades -27.347394 0.043670 -56.915746 -2.220958 779.059268 801.252441

Total Number of Saccades -4.567743 0.519860 -18.416587 9.281102 779.059268 801.252441

Total Number of Saccades -9.738892 0.129456 -22.196326 2.718542 779.059268 801.252441

Average Number of Saccadic Steps 1.596417 0.000000 1.088524 2.104309 195.390233 217.583406

Average Number of Saccadic Steps -0.210986 0.575260 -0.945931 0.523960 195.390233 217.583406

Average Number of Saccadic Steps -0.407782 0.441331 -1.440593 0.625030 195.390233 217.583406

Average Number of Saccadic Steps 0.262988 0.289871 -0.220747 0.746723 195.390233 217.583406

Average Number of Saccadic Steps 0.697798 0.002355 0.262664 1.132931 195.390233 217.583406

Average Accuracy (pixels) 1.501651 0.980803 -120.427751 123.431053 1149.071644 1171.264817

Average Accuracy (pixels) 141.718845 0.119418 -34.718987 318.156676 1149.071644 1171.264817

Average Accuracy (pixels) 306.018343 0.017862 58.071962 553.964723 1149.071644 1171.264817

Average Accuracy (pixels) 163.192055 0.007298 47.062118 279.321993 1149.071644 1171.264817

Average Accuracy (pixels) 153.457887 0.005127 48.995669 257.920105 1149.071644 1171.264817

Total Number of Correct Saccades -6.587521 0.194356 -16.451598 3.276556 711.541225 733.734398

Total Number of Correct Saccades -9.566658 0.192777 -23.840462 4.707145 711.541225 733.734398

Total Number of Correct Saccades -14.061044 0.173354 -34.119882 5.997795 711.541225 733.734398

Total Number of Correct Saccades -7.139393 0.140358 -16.534294 2.255508 711.541225 733.734398

Total Number of Correct Saccades -8.961162 0.040930 -17.412146 -0.510179 711.541225 733.734398

Total Number of Hypometric Saccades -2.427269 0.759091 -17.886386 13.031848 789.719316 811.912489

Total Number of Hypometric Saccades 26.555364 0.022547 4.185263 48.925466 789.719316 811.912489

Total Number of Hypometric Saccades 12.526033 0.437161 -18.910455 43.962521 789.719316 811.912489

Total Number of Hypometric Saccades 4.039998 0.592237 -10.683820 18.763816 789.719316 811.912489

Total Number of Hypometric Saccades 9.462289 0.165351 -3.782209 22.706786 789.719316 811.912489

Total Number of Hypermetic Saccades -11.454984 0.082218 -24.208850 1.298882 756.247895 778.441068

Total Number of Hypermetic Saccades -19.066899 0.046256 -37.522370 -0.611429 756.247895 778.441068

Total Number of Hypermetic Saccades -26.700591 0.047007 -52.635885 -0.765297 756.247895 778.441068

Total Number of Hypermetic Saccades -1.715431 0.782668 -13.862670 10.431809 756.247895 778.441068

Total Number of Hypermetic Saccades -10.662992 0.059418 -21.589783 0.263800 756.247895 778.441068

Average Saccade Amplitude -6.229699 0.001765 -10.001517 -2.457880 544.267678 566.460851

Average Saccade Amplitude -7.152074 0.012104 -12.610081 -1.694066 544.267678 566.460851

Average Saccade Amplitude -12.090524 0.002767 -19.760608 -4.420439 544.267678 566.460851

Average Saccade Amplitude -2.458824 0.183604 -6.051240 1.133592 544.267678 566.460851

Average Saccade Amplitude -8.893078 0.000001 -12.124559 -5.661597 544.267678 566.460851

Average Saccade Velocity -49.981426 0.002956 -81.917387 -18.045465 915.962186 938.155359

Average Saccade Velocity -34.847023 0.143406 -81.059927 11.365880 915.962186 938.155359

Average Saccade Velocity -95.287690 0.005178 -160.230237 -30.345144 915.962186 938.155359

Average Saccade Velocity -10.882077 0.485236 -41.299032 19.534878 915.962186 938.155359

Average Saccade Velocity -74.795463 0.000001 -102.156389 -47.434537 915.962186 938.155359

Average Saccade End Time (ms) -245.341619 0.752853 -1767.162083 1276.478844 1588.285988 1610.479161

Average Saccade End Time (ms) 3296.901952 0.004375 1094.753000 5499.050881 1588.285988 1610.479161

Average Saccade End Time (ms) 950.213941 0.549026 -2144.444681 4044.872563 1588.285988 1610.479161

Average Saccade End Time (ms) -241.194333 0.745174 -1690.630752 1208.242087 1588.285988 1610.479161

Average Saccade End Time (ms) 27.819335 0.966748 -1275.990399 1331.629069 1588.285988 1610.479161

Peak Saccade Velocity -96.265889 0.007344 -164.825891 -27.705888 1048.894118 1071.087291

Peak Saccade Velocity 1.729216 0.972834 -97.480472 100.938905 1048.894118 1071.087291

Peak Saccade Velocity -169.607782 0.019506 -309.026199 -30.189365 1048.894118 1071.087291

Peak Saccade Velocity 4.432426 0.894500 -60.866580 69.731432 1048.894118 1071.087291

Peak Saccade Velocity -171.861168 0.000000 -230.599501 -113.122835 1048.894118 1071.087291

Average Saccade Start Time (ms) -223.340450 0.778383 -1773.464010 1326.783109 1591.492347 1613.685520

Average Saccade Start Time (ms) 3514.543493 0.002926 1271.438594 5757.648392 1591.492347 1613.685520

Average Saccade Start Time (ms) 609.410339 0.705767 -2542.803312 3761.623991 1591.492347 1613.685520

Average Saccade Start Time (ms) -254.673542 0.736194 -1731.066847 1221.719762 1591.492347 1613.685520

Average Saccade Start Time (ms) 44.364235 0.947963 -1283.693992 1372.422461 1591.492347 1613.685520
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Table 31: Atypical Parkinsonian Syndromes Generalised Linear Model Results Volitional Saccades Vertical

Metric Estimate Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Total Number of Saccades -18.485028 0.010370 -32.281305 -4.688752 769.918086 792.111259

Total Number of Saccades 6.987819 0.494701 -12.976071 26.951709 769.918086 792.111259

Total Number of Saccades -41.082876 0.005263 -69.137938 -13.027814 769.918086 792.111259

Total Number of Saccades 3.753599 0.577142 -9.386470 16.893668 769.918086 792.111259

Total Number of Saccades -6.982828 0.250398 -18.802698 4.837042 769.918086 792.111259

Average Number of Saccadic Steps 0.790689 0.000015 0.454720 1.126659 123.484846 145.678019

Average Number of Saccadic Steps -0.078844 0.751431 -0.565008 0.407321 123.484846 145.678019

Average Number of Saccadic Steps -0.296818 0.397061 -0.980020 0.386384 123.484846 145.678019

Average Number of Saccadic Steps 0.198938 0.226655 -0.121051 0.518928 123.484846 145.678019

Average Number of Saccadic Steps 0.228185 0.012424 0.059654 0.516025 123.484846 145.678019

Average Accuracy (pixels) 79.050699 0.027256 10.178562 147.922836 1049.684497 1071.877670

Average Accuracy (pixels) 7.604221 0.881504 -92.057143 107.265585 1049.684497 1071.877670

Average Accuracy (pixels) 116.584513 0.010676 23.468639 256.637666 1049.684497 1071.877670

Average Accuracy (pixels) 13.701281 0.683366 -51.895014 79.297576 1049.684497 1071.877670

Average Accuracy (pixels) 168.039663 0.000000 109.033910 227.045416 1049.684497 1071.877670

Total Number of Correct Saccades -16.784743 0.006141 -28.467926 -5.101561 740.990872 763.184045

Total Number of Correct Saccades 4.288200 0.620471 -12.617939 21.194338 740.990872 763.184045

Total Number of Correct Saccades -19.931507 0.010409 -43.689540 -3.826526 740.990872 763.184045

Total Number of Correct Saccades -3.099364 0.586664 -14.226847 8.028118 740.990872 763.184045

Total Number of Correct Saccades -17.056554 0.001281 -27.066045 -7.047064 740.990872 763.184045

Total Number of Hypometric Saccades 10.882090 0.089461 -1.522655 23.286835 751.418454 773.611627

Total Number of Hypometric Saccades -0.314921 0.972656 -18.265196 17.635353 751.418454 773.611627

Total Number of Hypometric Saccades -4.404047 0.733119 -29.629395 20.821301 751.418454 773.611627

Total Number of Hypometric Saccades 10.164900 0.095689 -1.649824 21.979624 751.418454 773.611627

Total Number of Hypometric Saccades 12.270453 0.026386 1.642769 22.898137 751.418454 773.611627

Total Number of Hypermetic Saccades -11.219276 0.039203 -21.705988 -0.732564 722.191653 744.384826

Total Number of Hypermetic Saccades 2.134631 0.783493 -13.040156 17.309418 722.191653 744.384826

Total Number of Hypermetic Saccades -14.059934 0.200042 -35.384916 7.265048 722.191653 744.384826

Total Number of Hypermetic Saccades -2.639587 0.605923 -12.627508 7.348334 722.191653 744.384826

Total Number of Hypermetic Saccades -5.017468 0.277032 -14.001890 3.966954 722.191653 744.384826

Average Saccade Amplitude -6.869514 0.000004 -9.577212 -4.161817 486.593863 508.787036

Average Saccade Amplitude 0.507067 0.800427 -3.411104 4.425239 486.593863 508.787036

Average Saccade Amplitude -4.864011 0.047287 -10.370179 -0.642158 486.593863 508.787036

Average Saccade Amplitude -1.754570 0.186210 -4.333478 0.824338 486.593863 508.787036

Average Saccade Amplitude -6.086338 0.000002 -8.406140 -3.766536 486.593863 508.787036

Average Saccade Velocity -71.840811 0.000007 -101.097102 -42.584520 900.713164 922.906337

Average Saccade Velocity 7.910630 0.715171 -34.424659 50.245919 900.713164 922.906337

Average Saccade Velocity -51.334660 0.094744 -110.828033 8.158713 900.713164 922.906337

Average Saccade Velocity -15.954570 0.265168 -43.819311 11.910171 900.713164 922.906337

Average Saccade Velocity -65.004162 0.000002 -90.069298 -39.939026 900.713164 922.906337

Average Saccade End Time (ms) 192.005519 0.797449 -1269.347831 1653.358869 1581.231274 1603.424447

Average Saccade End Time (ms) -643.650594 0.552502 -2758.300641 1470.999453 1581.231274 1603.424447

Average Saccade End Time (ms) -510.537879 0.737219 -3482.235168 2461.159409 1581.231274 1603.424447

Average Saccade End Time (ms) -651.859611 0.361448 -2043.704982 739.985760 1581.231274 1603.424447

Average Saccade End Time (ms) 20.115067 0.974959 -1231.889863 1272.119997 1581.231274 1603.424447

Peak Saccade Velocity -154.810677 0.001008 -243.650650 -65.970703 1093.982286 1116.175459

Peak Saccade Velocity 47.353032 0.472460 -81.202771 175.908835 1093.982286 1116.175459

Peak Saccade Velocity -151.502020 0.104223 -332.160249 29.156209 1093.982286 1116.175459

Peak Saccade Velocity -50.047634 0.249835 -134.662012 34.566745 1093.982286 1116.175459

Peak Saccade Velocity -165.444985 0.000056 -241.558052 -89.331919 1093.982286 1116.175459

Average Saccade Start Time (ms) 239.347558 0.749113 -1222.392177 1701.087293 1581.277274 1603.470447

Average Saccade Start Time (ms) -640.111196 0.554788 -2755.320361 1475.097968 1581.277274 1603.470447

Average Saccade Start Time (ms) -926.051029 0.543211 -3898.534041 2046.431982 1581.277274 1603.470447

Average Saccade Start Time (ms) -616.047194 0.388419 -2008.260572 776.166183 1581.277274 1603.470447

Average Saccade Start Time (ms) 58.789211 0.926925 -1193.546751 1311.125174 1581.277274 1603.470447
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Table 32: Atypical Parkinsonian Syndromes Generalised Linear Model Results Volitional Saccades Hori-
zontal

Metric Estimate Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Total Number of Saccades -20.581352 0.010608 -35.991817 -5.170887 789.170845 811.364018

Total Number of Saccades -1.339799 0.906559 -23.639498 20.959900 789.170845 811.364018

Total Number of Saccades -31.765688 0.040418 -63.103240 -0.428136 789.170845 811.364018

Total Number of Saccades -3.437569 0.647468 -18.115049 11.239910 789.170845 811.364018

Total Number of Saccades -6.165782 0.362813 -19.368597 7.037033 789.170845 811.364018

Average Number of Saccadic Steps 1.227629 0.000002 0.758473 1.696785 181.585956 203.779129

Average Number of Saccadic Steps 0.081639 0.814281 -0.597252 0.760531 181.585956 203.779129

Average Number of Saccadic Steps -0.358856 0.463167 -1.312896 0.595183 181.585956 203.779129

Average Number of Saccadic Steps 0.314878 0.171130 -0.131963 0.761719 181.585956 203.779129

