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Abstract.

Background: Eye tracking assessments in the laboratory have previously highlighted clear differences in eye movements
between Parkinson’s disease (PD) and healthy aging. However, laboratory-based eye movement tasks are artificial and limit
the ecological validity of observed results. Eye movement tasks utilizing more naturalistic scenarios may provide more
accurate insight into cognitive function but research in this area is limited.

Objective: This systematic review aims to ascertain what naturalistic tasks have revealed about oculomotor deficits in PD
and what this information may help us understand about the underlying sensorimotor and cognitive processes.

Methods: Adhering to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement,
a literature search of PsycInfo, Medline, Scopus, and Web of Science was conducted using predetermined search terms.
Articles including both individuals with PD and healthy older adults completing eye tracking tasks involving naturalistic eye
movements (e.g., reading, video-watching, unrestricted visual search) or naturalistic stimuli were included.

Results: After screening, 30 studies were identified as matching the inclusion criteria. Results revealed consistent findings
across tasks, including longer fixation durations and smaller saccadic amplitudes in PD compared to healthy aging. However,
inconsistencies in the literature and a lack of standardization in tasks limit interpretation of these results.

Conclusions: Naturalistic eye movement tasks highlight some consistent differences in eye movements between people
with PD and healthy aging. However, future research should expand the current literature in this area and strive towards
standardization of naturalistic tasks that can preferably be conducted remotely.

Plain Language Summary

Previous studies using eye tracking in a laboratory environment have shown clear differences in eye movements between
people with Parkinson’s disease and healthy older adults. However, eye movements produced during lab-based tasks do
not fully imitate eye movements produced during real-life situations, making findings from these studies less applicable to
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everyday life. Collecting eye movement data during tasks that mimic everyday activities might therefore provide more
accurate information regarding cognitive ability in Parkinson’s disease. We reviewed studies that explored eye movements
during everyday tasks in Parkinson’s disease to better understand what these studies might be able to tell us about the underlying
cognitive processes involved in these tasks. 30 studies were summarized, including studies exploring eye movements during
reading, real-life simulations, free viewing, and goal-oriented tasks with natural stimuli. A common finding from the reviewed
studies was that Parkinson’s patients fixated their gaze for longer and produced smaller eye movements when viewing the
presented visual stimuli (e.g., pictures, texts). Nevertheless, it is difficult to draw firm conclusions about differences in eye
movements between people with Parkinson’s disease and healthy controls, as there were many inconsistent findings across
the studies. These inconsistencies could be attributed to differences in how the tasks were designed and the types of data
collected. We therefore encourage researchers in this field to work towards improving the designs of these tasks to allow for
easier comparisons, ideally producing tasks that can be conducted remotely to allow for large quantities of data collection.

Keywords: Eye movements, saccades, Parkinson’s disease, systematic review

INTRODUCTION

Parkinson’s disease (PD) is the second most com-
mon neurodegenerative disorder after Alzheimer’s
disease, affecting approximately 8.5 million peo-
ple globally.! According to the 2016 Global Burden
of Disease study, the worldwide prevalence of PD
increased by 74% between 1990 and 2016.> PD is
characterized by progressive dopaminergic cell death
in the basal ganglia caused by the aggregation of mis-
folded alpha-synuclein proteins within the brainstem
and cortex (Lewy bodies) and also within neuronal
cell processes (Lewy neurites).>* People with PD
may experience a range of both motor (e.g., bradyki-
nesia, tremor, rigidity) and non-motor symptoms
(e.g., cognitive abnormalities, psychiatric symptoms)
with neuronal loss significantly preceding the appear-
ance of motor features.> As the disease progresses,
and Lewy bodies accumulate in frontal brain areas,
cognitive deficits may also begin to occur.’

Eye movements such as saccades are widely
accepted to differ between PD and healthy aging®~1°
(for latest review, see Antoniades & Spering!!).
Prosaccadic and antisaccadic eye movement abnor-
malities during the early stages of PD have been
associated with cognitive dysfunction.'? Prosaccade
tasks require participants to direct their gaze towards
asuddenly presented target. By contrast, antisaccades
involve a more complex top-down control task requir-
ing participants to inhibit shifting their gaze towards a
target and instead direct their gaze towards the oppo-
site (target-absent) side.!314 In PD patients, visually
guided saccadic abnormalities such as those elicited
by prosaccade tasks include frequent interruptions
during the prosaccade, increased prosaccadic laten-
cies resulting from abnormal saccadic trajectories,
and slower saccade velocity.” PD patients also pro-

duce a greater number of antisaccadic directional
errors resulting from a failure to inhibit reflexive
prosaccades towards a target.!?

In memory-guided saccade tasks, participants are
required to direct their gaze towards a remembered
peripheral target at the onset of a cue. PD patients’
memory-guided saccades are often characterized by
a multiple-step eye movement pattern involving mul-
tiple saccades made in the same direction during one
gaze shift.!>1® Smooth pursuit eye movement tasks
require participants to fixate and follow a moving
target with their gaze as smoothly as possible. PD
patients demonstrate poorer gain (hypometria) rela-
tive to healthy controls (HC) during smooth pursuit,
due to increased saccadic intrusions (inappropriate
saccades away from a target).'> Finally, square wave
jerks, comprising rapid microsaccades away from and
back to the target during gaze holding, are necessary
for visual stability in the healthy population. Dis-
rupted visual clarity in PD is associated with square
wave jerks that are too numerous and too large during
gaze-holding tasks.!” Overall, the range of eye move-
ment tasks available allows for a diverse assessment
and indication of cognitive function in healthy adults
and people with neurodegenerative disease.

