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Abstract: This review delineates the ocular motor disturbances across a spectrum of neurodegenerative disorders, including
Alzheimer’s Disease (AD) and related disorders (ADRD), Parkinson’s Disease (PD), atypical parkinsonism, and others, leveraging
advancements in eye-tracking technology for enhanced diagnostic precision. We delve into the different classes of eye movements,
their clinical assessment, and specific abnormalities manifesting in these diseases, highlighting the nuanced differences and shared
patterns. For instance, AD and ADRD are characterized by increased saccadic latencies and instability in fixation, while PD features
saccadic hypometria and mild smooth pursuit impairments. Atypical parkinsonism, notably Progressive Supranuclear Palsy (PSP) and
Corticobasal Syndrome (CBS), presents with distinct ocular motor signatures such as vertical supranuclear gaze palsy and saccadic
apraxia, respectively. Our review underscores the diagnostic value of eye movement analysis in differentiating between these disorders
and also posits the existence of underlying common pathological mechanisms. We discuss how eye movements have potential as
biomarkers for neurodegenerative diseases but also some of the existing limitations.
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Introduction

Given that “the eyes are a window to the brain” it is perhaps unsurprising that the ocular motor assessment is a core part
of the neurological examination. Disturbances in eye movements are indicative of pathological changes in the brain
associated with neurodegeneration. The control of eye movements is governed by several brain regions spanning the
brainstem, basal ganglia, cerebellum and the cerebral cortices. Our growing understanding of the neural circuits under-
pinning ocular motor function means that eye movement abnormalities can be, to some extent, localised to specific
neurological lesions. Moreover, given a widespread distributed network for eye movement control, neurodegenerative
disorders that result in early focal, and later diffuse pathology, commonly manifest eye movement abnormalities, creating
a window not only to the brain, but also to pathological processes that affect it.

Eye movements are a useful tool in neurological practice. Firstly, an ocular motor examination is a non-invasive bedside
test that is comparatively quicker to perform than other standard assessments (eg cognitive tests). Secondly, with advances
in eye tracking technology, it is now possible to acquire precise quantitative metrics of ocular motor disturbance increasing
the diagnostic value of eye movements. Finally, the degrees of freedom associated with eye movements are less compared
to the assessment of symptoms such as tremor, therefore there is limited scope for variability and subjectivity.

Whilst several studies and reviews' have provided an overview of ocular motor disturbance in neurodegenerative
conditions, a discussion of the practical application of these findings in the differential diagnosis of neurodegenerative
disorders is limited. Whether ocular motor findings can be used to feed predictive models®* for differential diagnosis has
not yet been established. Furthermore, ocular motor tests or paradigms can be clinical - those that can be performed at the
bedside - or experimental, requiring assessments to be performed using an eye tracker and screen. There has been perhaps
less focus on bridging the gap between clinical and experimental ocular motor assessments that could be of diagnostic
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utility to patients or indeed be part of biomarkers for disease or treatment monitoring. Synthesis of these findings from both
modes of acquisition and exploration of subtypes within class of eye movements such as saccades and pursuit and methods
to quantify eye movements at the bedside is necessary to establish eye movements as a tool for differential diagnosis.
Here, we provide a brief overview of the different classes of eye movements, how these are assessed clinically and how
they are recorded experimentally, and how these become abnormal across a range of neurodegenerative disorders, focusing
on Alzheimer’s disease (AD), and related disorder (ADRD), Parkinson’s disease (PD) and atypical parkinsonism. The
review aims to provide a practical approach to eye tracking that can be employed to acquire high-quality clinical data.

Classes of Eye Movements

Eye movements broadly fall under two groups, ones that stabilise the image on the retina and those that shift the field of
vision to bring the area of interest into focus.'* Within these two categories, there are several functional classes of eye
movements, each intended to serve a specific purpose. Here, we summarise these and provide a list of the key terms used
in ocular motor research and their definitions (Table 1).

Saccades (Figure 1) are rapid eye movements that shift the field of vision from one point of fixation to another. There is a wide
spectrum of saccades ranging from reflexive prosaccades driving gaze towards a novel stimulus, to more complex volitional
saccades elicited voluntarily towards a stable target in the environment. Among volitional saccades, memory guided saccades
involve fixating towards a previously remembered target and anti-saccades, move the field of vision away from a visual target. The
saccade parameters (speed, accuracy, duration, latency) and saccadic intrusions such as square-wave jerks provide useful
information both to assess functioning of the saccadic system and to provide insight into the localisation of brain damage.”