Average Number of Saccadic Steps 0.753302 0.000434 0.351356 1.155248 181.585956 203.779129

Average Accuracy (pixels) -39.269571 0.501436 -153.238358 74.699215 1137.323583 1159.516756

Average Accuracy (pixels) -6.713188 0.936612 -171.631618 158.205242 1137.323583 1159.516756

Average Accuracy (pixels) 277.744119 0.021331 45.985842 509.502396 1137.323583 1159.516756

Average Accuracy (pixels) 53.149000 0.340150 -55.398962 161.696962 1137.323583 1159.516756

Average Accuracy (pixels) 89.042136 0.077718 -8.599877 186.684149 1137.323583 1159.516756

Total Number of Correct Saccades -10.809056 0.115176 -24.108909 2.490798 763.541732 785.734905

Total Number of Correct Saccades -5.673384 0.565058 -24.918926 13.572157 763.541732 785.734905

Total Number of Correct Saccades -37.836894 0.007551 -64.882468 -10.791321 763.541732 785.734905

Total Number of Correct Saccades -9.710662 0.136955 -22.377920 2.956596 763.541732 785.734905

Total Number of Correct Saccades -14.607254 0.014022 -26.001816 -3.212691 763.541732 785.734905

Total Number of Hypometric Saccades -8.745750 0.202490 -22.083621 4.592121 764.038394 786.231567

Total Number of Hypometric Saccades 3.014135 0.760346 -16.286419 22.314690 764.038394 786.231567

Total Number of Hypometric Saccades 8.922035 0.520972 -18.200848 36.044917 764.038394 786.231567

Total Number of Hypometric Saccades -3.052587 0.638960 -15.756054 9.650879 764.038394 786.231567

Total Number of Hypometric Saccades 6.211856 0.289919 -5.215278 17.638990 764.038394 786.231567

Total Number of Hypermetic Saccades 1.725662 0.761426 -9.375974 12.827298 732.106792 754.299965

Total Number of Hypermetic Saccades 3.244339 0.693301 -12.820273 19.308952 732.106792 754.299965

Total Number of Hypermetic Saccades 4.381566 0.704669 -18.193879 26.957010 732.106792 754.299965

Total Number of Hypermetic Saccades 11.621553 0.034271 1.047956 22.195149 732.106792 754.299965

Total Number of Hypermetic Saccades 3.766593 0.439964 -5.744661 13.277847 732.106792 754.299965

Average Saccade Amplitude -3.418959 0.051191 -6.803405 -0.034513 525.411779 547.604952

Average Saccade Amplitude 1.129219 0.652569 -3.768239 6.026678 525.411779 547.604952

Average Saccade Amplitude -8.096673 0.023746 -14.979024 -1.214321 525.411779 547.604952

Average Saccade Amplitude 0.114797 0.944529 -3.108671 3.338264 525.411779 547.604952

Average Saccade Amplitude -6.604920 0.000026 -9.504521 -3.705318 525.411779 547.604952

Average Saccade Velocity -34.578827 0.050039 -68.633903 -0.523750 927.141068 949.334241

Average Saccade Velocity 13.218730 0.600540 -36.060639 62.498098 927.141068 949.334241

Average Saccade Velocity -42.827238 0.229088 -112.079059 26.424582 927.141068 949.334241

Average Saccade Velocity 6.610708 0.690629 -25.824569 39.045985 927.141068 949.334241

Average Saccade Velocity -65.223274 0.000036 -94.399739 -36.046810 927.141068 949.334241

Average Saccade End Time (ms) -527.373148 0.530090 -2166.369124 1111.622827 1601.192708 1623.385881

Average Saccade End Time (ms) -1925.466966 0.115560 -4297.174614 446.240682 1601.192708 1623.385881

Average Saccade End Time (ms) 1739.424238 0.309485 -1593.513615 5072.362091 1601.192708 1623.385881

Average Saccade End Time (ms) -1400.316575 0.082592 -2961.355157 160.722008 1601.192708 1623.385881

Average Saccade End Time (ms) -394.339515 0.583588 -1798.538603 1009.859573 1601.192708 1623.385881

Peak Saccade Velocity -75.952013 0.047970 -150.055980 -1.848045 1062.424320 1084.617493

Peak Saccade Velocity 56.855539 0.301885 -50.376541 164.087619 1062.424320 1084.617493

Peak Saccade Velocity -59.492500 0.441368 -210.184706 91.199706 1062.424320 1084.617493

Peak Saccade Velocity 33.869152 0.349810 -36.710126 104.448430 1062.424320 1084.617493

Peak Saccade Velocity -157.951195 0.000005 -221.439285 -94.463105 1062.424320 1084.617493

Average Saccade Start Time (ms) -520.903380 0.536350 -2164.797125 1122.990365 1601.711892 1623.905065

Average Saccade Start Time (ms) -1985.886594 0.105769 -4364.681555 392.908367 1601.711892 1623.905065

Average Saccade Start Time (ms) 1492.709754 0.384126 -1850.187831 4835.607340 1601.711892 1623.905065

Average Saccade Start Time (ms) -1395.212335 0.084604 -2960.915729 170.491059 1601.711892 1623.905065

Average Saccade Start Time (ms) -370.010293 0.608049 -1778.405513 1038.384927 1601.711892 1623.905065
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Table 33: Atypical Parkinsonian Syndromes Generalised Linear Model Results Reflexive Saccades Vertical

Metric Estimate Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Average Accuracy (pixels) 102.830555 0.013092 23.440981 182.220128 1074.412566 1096.605739

Average Accuracy (pixels) 97.265708 0.100992 -17.614903 212.146318 1074.412566 1096.605739

Average Accuracy (pixels) 169.147058 0.043331 7.706446 330.587670 1074.412566 1096.605739

Average Accuracy (pixels) 40.828127 0.293144 -34.785351 116.441606 1074.412566 1096.605739

Average Accuracy (pixels) 153.348875 0.000031 85.332377 221.365373 1074.412566 1096.605739

Average Saccade Velocity -51.243709 0.000016 -73.120101 -29.367318 850.133698 872.326871

Average Saccade Velocity -14.579951 0.369427 -46.236163 17.076261 850.133698 872.326871

Average Saccade Velocity -67.586611 0.003855 -112.072780 -23.100441 850.133698 872.326871

Average Saccade Velocity -21.672359 0.044830 -42.508219 -0.836499 850.133698 872.326871

Average Saccade Velocity -59.421560 0.000000 -78.164015 -40.679104 850.133698 872.326871

Average Saccade End Time (ms) 112.612629 0.026353 15.098755 210.126503 1110.191772 1132.384946

Average Saccade End Time (ms) 53.336357 0.460990 -87.771007 194.443720 1110.191772 1132.384946

Average Saccade End Time (ms) 482.218933 0.000008 283.922118 680.515749 1110.191772 1132.384946

Average Saccade End Time (ms) -32.207703 0.498693 -125.083416 60.668010 1110.191772 1132.384946

Average Saccade End Time (ms) 82.199354 0.057397 -1.345020 165.743729 1110.191772 1132.384946

Peak Saccade Velocity -127.142594 0.002516 -206.984176 -47.301012 1075.400435 1097.593608

Peak Saccade Velocity -38.062686 0.520341 -153.597375 77.472004 1075.400435 1097.593608

Peak Saccade Velocity -187.803391 0.026117 -350.163174 -25.443607 1075.400435 1097.593608

Peak Saccade Velocity -68.406225 0.081749 -144.450213 7.637763 1075.400435 1097.593608

Peak Saccade Velocity -164.747946 0.000010 -233.151700 -96.344192 1075.400435 1097.593608

Average Saccade Start Time (ms) 151.073821 0.001574 60.636702 241.510940 1097.082634 1119.275807

Average Saccade Start Time (ms) -9.354247 0.888940 -140.221199 121.512704 1097.082634 1119.275807

Average Saccade Start Time (ms) 2.608551 0.977891 -181.297512 186.514613 1097.082634 1119.275807

Average Saccade Start Time (ms) -0.125334 0.997732 -86.260892 86.010223 1097.082634 1119.275807

Average Saccade Start Time (ms) 104.556931 0.009856 27.075521 182.038342 1097.082634 1119.275807

Average Saccade Amplitude -3.451672 0.000003 -4.804107 -2.099236 365.804570 387.997743

Average Saccade Amplitude -1.943547 0.055156 -3.900588 0.013494 365.804570 387.997743

Average Saccade Amplitude -3.805208 0.008208 -6.555419 -1.054997 365.804570 387.997743

Average Saccade Amplitude -1.652685 0.013944 -2.940793 -0.364577 365.804570 387.997743

Average Saccade Amplitude -3.417589 0.000000 -4.576280 -2.258899 365.804570 387.997743

Total Number of Correct Saccades -6.504652 0.004196 -10.828245 -2.181059 568.023794 590.216967

Total Number of Correct Saccades -6.965064 0.032085 -13.221515 -0.708613 568.023794 590.216967

Total Number of Correct Saccades -6.491844 0.151804 -15.283974 2.300287 568.023794 590.216967

Total Number of Correct Saccades -4.335889 0.042330 -8.453834 -0.217944 568.023794 590.216967

Total Number of Correct Saccades -7.184656 0.000282 -10.888866 -3.480446 568.023794 590.216967

Total Number of Hypometric Saccades 9.429529 0.000109 4.893582 13.965476 576.366599 598.559772

Total Number of Hypometric Saccades 7.948452 0.020052 1.384714 14.512190 576.366599 598.559772

Total Number of Hypometric Saccades 6.165755 0.193946 -3.058203 15.389713 576.366599 598.559772

Total Number of Hypometric Saccades 7.595579 0.000914 3.275380 11.915778 576.366599 598.559772

Total Number of Hypometric Saccades 9.161325 0.000015 5.275181 13.047468 576.366599 598.559772

Total Number of Hypermetic Saccades -3.923300 0.017031 -7.077840 -0.768760 513.171319 535.364492

Total Number of Hypermetic Saccades -0.966968 0.679132 -5.531742 3.597806 513.171319 535.364492

Total Number of Hypermetic Saccades -3.466567 0.292754 -9.881399 2.948266 513.171319 535.364492

Total Number of Hypermetic Saccades -2.702683 0.081754 -5.707180 0.301814 513.171319 535.364492

Total Number of Hypermetic Saccades -2.390451 0.086896 -5.093082 0.312180 513.171319 535.364492
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Table 34: Atypical Parkinsonian Syndromes Generalised Linear Model Results Reflexive Saccades Horizontal

Metric Estimate Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Average Accuracy (pixels) 37.587763 0.513821 -74.739483 149.915009 1134.799163 1156.992336

Average Accuracy (pixels) 58.001413 0.486364 -104.541627 220.544453 1134.799163 1156.992336

Average Accuracy (pixels) 306.446419 0.010275 78.026255 534.866584 1134.799163 1156.992336

Average Accuracy (pixels) 155.052429 0.005725 48.067929 262.036929 1134.799163 1156.992336

Average Accuracy (pixels) 127.392274 0.011287 31.156640 223.627907 1134.799163 1156.992336

Average Saccade Velocity -24.509117 0.023559 -45.313618 -3.704617 841.392165 863.585338

Average Saccade Velocity -16.044506 0.299412 -46.149640 14.060627 841.392165 863.585338

Average Saccade Velocity -59.003939 0.007730 -101.310393 -16.697485 841.392165 863.585338

Average Saccade Velocity -17.341220 0.090214 -37.156173 2.473733 841.392165 863.585338

Average Saccade Velocity -47.036353 0.000002 -64.860473 -29.212233 841.392165 863.585338

Average Saccade End Time (ms) -37.260253 0.622111 -184.851312 110.330806 1182.306189 1204.499362

Average Saccade End Time (ms) -42.960228 0.694459 -256.531736 170.611281 1182.306189 1204.499362

Average Saccade End Time (ms) 463.282334 0.003350 163.152355 763.412312 1182.306189 1204.499362

Average Saccade End Time (ms) 251.288375 0.000759 110.717354 391.859396 1182.306189 1204.499362

Average Saccade End Time (ms) -45.083013 0.486732 -171.530688 81.364662 1182.306189 1204.499362

Peak Saccade Velocity -70.944638 0.069433 -146.489523 4.600247 1065.775196 1087.968369

Peak Saccade Velocity -16.343155 0.770276 -125.660313 92.974003 1065.775196 1087.968369

Peak Saccade Velocity -202.804260 0.011502 -356.426607 -49.181914 1065.775196 1087.968369

Peak Saccade Velocity -37.796740 0.306347 -109.748400 34.154920 1065.775196 1087.968369

Peak Saccade Velocity -140.426071 0.000058 -205.148657 -75.703484 1065.775196 1087.968369

Average Saccade Start Time (ms) -23.507845 0.752160 -168.901977 121.886287 1179.696689 1201.889862

Average Saccade Start Time (ms) -160.169745 0.139655 -370.562193 50.222702 1179.696689 1201.889862

Average Saccade Start Time (ms) -457.793358 0.003259 -753.455833 -162.130883 1179.696689 1201.889862

Average Saccade Start Time (ms) 245.168895 0.000846 106.690306 383.647484 1179.696689 1201.889862

Average Saccade Start Time (ms) -48.919658 0.443760 -173.485130 75.645814 1179.696689 1201.889862