Cortico-basal loops comprising separate parallel
frontal cortex loops converging on the basal gan-
glia are implicated in these eye movements. The
prefrontal loop is responsible for higher functions
such as response inhibition, which feed into motor
and oculomotor loops via the striatum to influence
action selection.'® Simple and reflexive prosaccades
likely rely purely on the oculomotor loop, whereas the
inhibition of the prosaccadic reflex during more com-
plicated volitional antisaccadic eye movements likely
involves the dorsolateral prefrontal cortex, part of the
prefrontal loop.'® Low firing rates of striatal medium
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Fig. 1. Figure to show example stimuli and analysis for both standard laboratory and naturalistic eye movement tasks. Currently available
recording equipment can be easily utilized for both types of eye movement tasks.

spiny neurons are integral to successful interloop
information transfer.?? In PD, medium spiny neu-
ron firing rates are abnormally high.?!">? Increased
antisaccade error rates in PD plausibly reflect a break-
down in interloop information transfer and a resulting
lack of prefrontal loop influence over the oculomotor
loop.!? Furthermore, increased prosaccadic latencies
in PD suggests dysfunctional oculomotor intraloop
information transfer.!® Antisaccade impairments are
observed during the early stages of the disease, sug-
gesting that interloop information transfer is more
affected than intraloop transfer in PD.?

Whilst the commonly utilized eye movement tasks
described above have robustly demonstrated impor-
tant differences in eye movement measures between
PD and HC, these tasks have certain limitations.23
They are artificial, not natural, and often counterin-
tuitive, which may decrease the ecological validity
of the observed results. In contrast, naturalistic eye
movement tasks, such as reading and watching tele-
vision, are familiar to participants and can often be
undertaken in a more comfortable environment (see
Fig. 1). As a result, naturalistic eye movement tasks
are less stressful and more ecologically valid and may
thus provide greater insight into a patient’s oculomo-
tor and cognitive capabilities.>> Our previous review
exploring naturalistic eye movements in Alzheimer’s

disease revealed that eye movement deficits were
present across a range of naturalistic eye movement
tasks with some evidence to suggest that such natu-
ralistic eye movement deficits may also occur in mild
cognitive impairment (see Readman et al.??; also see
Seligman and Giovannetti?*).

The analysis of naturalistic eye movements is
more complex than data from standard laboratory eye
movement tasks such as the previously mentioned
prosaccades and antisaccades. However, naturalistic
tasks can be readily implemented using largely the
same equipment as standard tasks. As such, the aim
of this review is to explore the range of naturalistic eye
movement tasks utilized in the present literature and
ascertain what these tasks have revealed about oculo-
motor as well as cognitive deficits in PD. As volitional
eye movements are more impaired than automatic eye
movements in PD,> we hypothesized that a greater
impairment in volitional compared to automatic nat-
uralistic eye movements would be reported.

MATERIALS AND METHODS

The systematic literature review protocol was pre-
registered on Prospero (ID: CRD42022347606). We
adhered to the Non-Interventional, Reproducible, and
Open Systematic Review guidelines (V1)*® when
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conducting and writing the review (see the Sup-
plementary Material for a more detailed extended
methods). Papers that explored eye movements dur-
ing naturalistic locomotion and balance tasks were
collected as part of the pre-registered search strategy
and these papers will be summarized in a separate
review. There were no further deviations from the
pre-registration.

Search protocol

The systematic literature search was conducted on
25 August 2023 using PsycInfo, Medline, Scopus,
and Web of Science. The search strings encom-
passed search terms relating to the populations (PD,
healthy older adults) and tasks (naturalistic eye move-
ment tasks) of interest (see Supplementary Material
for the full search strategy). The.ris files acquired
from each database were exported into CADIMA,
an online open-access tool designed to facilitate con-
ducting a systematic review.?”-?8 The records were
deduplicated using CADIMA’s automatic duplicate
removal tool. In addition, we completed forward
and backward citation tracking using Google Scholar
and searched for relevant pre-prints using PsyArXiv,
MedArXiv, and bioArXiv.

Inclusion and exclusion criteria

Screening was conducted in two phases: (1) title
and abstract screening, and (2) full-text screening
(see Supplementary Material for the screening cri-
teria applied during both phases of screening).

Naturalistic eye movement tasks were defined as
tasks that either (a) incorporate naturalistic stimuli,
(b) allow free unrestricted visual exploration of stim-
uli that are present for a minimum duration of 5 s,
or (c) tasks identical to or closely mirroring tasks
undertaken in normal daily life. We regard prosaccade
tasks incorporating naturalistic stimuli as naturalistic
paradigms, as they replicate eye movement regularly
executed in daily life. In contrast, as antisaccade tasks
do not require fixation on an object of interest, and
instead require inhibition of eye movements away
from an object of interest, we argue that these eye
movements are counterintuitive to those performed
in daily life and are not included under this definition
(see the Supplementary Material for full inclusion
and exclusion criteria).