Table | Key Terms in Ocular Motor Research, Examinations and Analysis and Their Definitions

Term Definition
Catch Up Saccades Rapid eye movements to adjust the eye’s position to refocus following a head movment as part of a faulty vestibulo-ocular reflex.
Convergence Eye movements where the eyes move inward, towards each other.
Divergence Eye movements where the eyes move outward, away from each other.
Drift Slow, involuntary eye movements during attempted fixation.
Electro-oculography Measuring eye movements by detecting electrical potentials.
Error Rate The frequency of errors in reaching the target during eye movements.
Fixation Maintenance of the gaze on a single location.
Hypermetric Saccades that overshoot the intended target.
Hypometric Saccades that fall short of the intended target.
Infrared Oculography Tracking eye movements using infrared light.
Latency The delay between the initiation and the onset of an eye movement.
Microsaccades Small, involuntary eye movements during fixation to refresh the image on the retina.
Nystagmus Involuntary, rhythmic oscillation of the eyes, often indicating underlying issues.
Pursuit Smooth eye movements to track moving objects.
Pursuit Gain The ratio of eye velocity to target velocity during pursuit movements.
Pursuit Speed The speed at which the eye moves to follow a moving target.
Saccade Rapid, ballistic eye movements to shift gaze from one point to another.
Saccade Accuracy The precision of the eye in landing on the target during a saccade.
Saccade Peak Velocity The highest speed reached by the eye during a saccade.
Saccade Speed The average speed of the eye during a saccade.
Saccadic Bradykinesia Decrement in the velocity and amplitude of repetitive horizontal saccades, often seen in Parkinson’s disease.
Saccadic Intrusions Unwanted saccades that disrupt fixation.
Square Wave Jerks Small, involuntary eye movements away from and back to the fixation point.
Ocular Tremor Involuntary, rhythmic oscillation, affecting eye movements.
Video-oculography Tracking eye movements using video imaging.
Vestibulo-ocular reflex Mechanism that stabilizes vision by producing eye movements that counteract head movements, ensuring clear vision while in
motion.
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Figure | Schematic representation of saccadic pathways. Voluntary saccades arise from frontal eye fields and travel to the basal ganglia (caudate nucleus, substantia nigra)
before descending to the superior colliculus and forward onto brainstem eye movement structures. Additional brain regions (egDLPFC) may be recruited for to execute
more cognitively complex saccades, such as anti-saccades. Reflexive saccades have a direct pathway from visual cortex (not shown) to the posterior parietal cortex and from
here onto the superior colliculus. There is an additional pathway from the posterior parietal cortex to activate frontal eye fields and then travel via the basal ganglia towards
the superior colliculus, and reticular formation before entering the midbrain (vertical) and pontine (horizontal) ocular motor plant. dIPFC dorsolateral prefrontal cortex.

Vergence eye movements can both stabilise the image on the retina and shift the field of view. Vergence eye movements
allow us to track the depth of a moving object ie, either moving towards us or away from us. Divergence occurs when an object
of interest is moving from near to far and convergence where an object being tracked is being displaced from far to near.® In
both cases, the eyes are moving in the opposite direction. Abnormalities of convergence are assessed using the near point of
convergence test (the closest point to one’s face) at which a single image can be perceived or positive fusional vergence test.”
Note that accommodation is tested by shifting the visual focus from distant objects to near objects.

We distinguish several types of movements that stabilise the image on the retina:

1. To achieve maximum visual acuity, the displacement of the image from the centre of the fovea must be limited
which involves making small eye movements called fixational eye movements. There are three categories of
fixational eye movements, tremor, drifts and microsaccades with tremor being the smallest and microsaccades
being the largest. Abnormalities in fixational eye movements present in the form of nystagmus, saccadic
intrusions — particularly square wave jerks - and gaze distractibility.'®'> Abnormal eye movements can be
detected during the attempted fixation period. Nystagmus describes an involuntary oscillatory eye movement
either in the horizontal, vertical, or torsional (rotatory) direction. Nystagmus has two phases, the slow phase which
shifts the eye away from the target and the fast phase which bring back the eyes to the target and is traditionally
used to classify the direction of the nystagmus.'® The presence of nystagmus is classified as abnormal and can be
associated with a range of neurological disorders (eg, cerebellar, cortical, or vestibular lesions)'* or may occur as
part of congenital nystagmus (not covered in this review).">

2. Smooth pursuit eye movements allow us to follow a target as it moves within the visual field therefore cannot be
elicited in the absence of a visual target. If a target is moving at a faster speed than the visual system can process,
approximately around 30 degrees/second, catch-up saccades are elicited to keep the target in the line of sight.'®
Abnormal pursuit occurs when the ocular velocity is unable to match that of the target and catch-up saccades are
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performed in speeds slower than 30 degrees/second. Such saccades, or saccadic intrusions give rise to the
“broken” appearance of pursuit movements, sometimes referred to as “saccadic pursuit”.'’