Average Saccade Amplitude -1.266564 0.041385 -2.463778 -0.069350 344.592210 366.785383

Average Saccade Amplitude -0.852907 0.337526 -2.585334 0.879521 344.592210 366.785383

Average Saccade Amplitude -3.730947 0.003572 -6.165511 -1.296384 344.592210 366.785383

Average Saccade Amplitude -1.817724 0.002492 -2.957994 -0.677455 344.592210 366.785383

Average Saccade Amplitude -2.710750 0.000002 -3.736455 -1.685045 344.592210 366.785383

Total Number of Correct Saccades -7.745232 0.003427 -12.775687 -2.714777 594.371525 616.564698

Total Number of Correct Saccades -3.026458 0.417592 -10.305774 4.252858 594.371525 616.564698

Total Number of Correct Saccades -8.808318 0.095421 -19.037870 1.421234 594.371525 616.564698

Total Number of Correct Saccades -7.636011 0.002497 -12.427197 -2.844825 594.371525 616.564698

Total Number of Correct Saccades -8.748369 0.000153 -13.058178 -4.438559 594.371525 616.564698

Total Number of Hypometric Saccades 9.225674 0.000375 4.360522 14.090827 588.557766 610.750939

Total Number of Hypometric Saccades 2.679253 0.457940 -4.360861 9.719368 588.557766 610.750939

Total Number of Hypometric Saccades 1.203520 0.812167 -8.689885 11.096925 588.557766 610.750939

Total Number of Hypometric Saccades 7.766057 0.001523 3.132311 12.399803 588.557766 610.750939

Total Number of Hypometric Saccades 9.383146 0.000032 5.214958 13.551333 588.557766 610.750939

Total Number of Hypermetic Saccades -1.132528 0.217676 -2.918814 0.653758 414.216823 436.409996

Total Number of Hypermetic Saccades -0.519310 0.694813 -3.104153 2.065534 414.216823 436.409996

Total Number of Hypermetic Saccades -0.653466 0.725334 -4.285922 2.978990 414.216823 436.409996

Total Number of Hypermetic Saccades 0.268433 0.757952 -1.432890 1.969756 414.216823 436.409996

Total Number of Hypermetic Saccades -0.178830 0.819440 -1.709219 1.351559 414.216823 436.409996
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Table 35: Atypical Parkinsonian Syndromes Generalised Linear Model Results Oblique Saccades

Metric Estimate Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

4 Degrees Average Saccade Amplitude -1.002205 0.000323 -1.524524 -0.479886 200.263812 222.456985

4 Degrees Average Saccade Amplitude 0.577803 0.138032 -0.178019 1.333624 200.263812 222.456985

4 Degrees Average Saccade Amplitude -0.530508 0.330600 -1.592657 0.531641 200.263812 222.456985

4 Degrees Average Saccade Amplitude -0.229885 0.367845 -0.727361 0.267590 200.263812 222.456985

4 Degrees Average Saccade Amplitude -0.670251 0.004358 -1.117745 -0.222758 200.263812 222.456985

8 Degrees Average Saccade Amplitude -2.341507 0.000002 -3.230775 -1.452238 292.852780 315.045953

8 Degrees Average Saccade Amplitude -0.727287 0.271336 -2.014102 0.559528 292.852780 315.045953

8 Degrees Average Saccade Amplitude -0.392911 0.671373 -2.201260 1.415438 292.852780 315.045953

8 Degrees Average Saccade Amplitude -1.081689 0.014373 -1.928660 -0.234717 292.852780 315.045953

8 Degrees Average Saccade Amplitude -2.101289 0.000001 -2.863164 -1.339414 292.852780 315.045953

10 Degrees Average Saccade Amplitude -2.909323 0.000001 -4.003563 -1.815083 328.943180 351.136353

10 Degrees Average Saccade Amplitude -1.367204 0.094523 -2.950623 0.216215 328.943180 351.136353

10 Degrees Average Saccade Amplitude -0.079774 0.944159 -2.304938 2.145390 328.943180 351.136353

10 Degrees Average Saccade Amplitude -1.245490 0.021685 -2.287683 -0.203296 328.943180 351.136353

10 Degrees Average Saccade Amplitude -2.927916 0.000000 -3.865400 -1.990433 328.943180 351.136353

4 Degrees Average Saccade Velocity -25.416234 0.000186 -38.119586 -12.712882 755.557362 777.750535

4 Degrees Average Saccade Velocity -4.226136 0.653513 -22.608510 14.156237 755.557362 777.750535

4 Degrees Average Saccade Velocity -18.020011 0.175437 -43.852583 7.812561 755.557362 777.750535

4 Degrees Average Saccade Velocity -8.594787 0.167742 -20.693915 3.504341 755.557362 777.750535

4 Degrees Average Saccade Velocity -23.861508 0.000049 -34.745022 -12.977995 755.557362 777.750535

8 Degrees Average Saccade Velocity -36.396267 0.000095 -53.736781 -19.055753 809.702637 831.895810

8 Degrees Average Saccade Velocity -22.516820 0.082488 -47.609395 2.575755 809.702637 831.895810

8 Degrees Average Saccade Velocity -57.323996 0.002065 -92.586349 -22.061642 809.702637 831.895810

8 Degrees Average Saccade Velocity -14.414661 0.091075 -30.930389 2.101067 809.702637 831.895810

8 Degrees Average Saccade Velocity -39.095965 0.000002 -53.952337 -24.239593 809.702637 831.895810

10 Degrees Average Saccade Velocity -45.661983 0.000014 -64.950196 -26.373770 828.224690 850.417863

10 Degrees Average Saccade Velocity -23.414845 0.104101 -51.325837 4.496146 828.224690 850.417863

10 Degrees Average Saccade Velocity -39.822525 0.050060 -79.045572 -0.599478 828.224690 850.417863

10 Degrees Average Saccade Velocity -15.689921 0.098097 -34.060707 2.680866 828.224690 850.417863

10 Degrees Average Saccade Velocity -49.226339 0.000000 -65.751389 -32.701288 828.224690 850.417863

4 Degrees Average Saccade End Time (ms) 43.636325 0.037420 3.234050 84.038600 956.878880 979.072053

4 Degrees Average Saccade End Time (ms) 16.186759 0.588899 -42.277317 74.650834 956.878880 979.072053

4 Degrees Average Saccade End Time (ms) 214.857143 0.000002 132.698143 297.016144 956.878880 979.072053

4 Degrees Average Saccade End Time (ms) -1.237295 0.949910 -39.717871 37.243282 956.878880 979.072053

4 Degrees Average Saccade End Time (ms) 5.876298 0.740218 -28.738087 40.490683 956.878880 979.072053

8 Degrees Average Saccade End Time (ms) 14.807379 0.529865 -31.186485 60.801244 979.433095 1001.626268

8 Degrees Average Saccade End Time (ms) 30.407746 0.373258 -36.147634 96.963127 979.433095 1001.626268

8 Degrees Average Saccade End Time (ms) 570.684355 0.000000 477.154722 664.213989 979.433095 1001.626268

8 Degrees Average Saccade End Time (ms) -8.610792 0.701079 -52.416999 35.195415 979.433095 1001.626268

8 Degrees Average Saccade End Time (ms) 5.199590 0.796599 -34.205352 44.604533 979.433095 1001.626268

10 Degrees Average Saccade End Time (ms) 46.992562 0.059970 -1.269388 95.254513 987.808666 1010.001839

10 Degrees Average Saccade End Time (ms) 29.354311 0.412523 -40.483102 99.191723 987.808666 1010.001839

10 Degrees Average Saccade End Time (ms) 207.365709 0.000086 109.223868 305.507550 987.808666 1010.001839

10 Degrees Average Saccade End Time (ms) -6.634379 0.778006 -52.600792 39.332035 987.808666 1010.001839

10 Degrees Average Saccade End Time (ms) 32.230269 0.130565 -9.117842 73.578380 987.808666 1010.001839

4 Degrees Peak Saccade Velocity -63.508378 0.007166 -108.594565 -18.422192 975.964909 998.158083

4 Degrees Peak Saccade Velocity 10.168511 0.760806 -55.073414 75.410437 975.964909 998.158083

4 Degrees Peak Saccade Velocity -51.879700 0.270772 -143.563547 39.804148 975.964909 998.158083

4 Degrees Peak Saccade Velocity -30.328717 0.170172 -73.270419 12.612985 975.964909 998.158083

4 Degrees Peak Saccade Velocity -75.251864 0.000266 -113.879159 -36.624568 975.964909 998.158083

8 Degrees Peak Saccade Velocity -99.045623 0.000568 -153.088984 -45.002262 1007.495587 1029.688760

8 Degrees Peak Saccade Velocity -58.329551 0.147741 -136.532948 19.873845 1007.495587 1029.688760

8 Degrees Peak Saccade Velocity -98.472034 0.082933 -208.370512 11.426444 1007.495587 1029.688760

8 Degrees Peak Saccade Velocity -47.028366 0.077167 -98.501203 4.444470 1007.495587 1029.688760

8 Degrees Peak Saccade Velocity -122.339196 0.000002 -168.640493 -76.037900 1007.495587 1029.688760

10 Degrees Peak Saccade Velocity -105.679542 0.000450 -162.236552 -49.122532 1015.406054 1037.599227

10 Degrees Peak Saccade Velocity -43.969441 0.295550 -125.810211 37.871330 1015.406054 1037.599227

10 Degrees Peak Saccade Velocity -67.377428 0.254341 -182.387472 47.632617 1015.406054 1037.599227
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Metric Estimate Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