Studies were included if they utilized a natural-
istic eye movement task (as above) and featured
both idiopathic PD and HC groups. As research

has observed significant differences in eye move-
ments between idiopathic PD and other etiologies of
parkinsonism,?*~3! we excluded studies with atypi-
cal parkinsonian syndromes. Therefore, while studies
that recruited both idiopathic PD patients and atypi-
cal parkinsonian syndromes were included, only the
idiopathic group with be discussed in this review.
Psychiatric comorbidities are common in PD,32:33
along with additional neurological conditions such
as rapid eye movement sleep disorder’* and can
lead to disruptions in eye movements. Therefore,
we excluded patients with reported psychiatric and
neurological comorbidities.>> Finally, we excluded
studies that only included PD patients with reported
comorbid mild cognitive impairment or PD dementia.

Screening

Two raters (MG, JH) independently screened
all records (see the Supplementary Material for a
decision log regarding the resolution of inconsis-
tencies). Overall, 30 papers are included in the
review (see Fig. 2 for a pictorial depiction of the
number of records excluded at each stage of the
screening process).>® All records meeting the full
text screening criteria were checked for retraction
using the Retraction Watch Database on 23 October
2023 (http://retractiondatabase.org/) with none of the
included records being found within this database.

Data extraction

Data extraction for each record was conducted
by a single reviewer (MR) and checked by another
reviewer (MP) using Excel (see the Supplementary
Material for the data extracted from each included

paper).
Quality assessment

As no appropriate tool currently exists for assess-
ing the quality of non-interventional research, the
Downs and Black risk of bias checklist’” was adapted
to be more appropriate (see Supplementary Material
for the modified risk of bias tool). This tool has been
commonly modified for assessing the quality of non-
intervention research in previous systematic reviews
(e.g., Readman et al.?3 and Luo et al.?®). Each record
was independently assessed by two reviewers (MG,
JH) with any inconsistencies in ratings being resolved
by a third reviewer (MP) (see the Supplementary
Material for a log of decision making). The maxi-
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Fig. 2. PRISMA flowchart outlining number of papers excluded at each stage of screening, detailing the number of records at each stage of
the search and screening process.’® Only the first reason for exclusion is reported for each paper (see the Supplementary Material for each
reason for exclusion for each paper). The PRISMA flowchart allows for transparent reporting, so that our searches can be reproduced.

mum score for our modified risk of bias checklist
was 34 (mean =25.0, range = 16-31).

RESULTS

This systematic review has shown that previous
studies (N=30) examining naturalistic eye move-
ments in people with PD and HC can be broadly
classified into five domains: goal-directed paradigms
with naturalistic stimuli (e.g., visual search within
a naturalistic scene), reading tasks, real-life simula-
tions and everyday tasks (e.g., video-watching), free
viewing of static images, and facial processing tasks
(see Table 1 for the quality assessment scores of each
included study). Due to the distinct eye movement
patterns elicited by the five domains identified and
the heterogenous nature of the tasks utilized between
these five domains, drawing comparisons between the
results of these domains is impractical. Consequently,
the results of each domain of literature are presented
separately.

Studies employing goal-directed paradigms with
naturalistic stimuli

Out of the included studies, six incorporated goal-
directed paradigms with naturalistic stimuli.3*~#*
Goal-directed paradigms include those studies where
participants were asked to perform a specific
task while looking at naturalistic stimuli, such as
photographs or drawings (see Table 2 for a sum-
mary of the main results). The following studies
include a complex visual search task,?® clock-
matching tasks,*243 action observation and imitation
tasks,*>#! and sentence-picture matching task.**

Beylergil et al’s® complex visual search task
involved searching for everyday objects inside clut-
tered photographic scenes. In a number of trials, the
target object was in a location semantically associated
with the scene (e.g., a kettle on a kitchen counter),
hereafter referred to as the expected condition. Other
trials had the target object presented in a location that
it would not commonly be found (e.g., a kettle on a
chair), hereafter referred to as the unexpected condi-
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Table 1
Quality assessment ratings using the modified Downs and Black
(1998) checklist 37 for each paper that passed through our inclusion
criteria

Reference Quality Assessment Rating (out of 34)
Beylergil et al.° 23
Bek et al. 40 24
Bek et al.#! 25
Nagai et al.*? 27
Archibald et al.*3 31
Aveni et al # 29
Stock et al.* 27
Park#6 29
Tsitsi et al.¥ 30
Waldthaler et al.* 20
Kannan® 25
Yu et al.?0 20
Terao et al.>! 28
Watanabe et al.>2 22
Sacrey et al.>? 20
Sacrey et al.>* 18
Tseng et al.> 16
Habibi et al.”® 21
Fischer et al.”’ 28
Zhang et al.>8 23
Matsumoto et al.>® 27
Dietz et al.%0 26
Revankar et al.%! 31
Buhmann et al.2 23
Crutcher et al.® 30
Clark et al.%* 25
Polet et al.% 26
Bek et al.% 23
Waldthaler et al.®’ 26
Ciccarelli et al.%8 27

tion. PD patients were significantly slower than HC
to look at the target object in unexpected conditions.
Non-fixational saccade frequency was significantly
lower in PD compared to HC, whereas fixational
saccade frequency was significantly higher. Further
analyses revealed that disease duration and PD patient
age at the time of testing were positively correlated
with time taken to look at the target object in both con-
ditions. Additionally, total motor severity scores from
part III of the Unified Parkinson’s Disease Rating
Scale (UPDRS-III), as well as gait and axial sub-
scores, were positively correlated with time taken to
look at the target object in both conditions.