3. Two classes of eye movements stabilise the image on the retina during head movements, vestibular eye move-
ments hold the image during brief head rotations and translations'® whereas optokinetic eye movements hold the
image steady during sustained visual motion. Impaired vestibular and optokinetic reflexes lead to the loss of visual

acuity during head movements or visual motion.'**°

Methods of Recording Eye Movements

Eye movement recording methods play a pivotal role in understanding visual perception, cognitive processes, and
diagnosing eye movement disorders. Several techniques are employed for this purpose, including video oculography
(VOG) which can use either infrared or non-infrared oculography, electro-oculography (EOG) and magnetic search coils.

VOG, also known as video-based eye tracking, employs high-speed cameras to capture images or videos of the eye,
enabling researchers to analyse eye movement patterns. This method is highly accurate and provides precise spatial and
temporal information regarding eye movements, including saccades, smooth pursuit, and fixations.>' Infrared oculography is
a technique that uses infrared light sources and detectors to track eye movements. These systems typically illuminate the eye
with infrared light and capture the reflection off the cornea and/or pupil. Infrared oculography is non-invasive and works well
in low-light conditions.”* Non-infrared oculography, in contrast to its infrared counterpart, uses visible light sources and
cameras to record eye movements. Non-infrared oculography systems may use visible light reflections from the cornea or
pupil to monitor eye movements.> It is particularly useful for studying eye movements in well-lit environments and can
provide high-resolution tracking of gaze points.** VOG is widely used in both research and clinical settings for diagnosing and
monitoring eye conditions like strabismus and nystagmus. However, the use of VOG can be challenging in cases where
detecting the pupil is difficult because of severe disease progression resulting in droopy eyelids, excessive blinking and
inability to keep the eye open, features that can be seen across a range of neurodegenerative conditions.

EOQG is an electrophysiological technique that measures the electrical potential difference between different points on
the skin around the eye. This method relies on the fact that the cornea and retina have distinct electrical potentials, and as
the eye moves, the potential difference changes.?® Electrodes are typically placed near the corners of the eyes to record
these changes. EOG is especially useful for detecting slow eye movements, such as those involved in reading or tracking
slowly moving objects. Compared to VOG, EOG is more cost-effective but is associated with noise in horizontal and
vertical signals and has a longer setup time.*’

Magnetic search coils represent a sophisticated method for recording eye movements, being more reliable than EOG and VOG
with high spatial and temporal resolution. The coils utilize the principles of electromagnetic induction, allowing for precise
tracking of the eye’s movements by measuring changes in magnetic fields generated by miniature coils placed near the eye.*®
There are two key drawbacks with the use of magnetic search coils: firstly, it is invasive and requires the administration of
anaesthetic drops and secondly, there are artifacts from eyelid motion during vertical eye movement recordings.*

Whilst clinical assessment can be informative, training in the execution and interpretation of these eye movements is
often lacking in most medical (including neurology) training programmes. Recording of eye movements thus provides
quantitative data of eye movements (Table 2) that standardises the assessment and allows more detailed (offline)
interpretation and review.

VOG allows objective recording of the presence of specific deficits in one or another of the eye movement
parameters. Indeed, in certain cases, the saccadic eye movements of a patient may be slow, but the clinician may
struggle in identifying whether it is due to a prolonged latency or a decreased velocity. An eye tracking examination will
be able to decipher between these two potential alterations, and thus lead to very different interpretation (eg: a delayed
latency can be found in Posterior Cortical Atrophy due to occipital/parietal dysfunction, while reduced velocity is present
in Progressive Supranuclear Palsy). One of the drawbacks of using an eye tracker is that, in order to limit the variability
and to make sure to focus only on eye movements, the patient is often in a very constrained environment (eg: head
stabilised with a chin-rest or bite bar). This ensures that only eye movements are used by the patient, but it does not allow
evaluation of whether the patient uses the head or the entire trunk to compensate for some deficits. Despite a huge
amount of research having been done on eye movements in the past 120 years, little of this has reached clinical practice.
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Table 2 Quantitative Metrics Acquired from Classes
of Eye Movements

Type of Eye Movements | Quantified Parameters

Saccadic Eye Movements Latency (ms)

Velocity (°/sec)

Duration (ms)
Gain

Anti-Saccades Latency (ms)
Error rate (%)

Corrected errors (%)

Smooth Pursuit Latency (ms)
Gain
Phase lag
Saccadic frequency

Nystagmus Amplitude (°)

Frequency (Hz)

This is probably due to the fact that indeed little training is provided in most medical training programmes and that most
of the available tools are fit for research purpose but not clinical practice.