10 Degrees Peak Saccade Velocity -37.749297 0.173476 -91.616223 16.117629 1015.406054 1037.599227

10 Degrees Peak Saccade Velocity -138.298972 0.000000 -186.753821 -89.844123 1015.406054 1037.599227

4 Degrees Average Saccade Start Time (ms) 47.209986 0.005277 14.960497 79.459475 917.662083 939.855256

4 Degrees Average Saccade Start Time (ms) -28.783154 0.230318 -75.449748 17.883440 917.662083 939.855256

4 Degrees Average Saccade Start Time (ms) 61.730413 0.048798 3.849701 127.310527 917.662083 939.855256

4 Degrees Average Saccade Start Time (ms) 11.064977 0.482229 -19.650593 41.780548 917.662083 939.855256

4 Degrees Average Saccade Start Time (ms) 13.603531 0.337491 -14.026008 41.233070 917.662083 939.855256

8 Degrees Average Saccade Start Time (ms) 49.112234 0.066809 -2.678640 100.903108 1000.087929 1022.281102

8 Degrees Average Saccade Start Time (ms) -43.784788 0.255634 -118.728725 31.159150 1000.087929 1022.281102

8 Degrees Average Saccade Start Time (ms) 260.821769 0.000006 155.503777 366.139761 1000.087929 1022.281102

8 Degrees Average Saccade Start Time (ms) 12.793180 0.612645 -36.534307 62.120667 1000.087929 1022.281102

8 Degrees Average Saccade Start Time (ms) 36.176074 0.114045 -8.195419 80.547567 1000.087929 1022.281102

10 Degrees Average Saccade Start Time (ms) 54.479974 0.013833 12.069478 96.890471 965.319585 987.512758

10 Degrees Average Saccade Start Time (ms) -12.586556 0.688788 -73.956626 48.783515 965.319585 987.512758

10 Degrees Average Saccade Start Time (ms) 54.039308 0.223054 -32.203459 140.282075 965.319585 987.512758

10 Degrees Average Saccade Start Time (ms) 13.141959 0.525529 -27.251319 53.535238 965.319585 987.512758

10 Degrees Average Saccade Start Time (ms) 27.554936 0.141165 -8.779979 63.889852 965.319585 987.512758

4 Degrees Average Accuracy X (pixels) -2.876593 0.872047 -37.768932 32.015745 931.367208 953.560381

4 Degrees Average Accuracy X (pixels) 46.529206 0.074699 -3.961722 97.020133 931.367208 953.560381

4 Degrees Average Accuracy X (pixels) 88.810250 0.016362 17.855838 159.764663 931.367208 953.560381

4 Degrees Average Accuracy X (pixels) -2.566556 0.880072 -35.799272 30.666160 931.367208 953.560381

4 Degrees Average Accuracy X (pixels) 44.399493 0.004680 14.505710 74.293277 931.367208 953.560381

8 Degrees Average Accuracy X (pixels) 20.292244 0.436728 -30.586779 71.171266 996.997123 1019.190297

8 Degrees Average Accuracy X (pixels) 48.616671 0.199357 -25.007773 122.241114 996.997123 1019.190297

8 Degrees Average Accuracy X (pixels) 65.853807 0.215899 -37.609912 169.317527 996.997123 1019.190297

8 Degrees Average Accuracy X (pixels) -4.463840 0.857188 -52.922846 43.995167 996.997123 1019.190297

8 Degrees Average Accuracy X (pixels) 67.479432 0.003265 23.889162 111.069702 996.997123 1019.190297

10 Degrees Average Accuracy X (pixels) 33.815150 0.265699 -25.309319 92.939618 1023.130906 1045.324079

10 Degrees Average Accuracy X (pixels) 39.875881 0.363760 -45.680128 125.431890 1023.130906 1045.324079

10 Degrees Average Accuracy X (pixels) 49.887649 0.418519 -70.343384 170.118682 1023.130906 1045.324079

10 Degrees Average Accuracy X (pixels) 18.227346 0.527648 -38.084919 74.539612 1023.130906 1045.324079

10 Degrees Average Accuracy X (pixels) 108.708377 0.000068 58.053875 159.362879 1023.130906 1045.324079

4 Degrees Average Accuracy Y (pixels) 28.838207 0.135793 -8.667382 66.343796 943.933954 966.127127

4 Degrees Average Accuracy Y (pixels) 24.063056 0.387480 -30.209373 78.335484 943.933954 966.127127

4 Degrees Average Accuracy Y (pixels) 23.960951 0.539827 -52.307569 100.229471 943.933954 966.127127

4 Degrees Average Accuracy Y (pixels) 8.103646 0.657804 -27.618023 43.825314 943.933954 966.127127

4 Degrees Average Accuracy Y (pixels) 54.172493 0.001433 22.039825 86.305161 943.933954 966.127127

8 Degrees Average Accuracy Y (pixels) 102.421768 0.000405 48.083402 156.760134 1008.442813 1030.635987

8 Degrees Average Accuracy Y (pixels) 36.345813 0.367708 -42.284471 114.976096 1008.442813 1030.635987

8 Degrees Average Accuracy Y (pixels) 60.632006 0.285443 -49.866372 171.130384 1008.442813 1030.635987

8 Degrees Average Accuracy Y (pixels) 18.239668 0.491745 -33.514142 69.993478 1008.442813 1030.635987

8 Degrees Average Accuracy Y (pixels) 108.568449 0.000018 62.014409 155.122489 1008.442813 1030.635987

10 Degrees Average Accuracy Y (pixels) 137.741302 0.000056 74.397076 201.085528 1035.126274 1057.319447

10 Degrees Average Accuracy Y (pixels) 78.038854 0.099143 -13.623351 169.701059 1035.126274 1057.319447

10 Degrees Average Accuracy Y (pixels) 111.738140 0.093032 -17.073872 240.550151 1035.126274 1057.319447

10 Degrees Average Accuracy Y (pixels) 54.837635 0.078675 -5.493679 115.168949 1035.126274 1057.319447

10 Degrees Average Accuracy Y (pixels) 172.727566 0.000000 118.457814 226.997317 1035.126274 1057.319447

4 Degrees Total Number of Correct Saccades -0.912849 0.229286 -2.389560 0.563863 381.100983 403.294156

4 Degrees Total Number of Correct Saccades 0.136448 0.900721 -2.000426 2.273322 381.100983 403.294156

4 Degrees Total Number of Correct Saccades -0.674194 0.661113 -3.677123 2.328735 381.100983 403.294156

4 Degrees Total Number of Correct Saccades 0.985918 0.173356 -0.420555 2.392391 381.100983 403.294156

4 Degrees Total Number of Correct Saccades -1.132046 0.083353 -2.397209 0.133117 381.100983 403.294156

8 Degrees Total Number of Correct Saccades -2.800197 0.050688 -5.565967 -0.034427 490.286239 512.479412

8 Degrees Total Number of Correct Saccades -2.244493 0.275030 -6.246698 1.757713 490.286239 512.479412

8 Degrees Total Number of Correct Saccades -2.902359 0.314901 -8.526620 2.721901 490.286239 512.479412

8 Degrees Total Number of Correct Saccades -1.414242 0.295892 -4.048461 1.219977 490.286239 512.479412

8 Degrees Total Number of Correct Saccades -3.675775 0.003204 -6.045330 -1.306219 490.286239 512.479412

10 Degrees Total Number of Correct Saccades -4.268347 0.012729 -7.549924 -0.986770 520.041086 542.234259

10 Degrees Total Number of Correct Saccades -4.139146 0.091486 -8.887749 0.609457 520.041086 542.234259

10 Degrees Total Number of Correct Saccades -3.723318 0.277467 -10.396483 2.949848 520.041086 542.234259
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Metric Estimate Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

10 Degrees Total Number of Correct Saccades -2.988130 0.064652 -6.113622 0.137362 520.041086 542.234259

10 Degrees Total Number of Correct Saccades -4.831300 0.001172 -7.642770 -2.019831 520.041086 542.234259

4 Degrees Total Number of Hypometric Saccades -7.114891 0.006253 -12.078521 -2.151261 592.044596 614.237769

4 Degrees Total Number of Hypometric Saccades -4.678102 0.205504 -11.860718 2.504515 592.044596 614.237769

4 Degrees Total Number of Hypometric Saccades 10.503776 0.044733 0.410114 20.597437 592.044596 614.237769

4 Degrees Total Number of Hypometric Saccades -2.906373 0.231825 -7.633912 1.821167 592.044596 614.237769

4 Degrees Total Number of Hypometric Saccades 10.169473 0.000011 5.916915 14.422030 592.044596 614.237769

8 Degrees Total Number of Hypometric Saccades -11.399881 0.000072 -16.731711 -6.068051 604.495539 626.688712

8 Degrees Total Number of Hypometric Saccades -3.537388 0.371591 -11.252808 4.178031 604.495539 626.688712

8 Degrees Total Number of Hypometric Saccades 13.443029 0.017363 2.600624 24.285433 604.495539 626.688712

8 Degrees Total Number of Hypometric Saccades -1.283144 0.621809 -6.361370 3.795082 604.495539 626.688712

8 Degrees Total Number of Hypometric Saccades 11.339595 0.000006 6.771585 15.907605 604.495539 626.688712

10 Degrees Total Number of Hypometric Saccades -10.136836 0.000112 -15.022542 -5.251131 589.291298 611.484471

10 Degrees Total Number of Hypometric Saccades -4.015977 0.268938 -11.085833 3.053880 589.291298 611.484471

10 Degrees Total Number of Hypometric Saccades -3.654043 0.473129 -13.589244 6.281158 589.291298 611.484471

10 Degrees Total Number of Hypometric Saccades -1.727674 0.468954 -6.380996 2.925647 589.291298 611.484471

10 Degrees Total Number of Hypometric Saccades 12.999277 0.000000 8.813481 17.185074 589.291298 611.484471

4 Degrees Total Number of Hypermetic Saccades 7.358109 0.004998 2.364787 12.351430 593.082324 615.275497

4 Degrees Total Number of Hypermetic Saccades 3.379824 0.362044 -3.845757 10.605405 593.082324 615.275497

4 Degrees Total Number of Hypermetic Saccades 9.699613 0.064873 -0.454426 19.853653 593.082324 615.275497

4 Degrees Total Number of Hypermetic Saccades 1.902335 0.435391 -2.853483 6.658153 593.082324 615.275497

4 Degrees Total Number of Hypermetic Saccades 11.216262 0.000002 6.938266 15.494257 593.082324 615.275497

8 Degrees Total Number of Hypermetic Saccades 13.655685 0.000005 8.196614 19.114757 608.599197 630.792370

8 Degrees Total Number of Hypermetic Saccades 4.931595 0.224747 -2.967949 12.831140 608.599197 630.792370

8 Degrees Total Number of Hypermetic Saccades 3.992873 0.482907 -7.108281 15.094026 608.599197 630.792370

8 Degrees Total Number of Hypermetic Saccades 2.317711 0.384940 -2.881705 7.517126 608.599197 630.792370

8 Degrees Total Number of Hypermetic Saccades 14.221450 0.000000 9.544426 18.898473 608.599197 630.792370

10 Degrees Total Number of Hypermetic Saccades 12.859140 0.000004 7.764570 17.953709 596.575190 618.768363

10 Degrees Total Number of Hypermetic Saccades 7.381302 0.053235 0.009209 14.753395 596.575190 618.768363

10 Degrees Total Number of Hypermetic Saccades 4.916907 0.355094 -5.443024 15.276837 596.575190 618.768363

10 Degrees Total Number of Hypermetic Saccades 4.819466 0.055123 -0.032786 9.671717 596.575190 618.768363

10 Degrees Total Number of Hypermetic Saccades 16.895725 0.000000 12.530986 21.260464 596.575190 618.768363
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Table 36: Atypical Parkinsonian Syndromes Generalised Linear Model Results Antisaccades Vertical

Metric Estimate Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Average Saccade Amplitude -3.797415 0.000000 -5.010981 -2.583850 346.952575 369.145748

Average Saccade Amplitude -3.160496 0.000702 -4.916585 -1.404408 346.952575 369.145748

Average Saccade Amplitude -2.377752 0.042638 -4.845566 -0.090062 346.952575 369.145748

Average Saccade Amplitude -2.582440 0.000036 -3.738283 -1.426597 346.952575 369.145748

Average Saccade Amplitude -4.347749 0.000000 -5.387463 -3.308035 346.952575 369.145748

Average Saccade Velocity -59.018836 0.000000 -77.244067 -40.793606 818.361104 840.554277

Average Saccade Velocity -47.531421 0.000691 -73.904224 -21.158618 818.361104 840.554277

Average Saccade Velocity -40.398934 0.035737 -77.460380 -3.337489 818.361104 840.554277

Average Saccade Velocity -32.595335 0.000424 -49.953698 -15.236971 818.361104 840.554277

Average Saccade Velocity -72.653634 0.000000 -88.267981 -57.039287 818.361104 840.554277

Average Saccade End Time (ms) 117.492175 0.021625 19.223680 215.760669 1111.533105 1133.726278

Average Saccade End Time (ms) 28.543443 0.695069 -113.655893 170.742780 1111.533105 1133.726278

Average Saccade End Time (ms) 433.990014 0.000057 234.158660 633.821368 1111.533105 1133.726278

Average Saccade End Time (ms) -44.382683 0.355503 -137.977123 49.211758 1111.533105 1133.726278

Average Saccade End Time (ms) 72.249656 0.096523 -11.941234 156.440547 1111.533105 1133.726278

Peak Saccade Velocity -142.087729 0.000255 -214.798664 -69.376794 1059.122271 1081.315444

Peak Saccade Velocity -118.730716 0.029876 -223.947008 -13.514423 1059.122271 1081.315444

Peak Saccade Velocity -89.107964 0.241076 -236.967403 58.751476 1059.122271 1081.315444

Peak Saccade Velocity -89.928318 0.012871 -159.180821 -20.675814 1059.122271 1081.315444

Peak Saccade Velocity -191.856880 0.000000 -254.151499 -129.562262 1059.122271 1081.315444

Average Saccade Start Time (ms) 146.741333 0.001528 59.157569 234.325097 1091.504341 1113.697514

Average Saccade Start Time (ms) -105.310631 0.107380 -232.048637 21.427376 1091.504341 1113.697514

Average Saccade Start Time (ms) 315.034347 0.000855 136.930651 493.138044 1091.504341 1113.697514

Average Saccade Start Time (ms) -15.257938 0.720928 -98.675858 68.159981 1091.504341 1113.697514

Average Saccade Start Time (ms) 98.125670 0.012274 23.088852 173.162487 1091.504341 1113.697514

Total Number of Errors 1.708882 0.195159 -0.854638 4.272401 477.072990 499.266163

Total Number of Errors 3.387285 0.077334 -0.322253 7.096823 477.072990 499.266163

Total Number of Errors 2.139008 0.423684 -3.073970 7.351986 477.072990 499.266163

Total Number of Errors 6.685589 0.000001 4.244002 9.127177 477.072990 499.266163

Total Number of Errors 0.691402 0.539003 -1.504876 2.887680 477.072990 499.266163

Total Number of Correct Antisaccades -2.309689 0.093415 -4.975473 0.356096 483.879404 506.072577

Total Number of Correct Antisaccades -3.871559 0.052683 -7.729080 -0.014039 483.879404 506.072577

Total Number of Correct Antisaccades -4.030781 0.148984 -9.451717 1.390156 483.879404 506.072577

Total Number of Correct Antisaccades -6.649977 0.000002 -9.188966 -4.110989 483.879404 506.072577

Total Number of Correct Antisaccades -1.066695 0.362766 -3.350588 1.217198 483.879404 506.072577

Total Number of Self Corrected Errors 0.010764 0.992761 -2.307017 2.328545 459.538913 481.732087

Total Number of Self Corrected Errors -0.628041 0.714591 -3.981985 2.725902 459.538913 481.732087

Total Number of Self Corrected Errors -3.534252 0.145619 -8.247517 1.179012 459.538913 481.732087

Total Number of Self Corrected Errors 2.873486 0.012665 0.665948 5.081024 459.538913 481.732087

Total Number of Self Corrected Errors 2.438417 0.018429 0.452673 4.424161 459.538913 481.732087
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Table 37: Atypical Parkinsonian Syndromes Generalised Linear Model Results Antisaccades Horizontal

Metric Estimate Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Average Saccade Amplitude -4.473198 0.000000 -5.884720 -3.061677 373.244994 395.438167

Average Saccade Amplitude -1.629218 0.121967 -3.671759 0.413324 373.244994 395.438167

Average Saccade Amplitude -2.413180 0.010337 -5.283543 -0.457184 373.244994 395.438167

Average Saccade Amplitude -1.428283 0.040554 -2.772667 -0.083900 373.244994 395.438167

Average Saccade Amplitude -6.320920 0.000000 -7.530232 -5.111608 373.244994 395.438167

Average Saccade Velocity -50.865589 0.000006 -71.488325 -30.242853 839.865287 862.058460