Two studies by the same research group explored
eye movements in PD patients with mild to moderate
disease during observation and imitation of move-
ment sequences demonstrated by either a human hand
(biological stimulus) or a blue square (non-biological
stimulus).“o’41 In their first study, no differences in
eye movements were found between PD and HC.*® In
their second study, HC exhibited significantly smaller

saccadic amplitudes when presented with predictable
compared to unpredictable movements following an
elevated, but not a direct, trajectory.41 This difference
was not observed in PD.

Both Nagai et al.*? and Archibald et al.* recorded
eye movements while participants completed an
inverted clock-matching task. Participants were pre-
sented an upright clock face displaying a time and
instructed to select the matching clock face from an
array of clocks orientated at 180° to the original.
Nagai et al.*? observed that PD patients made signif-
icantly more saccades within, and repeated saccades
to, regions of interest of inverted clock faces than
HC. Clinical characteristics of PD did not correlate
with eye movement measures. Archibald et al.*3 fur-
ther found significantly increased fixation durations
in PD compared to HC. Fixation durations were nega-
tively correlated with cognitive scores and positively
correlated with UPDRS-III scores.

Finally, Aveni et al.* recorded eye movements as
participants heard sentences and matched them to one
of four presented images. Anticipatory fixations are
fixations on the target image made before the point
at which the correct target image was identifiable.
Anticipatory fixations did not differ between PD and
HC and were not correlated with motor severity.

Overall, the tasks utilized to investigate eye move-
ments during goal-directed paradigms are highly
heterogeneous. Nevertheless, increased fixational
saccades were observed by both Nagai et al.*> and
Beylergil et al.> It was further found that older age
at time of testing in PD patients, higher UPDRS-III
scores, and worse cognitive scores were associated
with greater eye movement abnormalities (Beylergil
et al.3%; Archibald et al.*3; but see Nagai et al.42).
Overall, these tasks demonstrate that eye movement
deficits in PD are present during a range of goal-
directed tasks and may affect performance (Beylergil
et a1.39; Bek et al.40'41; Nagai et al.*2; Archibald et
al.*3; but see Aveni et al.44).

Reading tasks

Of the 30 studies included, eight used eye tracking
while participants read silently*~*° or aloud>°—32
short sentences, passages, or single word lists in their
native language (see Table 3 for summary of main
results).

From the studies involving silent reading, most
observed that PD patients displayed significantly
longer fixations than HC.*>~*8 Tsitsi et al.*’ reported
that longer fixation durations were specific to
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Table 2
Summary of main results of papers employing goal-directed paradigms with naturalistic stimuli. All comparisons are between people with

PD and HC. PD, Parkinson’s disease; ROI, region of interest; HC, healthy control; CN, cognitively normal

Study Groups ()

Task

Main results

PD on medication (13)
Age-matched HC (7)

Beylergil et al.°

Bek et al.*? PD (21)
Age-matched HC (23)
Medication state unreported
Bek et al.*! PD, on medication (18)

Age-matched HC (21)
Nagai et al. %2 PD, on medication (13)
Age-matched HC (17)
Young HC (36)
PD-CN, on medication (35)
HC (29)

Archibald et al.*3

Aveni et al.** PD (24), on medication (23)

Age-matched HC (24)

Complex visual search

Observation and imitation

Observation and imitation

Clock matching
Inverted clock matching

Clock matching
Inverted clock matching
Angle matching

Shape position
Overlapping figures
Data from all tasks
analyzed together.
Sentence-picture
matching

PD patients were slower to look at
ROI in the unexpected condition.
Higher fixational saccade frequencies

in PD.

Lower non-fixational saccade

frequencies in PD.
No significant differences.

Unlike HC, PD patients did not
modulate eye movements based on

predictability.

PD exhibited more saccades to ROI
and array ROIs and larger deficiency
score on inverted clock-matching.
PD-CN made longer fixations during

viewing.

No significant differences.

PD patients with cognitive decline. Additionally,
UPDRS-III scores were positively correlated with
fixation durations and the number of fixations per
second. Similarly, Waldthaler et al.*® observed that
worse cognitive scores were associated with eye
movement abnormalities, such as increased number
of regressive saccades and longer mean fixation dura-
tions. Reading speed significantly decreased with
disease duration.*® Stock et al.*> found that fixation
durations significantly shortened when patients were
on-medication.

Other significant findings include longer forward
saccade durations*® and increased regressive sac-
cades resulting in fewer words read per minute*®
in PD compared to HC. One case study®® involving
reading aloud met our inclusion criteria and reported
findings consistent with the larger studies outlined
above. Reading speed was approximately 50% slower
than that of an age- and language-matched HC.
This significantly slower reading speed may have
been attributable to a smaller staircase eye move-
ment pattern composed of many small saccades, as
well as more saccades per line of text and smaller
saccadic amplitudes. Furthermore, as above, the PD
patient displayed significantly longer fixation dura-
tions and more regressive saccades. Finally, Tsitsi et
al.*7 observed sex-specific oculomotor deficits dur-

ing silent reading, as male PD patients significantly
differed from male HC, while female PD patients did
not differ from female HC (although sex-deficits are
not consistently found; see Stock et al.45).