Ocular Motor Abnormalities in Neurodegeneration
Figure 2 summarises the main ocular motor abnormalities seen in patient with neurodegenerative diseases, based on key
research publications.

Eye Movement and the Associated Diagnostic Value

Neurodegenerative Reflexive Volitional Anti- Pursuit Fixation Nystagmus | Vestibulo- Vergence
Disecase Saccades Saccades saccades Abnormalities ocular
reflex

Alzheimer’s Disease | | | | l | | I

Posterior Cortical
e | IO | O

Frontotemporal

Dementia | | | I | | | |

l
:
!

Parkinson’s Disease

Progressive Supranuclear -

Palsy

Multiple System Atrophy | I | | | | | |

Corticobasal Syndrome

[T ] |
Dementia with Lewy
[ | (R

Bodies

Figure 2 Ocular motor features of neurodegenerative diseases and their associated diagnostic value (red: low diagnostic value, yellow: medium diagnostic value and green:
high diagnostic value) based on key publications highlighting ocular motor features of each neurodegenerative disease.
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Alzheimer’s Disease

The use of eye movements in the clinical diagnosis of AD is not widespread as there remains a debate as to whether there
are specific ocular motor abnormalities.' This may reflect differences in experimental paradigms and patient hetero-
geneity (related to disease onset and duration). Several studies have found correlations between neuropsychological
scores and eye movements suggesting that cognitive impairment and loss of executive function from atrophy in the
cortices may be driving the ocular motor abnormalities.>®* In experimental settings, studies have revealed abnormalities
such as instability in fixation,>® saccadic abnormalities primarily increased latency and increased errors during the anti-
saccade task associated with a reduced number of self-corrections.>*-'-**

Saccadic latencies in prosaccades are found to be correlated with dementia and executive functioning in AD with anti-
saccade latencies increasing from mild cognitive impairment (MCI), a percussor to AD, to patients with a confirmed
diagnosis of AD.*> Additionally, MCI and AD also produce greater numbers of pro-saccades and have shorter fixation
periods as the complexity of the visual stimuli increases compared to healthy controls, suggestive of a dysfunction in
both the occipito-temporal network and the occipitoparietal network.*®*” Increased saccadic latencies and increased anti-
saccades error rates coupled with little self-corrections and shorter fixation durations are distinct features of AD with
papers consistently reporting findings within these eye movement classes. While abnormal fixational eye movement can
be clinically seen, widespread use of saccades requires the quantification of saccadic metrics at the bedside potentially
using a portable eye tracker. Furthermore, eye movements with voluntary and memory components have been under
explored, perhaps providing better insights into the cognitive decline of AD. Lastly, eye movement abnormalities
(increased error rate) have been noted in the prodromal stages of AD in anti-saccade tasks.*®

Posterior Cortical Atrophy
Posterior cortical atrophy (PCA) is regarded as the visual variant of AD. Indeed, it has a similar pathology with defective
beta-amyloid and tau protein but associated with atrophy in the parietal, occipital and temporal cortices resulting in
a decline in visual perception.’” There have been to date very few studies exploring ocular motor findings in patients with
PCA. Overall, PCA presents with deficits in saccades, fixation and smooth pursuit although the data in a clinical setting
are limited and as for AD, appears to be non-specific, reflecting widespread cortical and sub-cortical involvement at the
time of testing. Abnormal fixation in PCA was found to be associated with large saccadic intrusions at a higher frequency,
while smaller square wave jerks were more prevalent during prolonged fixation periods in AD.***

PCA patients have difficulty initiating visually guided saccades, visible through an increase of saccade latency.*’
A single-case study evaluated both visually guided saccades and memory guided saccades in a patient with PCA; for the
visually guided saccades, they corroborated previous findings of impaired saccades arising from weak inputs from the
occipital-parietal cortex.** They also revealed that both visually guided saccades and memory guided saccades were
consistently hypometric.** Smooth pursuit profiles in PCA closely resembled those in AD with decreased pursuit gain
compared to controls and the presence of saccadic instructions.*” In one case study, the increased saccade latency in
a patient was the first argument for further investigation that was able to lead the clinician to provide the diagnosis
of PCA.

Overall, fixational (square wave jerks) and saccadic (increased pro-saccadic latency, saccadic hypometria) are
common but non-specific findings of PCA.