Average Saccade Velocity -20.409923 0.183932 -50.252035 9.432189 839.865287 862.058460

Average Saccade Velocity -88.507456 0.000087 -130.444288 -46.570625 839.865287 862.058460

Average Saccade Velocity -1.279191 0.898755 -20.921025 18.362644 839.865287 862.058460

Average Saccade Velocity -71.977035 0.000000 -89.645430 -54.308640 839.865287 862.058460

Average Saccade End Time (ms) -30.408114 0.308002 -88.494068 27.677839 1020.047454 1042.240627

Average Saccade End Time (ms) -86.265587 0.047677 -170.318814 -2.212360 1020.047454 1042.240627

Average Saccade End Time (ms) 613.053215 0.000000 494.934027 731.172402 1020.047454 1042.240627

Average Saccade End Time (ms) -53.494714 0.061726 -108.817860 1.828433 1020.047454 1042.240627

Average Saccade End Time (ms) 5.936505 0.815740 -43.828255 55.701266 1020.047454 1042.240627

Peak Saccade Velocity -101.879740 0.000819 -159.254621 -44.504859 1017.904248 1040.097421

Peak Saccade Velocity -25.713062 0.545584 -108.737332 57.311208 1017.904248 1040.097421

Peak Saccade Velocity -114.407913 0.058223 -231.081117 2.265292 1017.904248 1040.097421

Peak Saccade Velocity -12.945410 0.643704 -67.591305 41.700486 1017.904248 1040.097421

Peak Saccade Velocity -172.802053 0.000000 -221.957608 -123.646499 1017.904248 1040.097421

Average Saccade Start Time (ms) -18.803777 0.506872 -74.078687 36.471134 1011.416226 1033.609399

Average Saccade Start Time (ms) -121.383999 0.003892 -201.369509 -41.398489 1011.416226 1033.609399

Average Saccade Start Time (ms) 325.197511 0.000000 212.794646 437.600375 1011.416226 1033.609399

Average Saccade Start Time (ms) -48.232555 0.076372 -100.878363 4.413254 1011.416226 1033.609399

Average Saccade Start Time (ms) -10.476916 0.665751 -57.833335 36.879502 1011.416226 1033.609399

Total Number of Errors 3.971947 0.017153 0.774645 7.169248 515.514162 537.707335

Total Number of Errors 7.439839 0.002294 2.813186 12.066491 515.514162 537.707335

Total Number of Errors 0.918683 0.782552 -5.583107 7.420473 515.514162 537.707335

Total Number of Errors 6.552032 0.000065 3.506807 9.597257 515.514162 537.707335

Total Number of Errors 4.766647 0.001024 2.027380 7.505915 515.514162 537.707335

Total Number of Correct Antisaccades -4.002049 0.015211 -7.163139 -0.840959 513.532246 535.725419

Total Number of Correct Antisaccades -7.524314 0.001839 -12.098567 -2.950062 513.532246 535.725419

Total Number of Correct Antisaccades -4.984720 0.132539 -11.412873 1.443433 513.532246 535.725419

Total Number of Correct Antisaccades -6.583630 0.000051 -9.594366 -3.572895 513.532246 535.725419

Total Number of Correct Antisaccades -5.033970 0.000480 -7.742214 -2.325727 513.532246 535.725419

Total Number of Self Corrected Errors -0.157781 0.907966 -2.824242 2.508680 483.923591 506.116764

Total Number of Self Corrected Errors -2.669058 0.179034 -6.527559 1.189442 483.923591 506.116764

Total Number of Self Corrected Errors -2.438941 0.380675 -7.861254 2.983373 483.923591 506.116764

Total Number of Self Corrected Errors 2.984722 0.023883 0.445089 5.524356 483.923591 506.116764

Total Number of Self Corrected Errors -1.167423 0.319599 -3.451897 1.117050 483.923591 506.116764
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Table 38: Atypical Parkinsonian Syndromes Generalised Linear Model Results Pursuit

Metric Estimate Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

RMSE Horizontal 0.2Hz 0.342536 0.643447 -1.102275 1.787346 377.300869 399.494042

RMSE Horizontal 0.2Hz 4.336053 0.000113 2.245341 6.426764 377.300869 399.494042

RMSE Horizontal 0.2Hz 1.110238 0.461111 -1.827818 4.048295 377.300869 399.494042

RMSE Horizontal 0.2Hz 1.248990 0.079097 -0.127099 2.625079 377.300869 399.494042

RMSE Horizontal 0.2Hz 1.446300 0.024687 0.208469 2.684132 377.300869 399.494042

RMSE Horizontal 0.4Hz -0.275065 0.737694 -1.879156 1.329025 395.497630 417.690803

RMSE Horizontal 0.4Hz 4.241338 0.000589 1.920139 6.562536 395.497630 417.690803

RMSE Horizontal 0.4Hz 5.471530 0.001510 2.209573 8.733487 395.497630 417.690803

RMSE Horizontal 0.4Hz 1.358038 0.085367 -0.169756 2.885831 395.497630 417.690803

RMSE Horizontal 0.4Hz 1.496671 0.035903 0.122377 2.870966 395.497630 417.690803

RMSE Vertical 0.2Hz -0.638860 0.363679 -2.009339 0.731618 368.110516 390.303689

RMSE Vertical 0.2Hz 2.305367 0.025403 0.322217 4.288516 368.110516 390.303689

RMSE Vertical 0.2Hz 2.859719 0.047718 0.072818 5.646619 368.110516 390.303689

RMSE Vertical 0.2Hz 0.785689 0.241639 -0.519603 2.090982 368.110516 390.303689

RMSE Vertical 0.2Hz 0.980167 0.010578 0.193981 2.154315 368.110516 390.303689

RMSE Vertical 0.4Hz 0.164029 0.741860 -0.808569 1.136628 308.438263 330.631436

RMSE Vertical 0.4Hz 2.618517 0.000474 1.211120 4.025915 308.438263 330.631436

RMSE Vertical 0.4Hz 4.895150 0.000006 2.917348 6.872952 308.438263 330.631436

RMSE Vertical 0.4Hz 0.822514 0.085702 -0.103823 1.748852 308.438263 330.631436

RMSE Vertical 0.4Hz 1.284905 0.003381 0.451637 2.118172 308.438263 330.631436

RMSE Anticlockwise 0.2Hz 0.109518 0.882907 -1.343167 1.562203 378.246632 400.439805

RMSE Anticlockwise 0.2Hz 4.994236 0.000013 2.892129 7.096342 378.246632 400.439805

RMSE Anticlockwise 0.2Hz 2.991199 0.050661 0.037130 5.945269 378.246632 400.439805

RMSE Anticlockwise 0.2Hz 1.043518 0.143323 -0.340071 2.427107 378.246632 400.439805

RMSE Anticlockwise 0.2Hz 1.809781 0.005573 0.565203 3.054359 378.246632 400.439805

RMSE Anticlockwise 0.4Hz 0.603362 0.429455 -0.885630 2.092354 382.541983 404.735156

RMSE Anticlockwise 0.4Hz 4.348960 0.000165 2.194316 6.503604 382.541983 404.735156

RMSE Anticlockwise 0.4Hz 4.989416 0.001807 1.961515 8.017317 382.541983 404.735156

RMSE Anticlockwise 0.4Hz 2.045728 0.005945 0.627559 3.463897 382.541983 404.735156

RMSE Anticlockwise 0.4Hz 2.742976 0.000066 1.467292 4.018660 382.541983 404.735156

RMSE Clockwise 0.2Hz 0.908178 0.234568 -0.577849 2.394204 382.195120 404.388293

RMSE Clockwise 0.2Hz 4.385989 0.000143 2.235636 6.536343 382.195120 404.388293

RMSE Clockwise 0.2Hz 3.695138 0.018909 0.673267 6.717009 382.195120 404.388293

RMSE Clockwise 0.2Hz 1.367669 0.061893 -0.047676 2.783014 382.195120 404.388293

RMSE Clockwise 0.2Hz 2.118825 0.001635 0.845681 3.391968 382.195120 404.388293

RMSE Clockwise 0.4Hz 1.241934 0.133100 -0.361982 2.845850 395.478714 417.671887

RMSE Clockwise 0.4Hz 4.509772 0.000275 2.188826 6.830717 395.478714 417.671887

RMSE Clockwise 0.4Hz 2.431540 0.147937 -0.830063 5.693142 395.478714 417.671887

RMSE Clockwise 0.4Hz 2.416458 0.002679 0.888831 3.944086 395.478714 417.671887

RMSE Clockwise 0.4Hz 2.777225 0.000162 1.403080 4.151370 395.478714 417.671887

Gain Horizontal 0.2Hz -0.210677 0.689786 -1.241392 0.820039 318.536755 340.729928

Gain Horizontal 0.2Hz -0.283593 0.710394 -1.775089 1.207903 318.536755 340.729928

Gain Horizontal 0.2Hz 2.255935 0.038065 0.159950 4.351920 318.536755 340.729928

Gain Horizontal 0.2Hz 0.117042 0.815840 -0.864648 1.098732 318.536755 340.729928

Gain Horizontal 0.2Hz 0.636850 0.161437 -0.246209 1.519908 318.536755 340.729928

Gain Horizontal 0.4Hz 0.236031 0.372659 -0.279935 0.751998 198.134554 220.327727

Gain Horizontal 0.4Hz -0.349567 0.361599 -1.096196 0.397062 198.134554 220.327727

Gain Horizontal 0.4Hz -0.078499 0.883793 -1.127729 0.970732 198.134554 220.327727

Gain Horizontal 0.4Hz -0.220613 0.381595 -0.712038 0.270812 198.134554 220.327727

Gain Horizontal 0.4Hz 0.213822 0.345998 -0.228228 0.655873 198.134554 220.327727

Gain Vertical 0.2Hz 0.184556 0.579005 -0.464690 0.833802 238.114513 260.307686

Gain Vertical 0.2Hz -0.389437 0.418979 -1.328928 0.550054 238.114513 260.307686

Gain Vertical 0.2Hz 0.702584 0.300126 -0.617673 2.022841 238.114513 260.307686

Gain Vertical 0.2Hz 0.536767 0.092814 -0.081598 1.155132 238.114513 260.307686

Gain Vertical 0.2Hz -0.626216 0.030250 -1.182453 -0.069979 238.114513 260.307686

Gain Vertical 0.4Hz 0.917905 0.017163 0.178949 1.656860 260.634645 282.827818

Gain Vertical 0.4Hz 0.240820 0.660125 -0.828485 1.310125 260.634645 282.827818

Gain Vertical 0.4Hz -0.269747 0.725900 -1.772431 1.232936 260.634645 282.827818
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Metric Estimate Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Gain Vertical 0.4Hz -0.234876 0.514957 -0.938684 0.468931 260.634645 282.827818

Gain Vertical 0.4Hz -0.147022 0.045024 -0.486073 0.780117 260.634645 282.827818

Gain Anticlockwise 0.2Hz -0.063909 0.630795 -0.323522 0.195704 78.622741 100.815914

Gain Anticlockwise 0.2Hz -0.229473 0.234805 -0.605146 0.146200 78.622741 100.815914

Gain Anticlockwise 0.2Hz 0.248026 0.359953 -0.279903 -0.077596 78.622741 100.815914

Gain Anticlockwise 0.2Hz -0.141678 0.264830 -0.388943 0.105587 78.622741 100.815914

Gain Anticlockwise 0.2Hz 0.086753 0.446868 -0.135668 0.309175 78.622741 100.815914

Gain Anticlockwise 0.4Hz -0.136239 0.147020 -0.318567 0.046089 17.133620 39.326793

Gain Anticlockwise 0.4Hz -0.232300 0.088313 -0.496138 0.031537 17.133620 39.326793

Gain Anticlockwise 0.4Hz -0.162856 0.391901 -0.533625 0.207912 17.133620 39.326793

Gain Anticlockwise 0.4Hz -0.174645 0.042211 -0.348300 -0.000989 17.133620 39.326793

Gain Anticlockwise 0.4Hz -0.120528 0.134454 -0.276736 0.035681 17.133620 39.326793

Gain Clockwise 0.2Hz -0.034452 0.784773 -0.280859 0.211955 69.538571 91.731744

Gain Clockwise 0.2Hz -0.281181 0.126197 -0.637744 0.075382 69.538571 91.731744

Gain Clockwise 0.2Hz 0.187630 0.465171 -0.313445 0.688704 69.538571 91.731744

Gain Clockwise 0.2Hz -0.053215 0.657951 -0.287902 0.181471 69.538571 91.731744

Gain Clockwise 0.2Hz 0.039582 0.714241 -0.171526 0.250689 69.538571 91.731744

Gain Clockwise 0.4Hz -0.107296 0.222055 -0.278160 0.063568 5.834315 28.027488

Gain Clockwise 0.4Hz -0.267083 0.037390 -0.514331 -0.019834 5.834315 28.027488

Gain Clockwise 0.4Hz -0.377419 0.036371 -0.724875 -0.029963 5.834315 28.027488

Gain Clockwise 0.4Hz -0.202137 0.017168 -0.364874 -0.039400 5.834315 28.027488

Gain Clockwise 0.4Hz -0.126162 0.095130 -0.272548 0.020225 5.834315 28.027488

Table 39: Composite Z-Scores for Atypical Parkinsonian Syndromes

Paradigm ATP CBS DLB MSA PSP

Antisaccades Horizontal 0.580315862 0.2716800026475353 1.775881329050798 0.071784547 1.156390563320378