In contrast, Watanabe et al.>> observed no dif-
ferences in the time taken to complete a reading
aloud task between Japanese speaking PD patients
and HC. This is potentially because easily readable
texts requiring minimal comprehension processing
were selected, such as the alphabet and a well-
known story. Terao et al.>! similarly observed no
differences in reading aloud speed across a range of
texts varying in complexity and readability. Watanabe
et al.>% detected significant differences between the
ratio of fixations and saccades, as well as eye move-
ment velocities particularly in the vertical direction.
Machine learning algorithms were able to distinguish
between PD and HC with 82.4% accuracy using verti-
cal eye movements during vertical text reading. Terao
et al.>! further observed significant oculomotor dif-
ferences between PD and HC, including decreased
saccade frequency, regardless of text difficulty or
readability. For both PD and HC, the location of gaze
was approximately three words ahead of the uttered
word position with the gaze of PD patients occa-
sionally lagging behind their uttered word position.
Moreover, scanning speed, referring to both saccadic
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Summary of main results of papers employing Reading tasks. All comparisons are between people with PD and HC. PD, Parkinson’s disease;
HC, Healthy control, MCI, mild cognitive impairment; CN, cognitively normal

Study Groups (1)

Main results

Stock et al.* PD-CN, on medication (38) — 25
tested ON and OFF medication.
Age-matched HC (29)

Park*0 PD, on medication (13)
Age-matched HC (17)

Tsitsi et al.4 PD-CN, on medication (32)

Age-matched HC (42)

Waldthaler et al.*8 PD, tested ON and OFF
medication (19)

Age-matched HC (13)

Kannan® PD (64)

HC (43)

Medication state unreported.
PD, on medication (1)
Age-matched HC (1)

Yu et al.%9

Terao et al.>! PD, on medication (18)

Age-matched HC (30)

Watanabe et al.>2 PD, on medication if taking (29)

Age-matched HC (19)

Silent reading

Silent reading and
reading aloud

Silent reading

Silent reading

Silent reading

Reading aloud

Reading aloud

Reading aloud

PD-CN exhibited longer fixation durations
OFF medication compared to ON
medication.

Silent reading and reading aloud: PD
patients had longer first and average fixation
durations.

PD-CN exhibited lower rates of fixation
compared to HC.

Pooled PD-CN and PD-MCI exhibited
longer fixation durations compared to HC.
Pooled PD-CN and PD-MCI exhibited
higher fixation duration variability compared
to HC.

PD patients read significantly fewer words
per minute.

PD exhibited an increased number of
regressive saccades.

PD exhibited longer fixation durations.
Disease duration showed correlation with
reading speed.

The duration of reading forward saccades
was longer in PD.

PD patient made more saccades per line with
smaller amplitudes.

Slower word reading in PD was related to
longer fixation duration and more regressive
saccades.

Fixation duration in PD was also longer
during number reading.

The gaze scanning speed (excluding
regressive saccades) was slower in PD
patients.

Saccade frequency was lower in PD.

In horizontal reading PD patients exhibited
slower velocity and increased fixations.

In vertical reading PD patients had slower
average velocity in X and Y directions.

amplitude and frequency, was significantly reduced
in PD. To determine how far scanning preceded the
utterance position, reading speed was subtracted from
scanning speed and this was found to be significantly
reduced in PD relative to HC.

Finally, Park*® recorded eye movements while
participants read texts both silently and orally. Simi-
larly to the studies outlined above,*~*® PD patients
exhibited significantly longer fixation durations com-
pared to HC during both silent and oral reading of
sentences. Regardless of the number of stressed syl-
lables, the first fixation duration on target words
was significantly longer in PD than in HC. PD
patients with longer disease duration had significantly
longer first fixation durations compared to those
with shorter disease durations. Participants also com-

pleted a delayed reading block, whereby they were
required to silently read a sentence before orally read-
ing it. Fixation durations were significantly longer
in PD for both immediate and delayed reading
conditions.

Overall, increased fixation duration during silent
reading in PD patients appears to be a replica-
ble finding. Whilst this finding was less consistent
during aloud reading, this could be due to differ-
ences between the languages of the texts, as the
languages using Latin-script alphabets (English and
Spanish) observed increased fixation durations in
PD,*0:50 whereas increased fixation durations were
not observed in PD during reading of Japanese logo-
graphic and syllabic texts.”!->? Cognitive decline*’-48
and disease duration*®*® may also be associated with
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Table 4

Summary of main results of studies investigating eye movement behaviors during real-life simulations and everyday tasks All comparisons
are between people with PD and HC. PD, Parkinson’s disease; HC, healthy controls; SVM-RFE, support vector machine with recursive
feature elimination; *saccadic peak velocity, inter-saccade interval, saccade duration, saccade amplitude

Task

Main results

Study Groups (1)
Sacrey et al.5 Mild (8) and advanced (7) PD, on
medication

Age-matched HC (15) Young HC
an

PD, tested ON and OFF
medication (8)
Age-matched HC (8)

Sacrey et al.>*

Tseng et al.>® PD, on medication (14)
Age-matched HC (24)

Young HC (18)

PD, varying medication status
27

Age-matched HC (132)

Habibi et al.”®

Reach-to-eat

Reach-to-eat, with
and without
background music

1-minute video
clip watching

10 one-minute
videos with clips
changing every
2-4s

Advanced PD took longer to move after
fixating the food target. After grasping,
advanced PD took longer than mild PD to
look away from the food target. Music
normalized fixation durations.

Without music: PD OFF took longer to look
away after grasping than PD ON and HC.
With music:

PD OFF exhibited longer engage latency
than PD ON and HC. PD ON and OFF took
longer to initiate movement towards the
target after visual fixation than HC.
SVM-REFE achieved 90% accuracy
differentiating between PD and age-matched
HC on 4 oculomotor features*.