Frontotemporal Dementia

Frontotemporal dementia (FTD) has three subtypes: behavioural variant, progressive non-fluent aphasia and semantic
dementia.** Patients with progressive supranuclear palsy (PSP) or corticobasal syndrome (CBS) can also present with
FTD pathology. The experimental data in FTD is conflicting therefore eye movement abnormalities are not considered a
clinically useful measure to identify fronto-temporal degeneration. Some studies have found impaired pursuit while
others have reported normal smooth pursuit movements.***’ In saccades, while some researchers have shown increased
saccadic latency, decreased velocity and lower accuracy associated with atrophy in the frontal eye fields and cingulate

48-50 46,49

eye fields others have reported normal velocity and no significant difference in accuracy compared to controls.
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Consensus, however, has been found in anti-saccade tasks where patients with FTD had increased error rates compared to
controls® in keeping with the role of the frontal lobes in inhibiting pro-saccades. Compared to AD, PSP and CBS,
patients with FTD were able to spontaneously self-correct anti-saccadic errors,*” which is intriguing and suggests that at
least in some patients with FTD, attentional mechanisms may be able to override more reflexive frontal lobe dysfunction.

Patients with FTD are unable to fixate on points for prolonged durations with frequent saccadic intrusions pointing
towards malfunctioning in the saccadic inhibition pathway and atrophy in the orbitofrontal cortex.’*>* One group
assessed spatial anticipation in FTD using an ocular motor adaptation of the Brixton spatial anticipation test, where
patients predict where a target would appear and execute the eye movement based on a set rule. After applying machine
learning techniques, the authors were able to differentiate between controls and FTD in all trials,>* suggesting the
combination of machine learning and ocular motor metrics has the potential to provide diagnostic data. However, the
study compared FTD with controls where there are likely to be significant differences; comparison between other forms
of neurodegeneration is essential to establish proof of concept.

Key ocular motor features of FTD are increased anti-saccadic errors and increased fixational eye movements (“sticky
eyes”), both of which can be clinically assessed without an eye tracker. However, eye movements alone are of
insufficient diagnostic value for FTD.

Parkinson’s Disease

In PD, eye movement abnormalities tend to be present in later stages of the disease and are not as prominent as those
observed in atypical Parkinsonism. Saccadic hypometria and the presence of square-wave jerks are two fairly consistent
ocular motor features of PD, together with impaired smooth pursuit. Saccades in PD are primarily characterised by
hypometria due to the affected outputs from the substantia nigra pars reticulata projections to the superior colliculus.>
Some studies have also found increased latency in voluntary saccades with reflexive saccades being more preserved in
PD compared to healthy controls®® and also found an association with saccadic latency and disease duration.’” The
associated hypometria and latency has also been seen for memory guided saccades in PD, with voluntary saccades being
most significantly affected compared to reflexive saccades and memory guided saccades.” Saccades in the vertical
direction are slightly more affected in PD compared to the horizontal direction.' PD patients exhibit impaired ability to
suppress reflexive behaviours, as in the case of anti-saccade tasks. However, research findings on anti-saccades in PD are
conflicting. Some studies report higher anti-saccade error rates, even in early PD stages, while others find no substantial
differences in error rates or latency across PD progression.® !

A recent study was able to demonstrate that the use of eye-tracking could help capture saccadic bradykinesia in PD.%?
Such a measure could contribute to objectively monitoring disease progression and further research is needed to see the
potential correlations with bradykinesia assessed with the Unified Parkinson’s Disease Rating Scale (UPDRS), a rating
scale assessing the motor and non-motor symptoms of PD.®* Another study was also able to show that the increase in
anti-saccades latency could be a predictive marker to develop gait freezing in patients with PD.**

PD patients commonly display abnormalities in smooth pursuit eye movements, with reduced smooth pursuit gain.
These abnormalities are often mixed with saccadic pursuit, particularly in advanced PD patients, possibly due to a failure
to control extraneous saccades or executive and attentional dysfunction.®>” Similar to saccades, smooth pursuit
movements in the vertical direction were more abnormal than in the horizontal direction possibly related to task difficulty
in overcoming gravity.*®

From a practical perspective, patients with idiopathic PD tend to have normal eye movements but may manifest
hypometric voluntary (more than reflexive) saccades. Repetitive saccades may decrement in velocity also over time
(saccadic bradykinesia) but this can only be reliably identified on oculography.