Antisaccades Vertical 0.6109522179634539 0.1157848597509247 1.5591434818815706 0.6990150796510181 1.3790069939430434

Central Fixation 0.5111207060927282 0.6916678850265089 1.442112504917125 0.9579437178291615 1.627688041

Memory Guided Saccades Horizontal 1.5096424433339652 0.055117793 1.3044521545941496 0.1751797671556333 0.5533418095157956

Memory Guided Saccades Vertical 1.1751987406291018 0.1757193405529925 0.5511587895131653 0.4462496873258625 0.7807367306589399

Nystagmus/ Positional Fixation 0.6227673783998526 0.9244442368470016 1.5188517228757217 0.8126168331206107 1.4195296794860135

Oblique Saccades 0.933781306748238 0.6494342381473672 1.7830886779412212 0.3734978914929122 0.0275629474962867

Pursuit 0.8972493360570332 1.4006295945221217 1.563971003293543 0.1409451330443632 0.063186538

Reflexive Saccades Horizontal 0.7149448094576741 0.6908101706962725 1.383736004852388 0.1935005313889839 0.5401452659920638

Reflexive Saccades Vertical 0.5889018247533642 0.2498446466308821 1.5061518554790507 0.0327411201085899 0.6183639441782101

Volitional Saccades Horizontal 1.3480221932976308 0.1806266756378341 1.327886976265497 0.2041123103546465 0.5388401936783861

Volitional Saccades Vertical 0.6344077929276265 0.2496767258488945 1.1878899398395932 0.1906926188250694 0.3417583365029142
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C Longitudinal Study of Eye Movements in Parkinson’s Disease

Metric Estimate Std. Error df t value Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Small SWJ Count -19.465841 5.936162 34.000000 -3.279196 0.002407 -30.455215 -8.476466 348.687320 362.198356

Saccade Count -14.824254 7.147843 21.807956 -2.073948 0.050100 -29.017139 -0.746119 373.906599 387.417634

Microsaccade Count -7.389004 5.825099 20.809269 -1.268477 0.218635 -18.949347 4.210295 353.465186 366.976221

Large SWJ Count -0.538264 0.324408 34.000000 -1.659217 0.106270 -1.138827 0.062300 151.023849 164.534885

Intrusive Saccade Count -3.649208 1.897704 20.818966 -1.922960 0.068271 -7.403689 0.139674 277.843940 291.354975

Average Pupil Size 65.576897 159.219790 26.722859 0.411864 0.683724 -245.250810 370.522473 598.153141 611.664176

Fixation Precision SD -0.007346 0.005432 21.601321 -1.352377 0.190244 -0.018380 0.003184 -111.792470 -98.281436

Fixation Precision RMS 0.000575 0.003442 20.348628 0.166920 0.869081 -0.006398 0.007336 -150.066650 -136.555610

Fixation Duration 46.328131 216.992876 21.067279 0.213501 0.832989 -381.289870 480.451689 602.774646 616.285682

Table 40: Longitudinal Study of Eye Movements in Parkinson’s Disease Fixation Generalised Linear Model
Results

Metric Estimate Std. Error df t value Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Average Fixation Duration Up 12.376859 16.235472 14.954492 0.762334 0.457717 -16.615796 41.340230 582.981827 596.492862

Average Fixation Duration Down 2.879638 16.057212 15.122707 0.179336 0.860055 -25.837134 31.576804 572.363965 585.875001

Average Fixation Duration Right 3.405993 14.242717 14.943180 0.239139 0.814246 -22.054927 28.852929 561.548738 575.059774

Average Fixation Duration Left -0.653440 13.772202 15.139728 -0.047446 0.962778 -25.267231 23.954855 566.037058 579.548094

Fixation Precision RMS Up -0.000457 0.000293 15.227061 -1.561972 0.138835 -0.000981 0.000066 -171.089751 -157.578715

Fixation Precision RMS Down -0.000293 0.000388 34.000000 -0.753938 0.456077 -0.001011 0.000426 -129.156313 -115.645277

Fixation Precision RMS Right -0.000337 0.000328 14.967876 -1.028005 0.320275 -0.000926 0.000250 -142.844404 -129.333368

Fixation Precision RMS Left -0.000233 0.000489 15.025409 -0.476216 0.640771 -0.001105 0.000639 -117.840690 -104.329655

Fixation Precision SD Up -0.000880 0.000557 15.264850 -1.581699 0.134213 -0.001878 0.000115 -130.614794 -117.103759

Fixation Precision SD Down -0.000705 0.000707 14.932856 -0.997746 0.334297 -0.001992 0.000580 -89.586116 -76.075080

Fixation Precision SD Right -0.000648 0.000681 14.636355 -0.951629 0.356737 -0.001894 0.000598 -91.759458 -78.248423

Fixation Precision SD Left -0.000831 0.000840 15.127332 -0.988706 0.338359 -0.002334 0.000669 -89.276583 -75.765548

Average Pupil Size Up -23.941572 28.534351 15.443709 -0.839044 0.414244 -75.164338 27.253073 596.509859 610.020894

Average Pupil Size Down -17.943174 33.422963 15.561115 -0.536852 0.598963 -78.114949 42.173051 600.038471 613.549507

Average Pupil Size Right -14.118829 30.692948 15.454457 -0.460002 0.651920 -69.235301 40.962530 600.483593 613.994629

Average Pupil Size Left -16.598738 33.797906 15.445288 -0.491117 0.630249 -77.297133 44.051940 606.988906 620.499942

Saccade Count Up -1.309235 0.934933 15.160106 -1.400351 0.181542 -2.979338 0.363889 381.249889 394.760925

Saccade Count Down -1.142713 0.822912 15.125671 -1.388621 0.185059 -2.612190 0.328169 377.041352 390.552388

Saccade Count Right -1.777453 0.792085 14.905419 -2.244019 0.040452 -3.190711 -0.362835 373.900720 387.411756

Saccade Count Left -0.667217 0.944468 15.112286 -0.706447 0.490659 -2.353328 1.019394 392.321416 405.832451

Intrusive Saccade Count Up -0.340295 0.090865 34.000000 -3.745079 0.000668 -0.508509 -0.172081 241.843056 255.354091

Intrusive Saccade Count Down -0.058941 0.141180 15.104275 -0.417492 0.682192 -0.311207 0.193054 260.729391 274.240427

Intrusive Saccade Count Right -0.230917 0.170313 15.052200 -1.355839 0.195144 -0.535199 0.073189 269.245755 282.756790

Intrusive Saccade Count Left 0.098716 0.255154 34.000000 0.386886 0.701252 -0.373641 0.571072 312.052956 325.563991

Large SWJ Count Up -0.025393 0.016995 14.939856 -1.494138 0.155959 -0.055701 0.004975 115.844779 129.355814

Large SWJ Count Down -0.001816 0.010803 15.090185 -0.168069 0.868761 -0.021098 0.017471 90.764754 104.275789

Large SWJ Count Right -0.052514 0.012770 34.000000 -4.112356 0.000234 -0.076154 -0.028874 108.407700 121.918735

Large SWJ Count Left -0.014062 0.012955 15.056011 -1.085472 0.294787 -0.037201 0.009048 102.651879 116.162915

Microsaccade Count Up 0.345742 0.584422 15.114415 0.591598 0.562865 -0.697323 1.389511 361.204232 374.715267

Microsaccade Count Down 1.549441 0.985432 14.844985 1.572347 0.136937 -0.207987 3.306716 397.365315 410.876351

Microsaccade Count Right 0.818371 0.850740 16.120085 0.961951 0.350283 -0.722088 2.365967 379.505815 392.814308

Microsaccade Count Left 1.294339 0.872740 16.240013 1.483075 0.157201 -0.265120 2.856240 373.052389 386.360882

Small SWJ Count Up 0.100724 0.445073 14.997715 0.226310 0.824016 -0.675228 0.879266 345.715385 359.226420

Small SWJ Count Down 3.642090 1.747323 34.000000 2.084383 0.044709 0.407343 6.876837 442.883058 456.394094

Small SWJ Count Right 0.356558 0.679962 16.017083 0.524379 0.607196 -0.831896 1.571376 362.971734 376.280227

Small SWJ Count Left 1.177320 0.751850 16.232965 1.565897 0.136657 -0.202666 2.558848 372.280825 385.589318

Table 41: Longitudinal Study of Eye Movements in Parkinson’s Disease Positional Fixation/ Nystagmus
Generalised Linear Model Results
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Metric Estimate Std. Error df t value Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

RMSE Gaze Horizontal 0.2Hz 0.080110 0.055833 15.097385 1.434810 0.171732 -0.019548 0.179781 203.074942 216.585978

RMSE Gaze Horizontal 0.4Hz 0.063254 0.055897 15.096712 1.131608 0.275455 -0.035136 0.161763 205.268084 218.779120

RMSE Gaze Vertical 0.2Hz 0.015130 0.031951 34.000000 0.473532 0.638860 -0.044020 0.074279 170.771627 184.282662

RMSE Gaze Vertical 0.4Hz 0.005094 0.038693 15.090403 0.131652 0.896999 -0.064409 0.074637 181.255313 194.766348

RMSE Gaze Anticlockwise 0.2Hz 0.052148 0.058965 15.080325 0.884389 0.390369 -0.053085 0.157427 205.661214 219.172249

RMSE Gaze Anticlockwise 0.4Hz 0.030724 0.069061 15.170342 0.444877 0.662690 -0.092651 0.154141 208.552635 222.063671

RMSE Gaze Clockwise 0.2Hz 0.006212 0.078643 15.014666 0.078991 0.938083 -0.134166 0.146644 219.540540 233.051575

RMSE Gaze Clockwise 0.4Hz 0.013580 0.074830 15.056354 0.181475 0.858415 -0.120078 0.147348 209.479362 222.990398

Pursuit Gain Horizontal 0.2Hz -0.122743 0.151869 15.071329 -0.808218 0.431538 -0.397355 0.151912 275.145836 288.656872

Pursuit Gain Horizontal 0.4Hz 0.005565 0.014955 34.000000 0.372113 0.712118 -0.022121 0.033251 119.149253 132.660289

Pursuit Gain Vertical 0.2Hz -0.021033 0.067328 34.000000 -0.312396 0.756647 -0.145675 0.103609 221.457442 234.968478

Pursuit Gain Vertical 0.4Hz -0.037734 0.034833 15.112514 -1.083305 0.295655 -0.099952 0.024508 160.965478 174.476514

Pursuit Gain Anticlockwise 0.2Hz -0.006291 0.007665 15.215494 -0.820737 0.424469 -0.020013 0.007447 43.170809 56.681845

Pursuit Gain Anticlockwise 0.4Hz 0.001961 0.005937 15.132941 0.330364 0.745654 -0.008647 0.012564 43.401634 56.912670

Pursuit Gain Clockwise 0.2Hz -0.011186 0.008905 15.178976 -1.256147 0.228053 -0.027109 0.004743 61.138967 74.650003

Pursuit Gain Clockwise 0.4Hz -0.001357 0.006368 15.230804 -0.213041 0.834120 -0.012742 0.010044 38.797001 52.308036

Table 42: Longitudinal Study of Eye Movements in Parkinson’s Disease Pursuit Generalised Linear Model
Results

Metric Estimate Std. Error df t value Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Correct Saccade Count - 10 Degrees 0.053402 0.068486 14.879347 0.779752 0.447763 -0.068704 0.175637 214.424154 227.935189

Hypermetric Saccade Count - 10 Degrees -0.344773 0.163762 15.236251 -2.105336 0.052249 -0.637633 -0.051815 260.096388 273.607424

Hypometric Saccade Count - 10 Degrees 0.287390 0.139150 14.984573 2.065326 0.056641 0.038487 0.535895 248.687386 262.198421

X Accuracy - 10 Degrees -2.469627 1.302855 15.138662 -1.895549 0.077276 -4.797757 -0.143332 410.657301 424.168337

Y Accuracy - 10 Degrees -3.529715 2.008542 15.220468 -1.757352 0.098948 -7.121556 0.061602 432.171599 445.682635

Saccade Amplitude - 10 Degrees 0.069712 0.037328 15.159461 1.867540 0.081283 0.003017 0.136421 165.437471 178.948507

Saccade Average Velocity - 10 Degrees 1.486881 0.832722 15.109701 1.785566 0.094252 -0.001346 2.975104 373.263636 386.774672

Saccade End Time - 10 Degrees -0.257509 1.568631 14.924756 -0.164162 0.871806 -3.057402 2.544119 418.581202 432.092238

Saccade Peak Velocity - 10 Degrees 1.833803 2.475475 15.213184 0.740789 0.470102 -2.600705 6.265267 436.702195 450.213231

Saccade Latency - 10 Degrees 1.652517 1.487613 14.990977 1.110851 0.284133 -1.009202 4.318048 399.475984 412.987020

Correct Saccade Count - 4 Degrees -0.028375 0.046133 34.000000 -0.615073 0.542602 -0.113780 0.057030 195.750554 209.261590