PD exhibited a stronger center bias.
Macro-saccade rate was lower in PD.
Fixation duration was longer in PD.
Saccadic amplitude was smaller in PD.

eye movement deficits during reading in PD. Impor-
tantly, the effects of medication on eye movements
during reading in PD must be explored further, as
medication status might be confounding the present
literature. >

Eye movement behavior during real-life
simulations and everyday tasks

Only four studies were identified as including a
real-life simulation or an everyday task, including a
real-life simulation of reach-to-eat behaviors333* and
video-watching tasks > (see Table 4 for a summary
of the main results).

During the reach-to-eat task, Sacrey et al.>*
recorded eye movements while participants reached
towards and grasped a food item which was with-
drawn to the mouth and eaten. This study attempted
to maintain a quasi-naturalistic testing environment
in the participant’s home by having the experimenter
engage in casual conversation with participants.
Additionally, participants were unaware that their eye
movements were being recorded. HC fixated on the
food target prior to initiating the reach movement
and stopped fixating when they grasped the food
object. In contrast, PD patients off medication took
significantly longer to disengage from fixating the
food target than both HC and on-medication state PD
patients. Playing music selected by the participant in
the background was found to significantly decrease

the disengagement latency in PD. These findings are
consistent with an earlier study by the same group.
Sacrey et al.>? utilized the same paradigm, but in a
lab-based setting and with on-medication state PD
patients only. They found that advanced PD patients
fixated significantly longer than mild PD patients,
HC, and young HC on the food object before reaching
and withdrawing. Music normalized eye movements
in advanced PD patients.

Both video-watching tasks required participants to
simply watch a series of video clips without goal-
directed instructions. Habibi et al.>® had participants
watch ten one-minute video clips. Whilst both PD
and HC displayed a strong center gaze distribution
bias, this was significantly greater in PD patients.
In addition, PD patients made significantly fewer
macro-saccades and exhibited significantly longer
fixation durations than HC. When considering the
axial distribution of micro- and macro-saccades, PD
patients exhibited significantly fewer and smaller hor-
izontal and vertical macro-saccades compared to HC.
After a clip change, both PD and HC displayed a
reduction in macro-saccade frequency and amplitude
followed by a rebound. However, both the macro-
saccadic amplitude and macro-saccadic frequency of
the rebound were significantly reduced in PD com-
pared to HC. Whilst HC experienced a suppression
of micro-saccade rate persisting for approximately
500 ms, the magnitude of this suppression was sig-
nificantly reduced in PD.
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Table 5

Summary of main results from papers utilizing free viewing paradigms. All comparisons are between people with PD and HC. PD, Parkinson’s
disease; HC, healthy controls; PDnP, Parkinson’s disease non-pareidolia type; PDP, Parkinson’s disease pareidolia type; ROL region of
interest; DBS, deep brain stimulation; STN, subthalamic nucleus

Study

Groups (n)

Task

Main results

Fischer et al.”’

Zhang et al.>8

Matsumoto et al.>®

Dietz et al.®0

Revankar et al.%!

Buhmann et al.2

Crutcher et al.®

PD, on medication, bilateral STN

DBS-ON (unilateral and

bilateral) and -OFF stimulation

conditions (17)
Age-matched HC (17)
PD, on medication (37)
Age-matched HC (39)

PD, on medication (18)
Age-matched HC (18)

PD, on medication (14)
Near age-matched HC (12)

PD, on medication: (21),

separated into PD non-pareidolia

type (PDnP, 11) and PD
pareidolia type (PDP, 10)
Aged-matched HC (12)
PD, on medication (22)
Age-matched HC (22)
PD (4)

Aged-matched HC (15)

Free viewing of
naturalistic images

Free viewing of a
landscape picture

Free viewing of four
images of varying
complexities (a cube, 2
overlapping pentagons, a
house and the
Rey-Osterrieth complex
figure)

Free viewing of images
from the International
Affective Picture System.

Free viewing of noise
pareidolia test pictures
where 20 faces had been
replaced by Mooney faces
with a shadow-effect

Free viewing of
photographs

Visual paired comparison
task

Mean saccade length was shorter in
DBS-OFF compared to HC and
DBS-ON.

PD patients made fewer saccades.

PD patients explored a narrower portion
of the images.

Fixations were distributed across a
significantly smaller and narrower area
in PD.

Fewer saccades were made by PD for
less complex pictures.

Saccadic amplitudes were smaller in PD.

PD patients made fewer fixations when
viewing pleasant or neutral pictures.
PD patients exhibited shorter scan paths
for pleasant compared to unpleasant
stimuli.

Fixation durations were longer in PD.
PD made more ROI visits.

PDP exhibited longer fixation durations
and made more ROI visits than PDnP.

No significant results.

No significant results.

Medication status unreported.

In contrast, Tseng et al.>> had participants watch
20 minutes of video comprising 2—4 s clips of unre-
lated scenes to minimize predictability and maximize
attention. Oculomotor deficits were identified in PD,
including significantly smaller saccadic amplitudes
and shorter saccadic durations, as well as abnor-
malities in peak saccadic velocity and inter-saccadic
intervals. Machine learning was used to classify par-
ticipants as either PD or HC by identifying the most
useful distinguishing features using a support vector
machine-with recursive feature elimination (SVM-
RFE). Classification accuracy was 89.6% based upon
the five features identified by the SVM-RFE as being
the most discriminative with these relating to saccadic
intervals, peak saccadic velocity, and saccadic dura-
tion. When the model considered only oculomotor
features, classification was 86.4% accurate. Finally,
while eye movements indicative of bottom-up atten-
tional processes (e.g., eye movement influenced by
stimulus saliency) did not differ between PD and HC,
eye movements associated with weaker top-down

attentional control (e.g., how much time spent look-
ing at the video stimulus) were observed in PD. When
the model considered only eye movements associated
with top-down attentional processes, classification
was 74.6% accurate.