Progressive Supranuclear Palsy

PSP is driven by the accumulation of tau protein in the brain® and the most prominent clinical signs are postural
instability, akinesia accompanied with gait freezing, cognitive dysfunction particularly in language and speech compo-
nents, and ocular motor disturbances including vertical supranuclear gaze palsy, slowed vertical saccades and increased
square wave jerks.”® Disproportional impairment of vertical saccadic velocity compared to horizontal saccades, known as
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vertical supranuclear gaze palsy, is regarded as one of the first core clinical features of PSP.”® The decreased velocity in
the vertical plane leads to more continuous oblique like saccades, called “round the houses” trajectory.”' This points
towards the involvement of brainstem and is supported by the presence of other indicators of brainstem dysfunction such
as increased square wave jerks and gaze instability as seen in PSP.”> High frequency and high amplitude square wave
jerks are most prominent in PSP compared to other Parkinsonian syndromes and are mediated by the supratentorial
cortical structures in the temporal lobe.”* In a comparative study between amyotrophic sclerosis, PSP and controls, it was
found that the occurrence of square wave jerks is a function of the amplitude of the saccadic intrusions rather than the
group.”* However, this was not considered for other Parkinsonian syndromes such as MSA and CBS where square wave
jerks are distinctly present. Later stages of PSP is identified with a marked decrease in voluntary vertical gaze which
eventually progresses into the horizontal plane.”

Saccades in PSP are markedly hypometric which can also be attributed to the decreased firing of excitatory burst

%77 Some reports have presented a “zig-zag” or “saw tooth” pattern where hypometric vertical

neurones in the brainstem.
saccades had a horizontal component, alike round the houses.”®’® This pattern could be the combination of square wave
jerks and hypometric vertical saccades pointing towards increased disease as a major compensatory mechanism employ-
ing more horizontal saccades and impairment of inhibitory burst neurones.*® Volitional and memory guided saccade
function are less reported in PSP. A study found that volitional saccades are less accurate and have lower velocity
compared to reflexive saccades in both healthy controls and PSP suggesting a selective impairment of networks in the
frontal eye fields.*'"** A more clinically relevant finding here was that the velocity and accuracy of saccades did not
decrease over one-minute time scales contrary to what was observed in PD.%*®! In PSP, smooth pursuit movements have
small saccades leading to a saccadic pursuit or cogwheel pursuit.®* Optokinetic nystagmus in PSP is also impaired by the
eye drifting in the direction of the slow phase during the fast phase' and this can be a useful clinical sign. Loss of quick
phases in torsional vestibulo-ocular reflexes has also been found.®® PSP is also associated with a strong disinhibition
characterised by a large increase of error rates in anti-saccade tasks.

The core ocular motor features of PSP are thus slowed and eventually limited vertical eye movements, frequent
square wave jerks, broken smooth pursuit, and large error rates in anti-saccades, the combination of which is likely of
diagnostic value.

Multiple System Atrophy

MSA is an a-synucleinopathy divided into two distinct subtypes, MSA-P, parkinsonian subtype and MSA-C, cerebellar
subtype. Each subtype presents with different clinical features and progression patterns, with MSA-C exhibiting
cerebellar signs such as ataxia and MSA-P primarily showing bradykinesia and autonomic dysfunction. There are
however features of MSA-C type seen also in MSA-P, making it difficult to differentiate between these subtypes®’
and most studies exploring eye movement function in MSA have not made clear distinction between the two. Clinically,
while assessing eye movements, prominent signs are excessive square-wave jerks, mild supranuclear gaze palsy, gaze-
evoked nystagmus, positional down-beat nystagmus, saccadic hypometria, impaired smooth pursuit, and reduced
vestibulo-ocular reflex (VOR) suppression, reflective of the underlying pathology in the striato-nigral and olivoponto-
cerebellar systems.’

Smooth pursuit gain in MSA is lower than healthy controls®*® and a study by Zhou et al reported that patients with
MSA-C had lower smooth pursuit gain compared to patients with MSA-P.*” Although smooth pursuit deficits in MSA
and PSP are similar, PSP was not associated with volume loss in the pontocerebellar region,®® a core neural substate for
smooth pursuit movements.®® This may be because smooth pursuit involves several other neural pathways or that
disease-specific compensatory mechanisms are different. Saccadic intrusions are present in smooth pursuit eye move-
ments in MSA.?® While MSA-C patients present with “broken-up” pursuit movements due to decreased smooth pursuit
gain, MSA-P can also have anticipatory saccades wherein the eyes anticipate the moving target.®® Saccadic velocities are
regarded to be normal in MSA compared to other Parkinsonian syndromes with mild-moderate saccadic hypometria®’
and some patients also having mild vertical supranuclear gaze palsy.*® In anti-saccade tasks, MSA patients (sub-type not
specified) have a higher error rate than PD and controls and anti-saccade latencies did not improve over time as seen in
controls and PD suggesting a possible progression marker.”?
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Compared to PD and CBS, patients with MSA have a high frequency of square wave jerks, although less than that
seen in patients with PSP.”*** Additionally, square wave jerks in MSA are occasionally larger in amplitude resulting in
a feature known as macro-square wave jerks.”> Cerebellar signs in MSA-C are associated with gaze-evoked, downbeat,
and rebound nystagmus.”® The VOR suppression in MSA is abnormal clinically, a differentiating feature from other
Parkinsonian sndromes.”” MSA-P patients with no clinical cerebellar signs can also exhibit cerebellar ocular motor
abnormalities making the differential diagnosis difficult.”®