Hypermetric Saccade Count - 4 Degrees -0.226797 0.125112 15.112169 -1.812748 0.089781 -0.450135 -0.003417 256.859554 270.370589

Hypometric Saccade Count - 4 Degrees 0.367391 0.125539 15.058391 2.926508 0.010385 0.143273 0.591433 256.670042 270.181078

X Accuracy - 4 Degrees -2.369501 1.196777 34.000000 -1.979902 0.055855 -4.585046 -0.153956 417.148294 430.659329

Y Accuracy - 4 Degrees -3.005277 1.246037 34.000000 -2.411867 0.021418 -5.312015 -0.698539 419.891150 433.402186

Saccade Amplitude - 4 Degrees -0.018340 0.023640 14.984898 -0.775802 0.449937 -0.059507 0.022835 145.909792 159.420828

Saccade Average Velocity - 4 Degrees 1.099614 0.440220 15.119893 2.497874 0.024503 0.311224 1.887339 319.367094 332.878129

Saccade End Time - 4 Degrees -5.094505 1.602271 34.000000 -3.179553 0.003140 -8.060722 -2.128287 436.989972 450.501008

Saccade Peak Velocity - 4 Degrees 1.920004 1.338856 15.263564 1.434063 0.171723 -0.478095 4.315989 397.463630 410.974666

Saccade Latency - 4 Degrees 3.493066 2.088823 15.044902 1.672265 0.115134 -0.234575 7.221020 449.647012 463.158048

Correct Saccade Count - 8 Degrees 0.137143 0.085667 34.000000 1.600891 0.118653 -0.021448 0.295734 237.837501 251.348537

Hypermetric Saccade Count - 8 Degrees -0.219003 0.129672 15.025084 -1.688891 0.111879 -0.450369 0.012490 258.887112 272.398148

Hypometric Saccade Count - 8 Degrees 0.186021 0.125053 14.232412 1.487537 0.158691 -0.036574 0.408428 253.645658 267.156693

X Accuracy - 8 Degrees -0.889145 0.985752 34.000000 -0.901996 0.373405 -2.714028 0.935738 403.957478 417.468513

Y Accuracy - 8 Degrees -3.197027 1.332795 15.086857 -2.398739 0.029815 -5.560639 -0.831359 421.471127 434.982162

Saccade Amplitude - 8 Degrees 0.033500 0.026667 15.112756 1.256247 0.228099 -0.014122 0.081111 149.221967 162.733003

Saccade Average Velocity - 8 Degrees 1.022146 0.736593 14.952051 1.387668 0.185573 -0.294389 2.337737 362.415368 375.926403

Saccade End Time - 8 Degrees -2.805966 1.629718 14.801390 -1.721749 0.105940 -5.711050 0.101787 429.176837 442.687873

Saccade Peak Velocity - 8 Degrees 1.019141 2.118217 15.049261 0.481132 0.637343 -2.772658 4.806984 427.991531 441.502567

Saccade Latency - 8 Degrees 0.909621 1.695924 15.021920 0.536357 0.599565 -2.125417 3.949561 407.982088 421.493124

Table 43: Longitudinal Study of Eye Movements in Parkinson’s Disease Oblique Saccades Generalised
Linear Model Results
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Paradigm Metric Estimate Std. Error df t value Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Antisaccades Horizontal Saccade Amplitude 0.006457 0.044270 14.922085 0.145851 0.885991 -0.074803 0.087710 192.363403 205.874438

Saccade Average Velocity 0.943062 0.947757 14.682267 0.995046 0.335831 -0.750280 2.636924 371.525304 385.036339

Saccade End Time -2.634621 1.784867 14.948531 -1.476088 0.160673 -5.806187 0.537362 441.450081 454.961116

Saccade Peak Velocity -0.874708 2.309636 14.657585 -0.378721 0.710324 -5.023853 3.275751 412.427808 425.938843

Saccade Latency -0.048281 1.432227 14.997295 -0.033711 0.973552 -2.604241 2.508002 420.384639 433.895675

Number of Correct Saccades -0.042626 0.109854 15.158452 -0.388027 0.703391 -0.239015 0.153565 239.934624 253.445660

Number of Erros 0.045233 0.110176 15.165603 0.410553 0.687142 -0.151540 0.242198 240.197293 253.708328

Number of Self Corrected Errors -0.109295 0.110126 14.840822 -0.992453 0.336883 -0.305706 0.087119 246.448125 259.959161

Antisaccades Vertical Saccade Amplitude 0.030256 0.044280 14.885186 0.683289 0.504921 -0.048772 0.109243 181.642367 195.153402

Saccade Average Velocity 1.577712 0.854623 14.935701 1.846092 0.084792 0.048445 3.105171 366.492923 380.003959

Saccade End Time -1.950581 1.650092 14.926769 -1.182105 0.255654 -4.894723 0.992410 432.935815 446.446851

Saccade Peak Velocity 3.028855 2.188712 15.288862 1.383852 0.186275 -0.900228 6.951957 423.079931 436.590967

Saccade Latency 1.390832 1.798410 15.014096 0.773368 0.451310 -1.823330 4.602959 425.155005 438.666040

Number of Correct Saccades -0.109589 0.107894 15.160265 -1.015715 0.325702 -0.302459 0.083136 237.933241 251.444277

Number of Erros 0.141231 0.106229 15.180011 1.329498 0.203319 -0.048553 0.331167 235.707229 249.218265

Number of Self Corrected Errors -0.228286 0.087850 15.143276 -2.598582 0.020040 -0.385343 -0.071443 226.320368 239.831403

Table 44: Longitudinal Study of Eye Movements in Parkinson’s Disease Antisaccades Generalised Linear
Model Results with Paradigm

Paradigm Metric Estimate Std. Error df t value Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Reflexive Horizontal Accuracy 0.630138 3.316420 14.992961 0.190005 0.851853 -5.297337 6.557321 463.208662 476.719698

Saccade Amplitude 0.067675 0.045987 14.987596 1.471617 0.161809 -0.014521 0.149831 173.629868 187.140904

Saccade Average Velocity 1.456409 0.708142 15.063146 2.056663 0.057470 0.191586 2.721084 366.820051 380.331086

Saccade End Time -9.651408 6.901324 15.092873 -1.398486 0.182178 -21.985901 2.667065 523.580908 537.091943

Saccade Peak Velocity 1.834617 2.330448 14.548646 0.787238 0.443779 -2.322550 5.992375 439.659397 453.170432

Saccade Latency -0.809539 6.804700 15.165941 -0.118968 0.906863 -12.980506 11.343965 518.729561 532.240596

Number of Correct Saccades 0.137474 0.151889 15.006409 0.905094 0.379718 -0.133648 0.408812 261.959700 275.470735

Number of Hypermetric Saccades -0.044217 0.041328 15.093524 -1.069910 0.301472 -0.118079 0.029520 179.366726 192.877761

Number of Hypometric Saccades -0.040712 0.155155 15.012663 -0.262395 0.796583 -0.317784 0.236310 263.855364 277.366399

Reflexive Vertical Accuracy -5.530334 2.237392 14.903064 -2.471776 0.025997 -9.521941 -1.538940 451.068938 464.579973

Saccade Amplitude 0.094342 0.050493 15.295693 1.868429 0.080978 0.003983 0.184796 175.142581 188.653617

Saccade Average Velocity 2.061645 0.802050 15.110324 2.570468 0.021223 0.627271 3.497768 362.530246 376.041282

Saccade End Time -6.456331 2.941003 14.966434 -2.195282 0.044330 -11.702636 -1.208771 473.110240 486.621275

Saccade Peak Velocity 4.161184 2.586034 15.235921 1.609099 0.128115 -0.466304 8.792188 442.383512 455.894548

Saccade Latency 3.073155 2.465876 15.226959 1.246273 0.231497 -1.337034 7.483396 444.730434 458.241470

Number of Correct Saccades 0.251563 0.152918 14.919623 1.645081 0.120852 -0.021215 0.524619 264.972889 278.483925

Number of Hypermetric Saccades -0.090331 0.094051 34.000000 -0.960451 0.343609 -0.264443 0.083781 244.186615 257.697651

Number of Hypometric Saccades -0.108398 0.166052 15.161311 -0.652795 0.523664 -0.405494 0.188125 266.549895 280.060930

Table 45: Longitudinal Study of Eye Movements in Parkinson’s Disease Reflexive Saccades Generalised
Linear Model Results
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Paradigm Metric Estimate Std. Error df t value Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Volitional Horizontal Accuracy -9.199353 4.405247 15.248064 -2.088272 0.053946 -17.077424 -1.309071 481.354109 494.865144

Saccadic Steps -0.003025 0.012634 14.726913 -0.239470 0.814042 -0.025601 0.019532 81.786869 95.297905

Saccade Amplitude 0.315000 0.129124 15.185199 2.439511 0.027432 0.083974 0.545662 247.858877 261.369913

Saccade Average Velocity 2.979414 1.387354 15.125037 2.147551 0.048356 0.500217 5.455825 416.482003 429.993039

Saccade End Time 143.336864 62.207757 34.000000 2.304164 0.027452 28.174191 258.499537 685.805913 699.316948

Saccade Peak Velocity 4.096104 3.889010 15.179666 1.053251 0.308704 -2.857453 11.044542 480.089244 493.600280

Saccade Latency 156.922392 65.622094 34.000000 2.391304 0.022467 35.438895 278.405888 689.439339 702.950375

Number of Correct Saccades 0.602150 0.410504 15.036101 1.466854 0.163019 -0.130075 1.335205 338.752143 352.263178

Number of Hypermetric Saccades -0.151424 0.278675 15.207181 -0.543372 0.594750 -0.649946 0.346569 299.125891 312.636927

Number of Hypometric Saccades 0.168488 0.420407 15.104907 0.400773 0.694199 -0.582398 0.919437 332.210800 345.721836

Total Number of Saccades 0.288491 0.597688 15.078305 0.482678 0.636257 -0.778164 1.356028 360.910958 374.421994

Volitional Vertical Accuracy -5.579848 2.873287 15.183422 -1.941974 0.070929 -10.721302 -0.440137 451.549735 465.060771

Saccadic Steps -0.003594 0.013495 15.102382 -0.266355 0.793568 -0.027689 0.020521 98.130803 111.641839

Saccade Amplitude 0.169866 0.085143 15.154821 1.995067 0.064339 0.017704 0.322114 217.703820 231.214855

Saccade Average Velocity 2.207124 1.312459 15.172846 1.681671 0.113095 -0.138098 4.553039 406.671646 420.182682

Saccade End Time 55.719830 67.220346 14.972743 0.828913 0.420172 -63.302848 174.772423 687.942040 701.453076

Saccade Peak Velocity 2.052569 4.323814 15.300799 0.474713 0.641696 -5.688682 9.794340 477.307792 490.818828

Saccade Latency 68.104630 70.862673 14.973469 0.961079 0.351777 -56.871128 193.112288 691.238642 704.749677

Number of Correct Saccades 0.319632 0.367623 15.139376 0.869457 0.398172 -0.337125 0.976076 325.512501 339.023537

Number of Hypermetric Saccades -0.186269 0.417086 15.189629 -0.446596 0.661468 -0.931832 0.559743 324.812418 338.323454

Number of Hypometric Saccades 0.509073 0.430080 14.906852 1.183670 0.255076 -0.258154 1.276228 340.523556 354.034592

Total Number of Saccades 0.430789 0.488913 34.000000 0.881117 0.384441 -0.474315 1.335893 356.274432 369.785468

Table 46: Longitudinal Study of Eye Movements in Parkinson’s Disease Volitional Saccades Generalised
Linear Model Results

Paradigm Metric Estimate Std. Error df t value Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Memory Guided Horizontal Accuracy -8.095161 5.078428 15.188549 -1.594029 0.131523 -17.176285 0.990715 492.291180 505.802216

Saccadic Steps 0.003961 0.019289 15.351361 0.205347 0.839999 -0.030601 0.038548 104.411606 117.922642

Saccade Amplitude 0.214717 0.135173 15.020985 1.588463 0.133004 -0.026639 0.455961 258.242452 271.753488

Saccade Average Velocity 1.699799 1.454450 15.128635 1.168689 0.260615 -0.899282 4.297809 415.010080 428.521116

Saccade End Time 50.065161 58.655194 15.115259 0.853550 0.406678 -54.674952 154.768315 674.417387 687.928423

Saccade Peak Velocity -0.018874 3.979082 15.129345 -0.004743 0.996277 -7.124079 7.087015 489.331250 502.842285

Saccade Latency 51.972767 58.351596 15.110027 0.890683 0.387062 -52.218850 156.127740 674.680289 688.191324

Number of Correct Saccades 0.594557 0.246496 34.000000 2.412036 0.021409 0.138229 1.050884 309.705381 323.216416

Number of Hypermetric Saccades -0.561223 0.544744 15.033124 -1.030250 0.319184 -1.534459 0.411860 345.367162 358.878198

Number of Hypometric Saccades -0.375003 0.425049 14.569202 -0.882258 0.391961 -1.132197 0.382123 339.837202 353.348237

Total Number of Saccades -0.374116 0.425706 15.080860 -0.878812 0.393290 -1.133803 0.385855 341.892590 355.403625

Memory Guided Vertical Accuracy -5.451584 3.038435 15.090676 -1.794208 0.092836 -10.884367 -0.022209 459.600500 473.111535