To conclude, both video-watching tasks observed
smaller saccadic amplitudes.”>3® Additionally, while
there is little similarity between video-watching and
reach-to-eat tasks, longer fixation durations were
observed in both tasks.3*36

Free viewing of static images

Similar to free-viewing of dynamic video clips,
seven papers were categorized as including a task
involving free unrestricted viewing of static images
without any concurrent goal-directed task>’~%3 (see
Table 5 for main results).

Both Buhmann et al.®? and Crutcher et al.%
observed no significant differences between PD and
HC during free viewing of photographs and a visual
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paired comparison task involving simple black-and-
white clipart images, respectively. However, several
studies utilizing naturalistic photographs did observe
significant differences between PD and HC. Zhang
et al.’® observed that PD patients made fewer sac-
cades than HC and explored a narrower portion of
the images, particularly in the horizontal direction. In
addition, Fischer et al.’” evaluated oculomotor pat-
terns in PD patients during free viewing of images
of natural or urban scenes with deep brain stim-
ulation (DBS) and left-side symptom onset. Four
DBS conditions were tested: OFF-stimulation, bilat-
eral subthalamic nucleus stimulation, and left and
right unilateral monopolar stimulation of the most
ventral DBS electrode contacts. The mean length of
saccades OFF-stimulation was significantly smaller
than HC and bilateral ON-stimulation. Mean sac-
cade lengths during unilateral monopolar stimulation
conditions were between those observed in bilat-
eral ON- and OFF-stimulation conditions. During all
stimulation conditions, PD patients exhibited a mean
horizontal fixation position and exploration pattern
that was shifted rightwards compared to HC. Hence,
PD patients with left-side symptoms onset displayed
a rightward exploration bias in comparison to HC
across DBS conditions.

Utilizing a different type of naturalistic stimuli,
Matsumoto et al.>® presented participants with line
drawings of varying complexities (a cube, two over-
lapping pentagons, a house and the Rey-Osterrieth
complex figure). Like Zhang et al.’® PD patients
made significantly fewer saccades and fixated longer
than HC. However, this was only true for the simpler
images, such as the cube and overlapping pen-
tagons. Saccadic amplitudes increased with image
complexity across both groups with PD exhibiting
significantly smaller saccadic amplitudes than HC
overall.

Revankar et al.! tested on-medication PD patients
on a noise pareidolia test, which examines the propen-
sity to impose meaning onto stimuli where there
is none. PD patients were divided into those with
and without a propensity for pareidolia with sus-
ceptible PD patients fixating significantly longer on
areas of interest than non-susceptible PD patients
who, in turn, fixated longer than HC. Susceptible PD
patients also dwelled longer than non-susceptible PD
patients. However, this difference was only observed
for ambiguous face stimuli, as opposed to clearer face
stimuli.

Finally, Dietz et al.®* measured eye movements
as an index for emotional processing during free

viewing of pleasant, unpleasant, and neutral images.
Both PD and HC made more fixations when viewing
emotionally evocative stimuli. However, PD patients
made significantly fewer fixations when viewing
pleasant and neutral images and displayed shorter
scan paths than HC. The scan paths of PD patients
were significantly shorter for pleasant compared to
unpleasant stimuli in contrast to HC who exhibited
equivalent scan path lengths across valanced stimuli.

Overall, despite the range of stimuli utilized
across these free viewing tasks, several consistent
findings were observed, including longer fixation
durations, 8%%:%! fewer saccades,”®>° and reduced
exploration of the presented images>’ > in PD com-
pared to HC.

Facial processing

Finally, five of the included studies analyzed
eye movements in PD during processing of facial
stimuli displaying different emotions.®*~% The fol-
lowing studies utilized standardized facial stimuli
(e.g., Ekman’s faces) and experimental procedures,
allowing for easier comparison of results between
studies than those outlined above (see Table 6 for
a summary of the main results).

Regarding where PD patients look when viewing
facial stimuli, Ciccarelli et al.%® observed that gaze
duration across top and bottom facial regions was
the same across facial expressions for PD patients. In
contrast, HC gazed significantly longer and displayed
increased fixations to the top region of faces express-
ing negative emotions, suggesting that HC, but not
PD, modify their visual scanning strategy according
to the valance of the presented emotional expression
(but see Clark et al.%%). Ciccarelli et al.®8 observed
that a higher number of fixations on the bottom region
of facial stimuli was associated with a higher num-
ber of errors on the Stroop test. Furthermore, Clark
et al.% found that PD patients made a significantly
greater number of fixations toward the right visual
hemifield of fearful faces. This rightward fixation bias
was present regardless of whether PD patients had
left- or right-side symptom onset. Finally, Waldthaler
et al.%7 found that PD patients spent significantly less
time fixating on sad and angry faces compared to
happy faces and had a reduced scanning area com-
pared to HC. Oculomotor deficits may account for the
observed impairment in recognizing emotions in PD
compared to H(C64,65.68 However, Polet et al.% found
that, while PD patients were impaired in emotion
recognition compared to HC, there were no signif-



1380 M.C. Gibbs et al. / Naturalistic Eye Movements in PD

Table 6

Summary of main results from papers utilizing facial processing paradigms. All comparisons are between people with PD and HC. PD,
Parkinson’s disease; HC, Healthy controls; CN, cognitively normal; RVF, right visual field

Study Group (n) Task

Main results

Clark et al.®* PD, on medication (16)
Age-matched HC (20)

Polet et al.% PD (20)
Age-matched HC (22)

Medication state unreported.