Therefore, the combination of increased square wave jerks, saccadic hypometria, saccadic smooth pursuit and VOR
suppression failure could strongly point towards MSA-P rather over PD, where cerebellar features are not to be expected.
Lastly, convergence eye movements are predominantly preserved in MSA whereas abnormalities are likely to be noted in
Dementia with Lewy Bodies (DLB) and PD.®®

Corticobasal Syndrome

CBS is a four-repeat tauopathy, defined by the accumulation of the specific isoform of tau proteins with four microtubule
domains.”” The motor symptoms of CBS include limb rigidity, myoclonus, limb dystonia and “alien limb syndrome”
which manifests as involuntary limb movements and apraxia characterised by the inability to carry out limb
movements.'°*'%" Apraxia also manifests in ocular motor dysfunction with CBS patients having saccadic apraxia or
increased saccadic latency, which is the time elapsed between the appearance of a target and the initiation of a saccade.”
As degeneration in CBS is often lateralised, the saccadic latency is also likely to be ipsilateral to the side experiencing
apraxia.®®!'%? Although saccadic latency is affected in CBS, saccadic metrics and velocity are normal compared to PD
and PSP, providing a key clinical differentiator.'®?

CBS patients have a high error rate and increased latencies in anti-saccade tasks compared to controls and PD patients
and are also unable to self-correct errors in anti-saccade tasks spontaneously.*”'®* Atrophy in the parietal cortex supports
the increased latency in prosaccades and a dysfunction in the frontal eye field could suggest a common mechanism for
the latencies in both prosaccades and anti-saccades. Interestingly, when single tasks with either prosaccades or anti-
saccades were performed in an experimental setting in PD, PSP, and CBS, it was found that anti-saccade error rates were
similar in CBS and PD with PSP having much higher error rates. However when mixed tasks were performed, CBS
patients showed a significant increased prosaccade and anti-saccade error rate suggesting anti-saccades have differential
effects in single and mixed tasks.'®*

Other eye movement abnormalities can occur in people with CBS; however, they are often milder than those in
people with other Parkinsonian disorders. Two further characteristics of CBS include impaired OKN and increased
square wave jerks.'® Studies have also revealed reduced pursuit gain, restricted movement, and abnormal smooth pursuit
with abrupt “jolting” eye movements.”>'% Vertical supranuclear gaze palsy is observed in varying degrees in CBS with
corticobasal degeneration pathology and is less prevalent in the early stages. Vertical supranuclear gaze palsy can be
present in up to 20% of patients early in the disease and up to 50% of patients overall in cases with CBS with PSP
pathology.”*'°® Variations have been noted in atypical CBS instances, such as impaired vertical saccades and an early
lowering of horizontal saccade velocity.'® These changes, however, rarely entail early square-wave jerks or increased
saccadic delay, which are more typical of PSP.

Overall, CBS is defined by ocular motor apraxia, with increased latency of voluntary saccades, that may be lateralised
to the most affected apraxic (limb) side.

Dementia with Lewy Bodies
Dementia with Lewy bodies is pathologically associated with the accumulation of a-synuclein protein into Lewy bodies
and Lewy neurites.'”” Although patients with DLB show signs of cognitive impairment similar to AD, the clinical
manifestations of DLB are more closely related to PD dementia (PDD).'>* Notable symptoms include abnormal sleep
patterns, visual hallucinations, fluctuations in attention and impaired visual perception.'®® Systematic reporting of ocular
motor disturbance in DLB is limited both clinically and experimentally.

A study involving 20 DLB patients compared their saccadic eye movements with those of individuals with PDD. The
results revealed that DLB patients exhibited impairments in both reflexive and voluntary saccadic execution, along with
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difficulties in performing more complex saccadic eye movement tasks (saccadic prediction, decision, and anti-saccades).'*?