Saccadic Steps -0.001721 0.015125 15.157156 -0.113782 0.910904 -0.028754 0.025307 102.853836 116.364872

Saccade Amplitude 0.122454 0.104361 15.030731 1.173375 0.258904 -0.063889 0.308940 234.303529 247.814565

Saccade Average Velocity 1.102020 1.522193 15.368368 0.723969 0.479961 -1.625759 3.831123 401.585982 415.097017

Saccade End Time 83.268704 76.778414 15.097555 1.084533 0.295144 -53.806967 220.307693 693.994881 707.505917

Saccade Peak Velocity 1.585588 4.590477 15.359066 0.345408 0.734473 -6.650686 9.824390 471.139536 484.650571

Saccade Latency 86.256424 78.865201 15.096016 1.093720 0.291224 -54.541609 227.016736 696.100680 709.611716

Number of Correct Saccades -0.204650 0.294853 15.120787 -0.694073 0.498162 -0.730894 0.322162 312.832748 326.343783

Number of Hypermetric Saccades -0.521815 0.399601 14.757680 -1.305838 0.211597 -1.234435 0.190758 331.485497 344.996533

Number of Hypometric Saccades -0.141584 0.420668 34.000000 -0.336570 0.738510 -0.920349 0.637181 346.051305 359.562340

Total Number of Saccades -1.292247 0.533577 34.000000 -2.421858 0.020924 -2.280035 -0.304458 362.218902 375.729938

Table 47: Longitudinal Study of Eye Movements in Parkinson’s Disease Memory Guided Saccades General-
ised Linear Model Results
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D Effect of Levodopa on Eye Movements in Parkinson’s Disease

Metric Estimate Std. Error Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Large Square Wave Jerks Count 0.250000 0.170403 -0.046454 0.546454 33.722335 38.357867

Intrusive Saccades Count 4.250000 0.236516 -2.224008 10.724011 107.527414 112.162946

Average Pupil Size -184.225751 0.485434 -703.875712 335.424014 219.937978 224.573510

Average Precision Measure RMS S2S 0.017518 0.132861 -0.003291 0.038327 -30.210746 -25.575214

Average Precision Measure SD Window 0.028184 0.101415 -0.002276 0.058643 -21.000183 -16.364651

Average Fixation Duration -553.265000 0.024325 -955.093688 -151.430017 208.381673 213.017206

Total Saccades Count 22.625000 0.149057 -6.366760 51.616876 144.777008 149.412541

Table 48: Effect of Levodopa on Eye Movements in Parkinson’s Disease Central Fixation Generalised Linear
Model Results

Metric Statistic Pr(>|W|)

Large Square Wave Jerks Count 0.000000 0.345779

Intrusive Saccades Count 7.500000 0.599174

Average Pupil Size 20.000000 0.843750

Average Precision Measure RMS S2S 8.000000 0.195312

Average Precision Measure SD Window 2.000000 0.023438

Average Fixation Duration 34.000000 0.023438

Total Saccades Count 8.000000 0.195312

Table 49: Effect of Levodopa on Eye Movements in Parkinson’s Disease Central Fixation Wilcoxon Signed-
Rank Test Results

Metric Estimate Std. Error Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Average Saccade Amplitude -0.713208 0.286202 -1.996454 0.570038 72.756910 77.392443

Average Saccade Velocity -22.088694 0.062340 -41.487130 -2.690257 134.068110 138.703643

Average Saccade End Time 33.548927 0.564240 -68.556127 135.653984 173.927545 178.563077

Peak Saccade Velocity -23.860970 0.440631 -84.494114 36.771925 164.203871 168.839404

Average Saccade Start Time -50.263087 0.203339 -124.563645 24.036533 166.711810 171.347342

Total Number of Errors 1.125000 0.293163 -0.931182 3.181181 89.757067 94.392599

Total Number of Correct Antisaccades -2.625000 0.230629 -6.778174 1.528176 101.669800 106.305332

Total Number of Self Corrected Errors -2.125000 0.380616 -6.681102 2.431094 99.095413 103.730945

Table 50: Effect of Levodopa on Eye Movements in Parkinson’s Disease Antisaccades Generalised Linear
Model Results
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Metric Statistic Pr(>|W|)

Average Saccade Amplitude 25.000000 0.382812

Average Saccade Velocity 30.000000 0.109375

Average Saccade End Time 19.000000 0.945312

Peak Saccade Velocity 24.000000 0.460938

Average Saccade Start Time 29.000000 0.148438

Total Number of Errors 9.000000 0.229332

Total Number of Correct Antisaccades 27.000000 0.231073

Total Number of Self Corrected Errors 23.000000 0.527599

Table 51: Effect of Levodopa on Eye Movements in Parkinson’s Disease Antisaccades Wilcoxon Signed-Rank
Test Results

Metric Estimate Std. Error Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Total Number of Saccades 16.625000 0.152689 -4.900420 38.150412 141.975530 146.611063

Average Number of Saccadic Steps -0.158473 0.335413 -0.443438 0.126493 32.774208 37.409741

Average Accuracy -12.852447 0.786862 -107.157331 81.453385 172.117953 176.753486

Total Number of Correct Saccades 1.250000 0.870154 -13.688539 16.188512 127.640352 132.275884

Total Number of Hypometric Saccades 3.000000 0.541509 -6.711021 12.711017 127.652957 132.288490

Total Number of Hypermetric Saccades 12.000000 0.311698 -10.862059 34.862051 141.712296 146.347828

Average Saccade Amplitude 1.522125 0.086882 -0.066603 3.110853 86.586301 91.221833

Average Saccade Velocity -0.198605 0.989205 -29.622872 29.225651 149.529695 154.165227

Average Saccade End Time 1153.375893 0.071175 26.067588 2280.683764 238.472559 243.108091

Peak Saccade Velocity 19.960192 0.443719 -31.122510 71.042922 161.555171 166.190703

Average Saccade Start Time 1149.337701 0.072655 18.561583 2280.113344 238.311096 242.946628

Table 52: Effect of Levodopa on Eye Movements in Parkinson’s Disease Reflexive Saccades Horizontal
Generalised Linear Model Results
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Metric Statistic Pr(>|W|)

Total Number of Saccades 8.000000 0.195312

Average Number of Saccadic Steps 25.000000 0.382812

Average Accuracy 23.000000 0.546875

Total Number of Correct Saccades 14.500000 0.674047

Total Number of Hypometric Saccades 10.500000 0.611453

Total Number of Hypermetric Saccades 10.000000 0.293029

Average Saccade Amplitude 6.000000 0.109375

Average Saccade Velocity 17.000000 0.945312

Average Saccade End Time 6.000000 0.109375

Peak Saccade Velocity 15.000000 0.742188

Average Saccade Start Time 6.000000 0.109375

Table 53: Effect of Levodopa on Eye Movements in Parkinson’s Disease Reflexive Saccades Horizontal
Wilcoxon Signed-Rank Test Results

Metric Estimate Std. Error Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Total Number of Saccades 16.625000 0.152689 -4.900420 38.150412 141.975530 146.611063

Average Number of Saccadic Steps -0.158473 0.335413 -0.443438 0.126493 32.774208 37.409741

Average Accuracy -12.852447 0.786862 -107.157331 81.453385 172.117953 176.753486

Total Number of Correct Saccades 1.250000 0.870154 -13.688539 16.188512 127.640352 132.275884

Total Number of Hypometric Saccades 3.000000 0.541509 -6.711021 12.711017 127.652957 132.288490

Total Number of Hypermetric Saccades 12.000000 0.311698 -10.862059 34.862051 141.712296 146.347828

Average Saccade Amplitude 1.522125 0.086882 -0.066603 3.110853 86.586301 91.221833

Average Saccade Velocity -0.198605 0.989205 -29.622872 29.225651 149.529695 154.165227

Average Saccade End Time 1153.375893 0.071175 26.067588 2280.683764 238.472559 243.108091

Peak Saccade Velocity 19.960192 0.443719 -31.122510 71.042922 161.555171 166.190703

Average Saccade Start Time 1149.337701 0.072655 18.561583 2280.113344 238.311096 242.946628

Table 54: Effect of Levodopa on Eye Movements in Parkinson’s Disease Reflexive Saccades Vertical
Generalised Linear Model Results
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Metric Statistic Pr(>|W|)

Total Number of Saccades 8.000000 0.195312

Average Number of Saccadic Steps 25.000000 0.382812

Average Accuracy 23.000000 0.546875

Total Number of Correct Saccades 14.500000 0.674047

Total Number of Hypometric Saccades 10.500000 0.611453

Total Number of Hypermetric Saccades 10.000000 0.293029

Average Saccade Amplitude 6.000000 0.109375

Average Saccade Velocity 17.000000 0.945312

Average Saccade End Time 6.000000 0.109375

Peak Saccade Velocity 15.000000 0.742188

Average Saccade Start Time 6.000000 0.109375

Table 55: Effect of Levodopa on Eye Movements in Parkinson’s Disease Reflexive Saccades Vertical Wilcoxon
Signed-Rank Test Results

Metric Estimate Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Total Number of Saccades 16.625000 0.152689 -4.900420 38.150412 141.975530 146.611063

Average Number of Saccadic Steps -0.158473 0.335413 -0.443438 0.126493 32.774208 37.409741

Average Accuracy -12.852447 0.786862 -107.157331 81.453385 172.117953 176.753486

Total Number of Correct Saccades 1.250000 0.870154 -13.688539 16.188512 127.640352 132.275884

Total Number of Hypometric Saccades 3.000000 0.541509 -6.711021 12.711017 127.652957 132.288490

Total Number of Hypermetric Saccades 12.000000 0.311698 -10.862059 34.862051 141.712296 146.347828

Average Saccade Amplitude 1.522125 0.086882 -0.066603 3.110853 86.586301 91.221833

Average Saccade Velocity -0.198605 0.989205 -29.622872 29.225651 149.529695 154.165227

Average Saccade End Time 1153.375893 0.071175 26.067588 2280.683764 238.472559 243.108091

Peak Saccade Velocity 19.960192 0.443719 -31.122510 71.042922 161.555171 166.190703

Average Saccade Start Time 1149.337701 0.072655 18.561583 2280.113344 238.311096 242.946628

Table 56: Effect of Levodopa on Eye Movements in Parkinson’s Disease Volitional Saccades Generalised
Linear Model Results
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Metric Statistic Pr(>|W|)

Total Number of Saccades 8.000000 0.195312

Average Number of Saccadic Steps 25.000000 0.382812

Average Accuracy 23.000000 0.546875

Total Number of Correct Saccades 14.500000 0.674047

Total Number of Hypometric Saccades 10.500000 0.611453

Total Number of Hypermetric Saccades 10.000000 0.293029

Average Saccade Amplitude 6.000000 0.109375

Average Saccade Velocity 17.000000 0.945312

Average Saccade End Time 6.000000 0.109375

Peak Saccade Velocity 15.000000 0.742188

Average Saccade Start Time 6.000000 0.109375

Table 57: Effect of Levodopa on Eye Movements in Parkinson’s Disease Volitional Saccades Wilcoxon
Signed-Rank Test Results

Metric Estimate Pr(>|t|) CI 0.025 CI 0.975 AIC BIC

Total Number of Saccades 16.625000 0.152689 -4.900420 38.150412 141.975530 146.611063

Average Number of Saccadic Steps -0.158473 0.335413 -0.443438 0.126493 32.774208 37.409741

Average Accuracy -12.852447 0.786862 -107.157331 81.453385 172.117953 176.753486

Total Number of Correct Saccades 1.250000 0.870154 -13.688539 16.188512 127.640352 132.275884

Total Number of Hypometric Saccades 3.000000 0.541509 -6.711021 12.711017 127.652957 132.288490

Total Number of Hypermetric Saccades 12.000000 0.311698 -10.862059 34.862051 141.712296 146.347828

Average Saccade Amplitude 1.522125 0.086882 -0.066603 3.110853 86.586301 91.221833

Average Saccade Velocity -0.198605 0.989205 -29.622872 29.225651 149.529695 154.165227

Average Saccade End Time 1153.375893 0.071175 26.067588 2280.683764 238.472559 243.108091

Peak Saccade Velocity 19.960192 0.443719 -31.122510 71.042922 161.555171 166.190703

Average Saccade Start Time 1149.337701 0.072655 18.561583 2280.113344 238.311096 242.946628

Table 58: Effect of Levodopa on Eye Movements in Parkinson’s Disease Memory Guided Saccades General-
ised Linear Model Results
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Metric Statistic Pr(>|W|)

Total Number of Saccades 8.000000 0.195312

Average Number of Saccadic Steps 25.000000 0.382812

Average Accuracy 23.000000 0.546875

Total Number of Correct Saccades 14.500000 0.674047

Total Number of Hypometric Saccades 10.500000 0.611453

Total Number of Hypermetric Saccades 10.000000 0.293029

Average Saccade Amplitude 6.000000 0.109375

Average Saccade Velocity 17.000000 0.945312

Average Saccade End Time 6.000000 0.109375

Peak Saccade Velocity 15.000000 0.742188

Average Saccade Start Time 6.000000 0.109375

Table 59: Effect of Levodopa on Eye Movements in Parkinson’s Disease Memory Guided Saccades Wilcoxon
Signed-Rank Test Results
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