Compared to AD and PD, DLB showed more prominent signs of saccadic deficits possibly because of the neurodegenera-
tion seen in cortical and subcortical regions.'® Other studies have revealed prolonged latency in various types of horizontal
saccades, impaired predictive saccades, and difficulties in suppressing saccades.'®''® Another detailed examination of
horizontal and vertical saccades in DLB patients demonstrated a reduced tendency to produce saccades with a shorter
latency also known “express saccades” in visual tasks where there is a gap between the fixation target and the saccade
target.'” Additionally, these DLB patients exhibited reduced saccade velocity and accuracy and increased saccadic latency
in reflexive and voluntary saccades which increased with disease severity.'**

Case reports have described a subset of DLB patients who present with vertical gaze palsies, often accompanied by
horizontal gaze abnormalities."'"™""* These cases could potentially be mistaken for PSP, underscoring the need for
caution when interpreting vertical gaze palsy deficits and distinguishing between various Parkinsonian syndromes.
Convergence insufficiency has been observed in DLB (and may eventually be followed by akinesia and rigidity),'"*
but these are not disease-specific.

In most cases DLB is seen with increased saccadic latency, reduced gain and increased number of errors in complex

saccadic tasks.

Future Directions

In this review, we summarised the ocular motor impairments seen in Parkinsonian syndromes as well as in Alzheimer’s
disease and related disorders. Eye tracking has been used in experimental setting for more than 120 years but has only
recently entered routine clinical practice in movement disorders and cognitive neurology. The ocular motor assessment
aids clinicians to provide quantitative and unbiased markers for diagnosis, disease progression and monitoring as well
being of possible prognostic value. However, given the overlap of ocular motor disturbances across neurodegenerative
disorders and the expertise required to operate certain eye-trackers, the translation of oculography from “bench to
bedside” is still evolving. Experimental setups can provide intricate and detailed data about ocular motor abnormalities,
but their use is restricted due to their desktop-mounted setup for eye recordings in a clinical setting. New technologies for
clinical practice need to emerge through the development of mobile eye tracking devices, either using a portable eye
tracker or developing smartphone-based approaches.''> These new technologies should allow for an easy ocular motor
assessment that could be performed both by specialists and non-specialists. However, they face the challenge of
providing a lower sampling rate than experimental set-up and this will need to be controlled to ensure still a high
quality of data so that markers extracted from such device are reliable and informative. With recent progress in machine
learning could emerge some powerful algorithms that would help in classifying patients in this continuum of neurode-
generative diseases. Machine learning techniques may also allow identification of more complex patterns of eye
movements that will both contribute to diagnosis and to predict disease trajectory.''® This contribution to diagnosis
could be a major step to help triage of patients in pharmaceutical trials.

It is well known that in neurodegenerative diseases such as PD and AD, the neural degeneration starts fifteen to
twenty years prior the onset of symptoms.''”!'® In the coming years, longitudinal studies of large cohorts using eye-
tracking and machine learning could allow us to identify the ocular motor markers that are modified at a pre-symptomatic
step of the disease. Screening within the general population could be of particular interest given new developments in
disease-modifying treatments aimed at slowing down neuronal death.

Conclusions

The study of eye movements offers a unique window into the brain’s health and dysfunction. As our understanding of the
neural circuits governing eye movements and their alterations in neurodegenerative diseases continues to grow, so does
the potential for improving early diagnosis and patient care in these challenging conditions. However, challenges persist
in the clinical application of these assessments, including the need for differentiation among various neurodegenerative
disorders with overlapping eye movement abnormalities. To address this, future research should focus on developing
mobile eye tracking solutions that are adaptable to clinical settings, harnessing the power of machine learning to refine
diagnostic models, and ensuring the reliability of eye movement measurements.
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This review of ocular motor disturbances in neurodegenerative diseases eclucidates significant disparities and
commonalities among disorders like AD, PD, and various forms of atypical parkinsonism, providing a nuanced
perspective on their diagnostic and pathological implications. Notably, the distinct ocular motor features identified in
each condition—ranging from saccadic abnormalities in AD to the pronounced vertical gaze palsy in PSP—underscore
the potential of ocular motor assessments as tools for early diagnosis and monitoring disease progression. Furthermore,
the shared patterns of eye movement disturbances across different diseases hint at possible common underlying
neurodegenerative processes, offering intriguing avenues for future research. To harness the full diagnostic potential of
eye movement analysis, advancements in technology and machine learning are imperative for developing accessible,
accurate, and clinician-friendly eye-tracking systems. Ultimately, this review highlights the role of eye movement studies
in unravelling the complex interplay of neurodegenerative diseases, paving the way for novel diagnostic strategies and
a deeper understanding of their shared pathological foundations.
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