Emotion recognition task
using stimuli from Ekman
database

Emotion recognition task
using stimuli from Reading of HC.
the Mind in the Eyes test and

PD fixated on the RVF of fearful faces
more than HC.

HC women fixated less on fearful faces
than PD women.

No significant results between PD and

Ekman database

Bek et al.%® PD, on medication where
applicable (18)
HC, significantly older than PD

10) Set.

Waldthaler et al.®’ PD-CN, on medication (12)

Age and sex matched HC (12)

Ciccarelli et al.o8 PD, on medication (30)

Age-matched HC (20)

Facial processing using
stimuli from the Amsterdam
Dynamic Facial Expression

Emotion recognition from
Radboud faces

Emotion recognition task
using stimuli from Ekman
database

Reduced fixation rates towards the eyes
of dynamic faces expressing sadness,
anger, and disgust compared to static
faces in HC, but not PD.

Facial motion improved emotion
recognition in HC, but not PD.
Scanned area reduced in PD-CN
compared to HC.

Effect of valence on fixation duration in
PD.

HC, but not PD, modified scanning
strategy to focus on eyes of faces
displaying negative emotions.

icant differences in eye movements. The only study
we could find in the literature to present dynamic
facial expressions was by Bek et al.®® Results showed
reduced fixation rates towards the eyes of dynamic
faces expressing sadness, anger, and disgust com-
pared to static faces in HC, but not PD. Additionally,
Bek et al.% found that facial motion improved emo-
tion recognition in HC, but not PD, suggesting that
PD patients are impaired in effectively using motion
cues to recognize emotional expressions.

DISCUSSION

To our knowledge, this is the first review com-
prehensively summarizing the current literature on
naturalistic eye movements in PD. Such eye move-
ment tasks may allow us to detect more subtle changes
in eye movement behaviors in PD than standard
laboratory tasks, as they are often more comfort-
able for patients and involve familiar stimuli and
behaviors.?3

A quality assessment of included papers revealed a
mean risk of bias score of 25/34. A large range of risk
of bias scores were observed (range=16-31), indi-
cating that bias may have influenced included studies
to differing degrees. Here, bias refers to factors that
could impact the observations and conclusions drawn
by individual studies. Risk of bias is assessed using a
comprehensive checklist (see Supplementary Mate-

rial) with lower scores indicating a higher risk of
bias. The most common sources of bias identified
were failure to describe the characteristics of partic-
ipants lost to exclusion, failure to consider those lost
to exclusion in analyses, no justification of sample
size, and failure to consider potential confounds in
the analyses (see the Supplementary Material for risk
of bias item ratings for each included study). There-
fore, a certain level of caution should be taken when
interpreting the results of included studies. Future
work should aim to minimize these common potential
sources of bias.

This systematic review has identified several find-
ings across the literature. Firstly, longer fixation
durations in PD were observed across a range of dif-
ferent naturalistic eye movement tasks, in particular
during reading tasks.* =480 Longer fixation dura-
tions were also observed in other paradigms such
as video-watching,>® goal-directed paradigms*? and
free viewing.®! PD patients have been reported to
spend less time exploring the periphery of presented
stimuli and explored a narrower portion of presented
stimuli during video watching,’® free viewing>®>°
and facial processing.®’ Finally, PD patients also dis-
played smaller saccadic amplitudes across a range of
tasks, including reading,>® video-watching,>>>% free
viewing,”® and a goal-directed clock matching task.*?

Nevertheless, several inconsistencies were found
in the literature. For example, an inconsistent effect of
emotional valence on eye movements was observed,
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dependent on whether patients were viewing facial or
non-facial stimuli.?%-9:67 Furthermore, while Tsitsi
et al.*’ observed sex-specific differences in eye
movements during reading, Stock et al.*> did not.
Importantly, these were the only two reading stud-
ies to analyze potential sex differences. Confounding
differences between PD groups in disease duration,
medication status, motor symptom severity, cognitive
status, and others may partially explain any inconsis-
tent findings, but the complex interactions between
these may mask effects arising directly from affected
neural circuits from indirect effects caused by com-
plications (see Beylergil et al.>?; Archibald et al.*3;
Tsitsi et al.*’; Waldthaler et al.*$; Sacrey et al.>3;
Zhang et al.>%).

Regarding the definition of a naturalistic eye move-
ment task prescribed to here, a clear distinction
must be made between lab-based tasks employ-
ing naturalistic stimuli and naturalistic tasks that
participants engage with in everyday life. Of the
30 included studies in this review, arguably none
employed a completely naturalistic paradigm. Future
studies could utilize digital technology to collect a
large amount of quantitative naturalistic eye move-
ment data remotely in patient’s home environments,
as participants engage in everyday tasks (see Sacrey
et al.>*; Adams et al(’g).

We hypothesized that volitional eye movements
might be more affected than automatic eye move-
ments. In line with this hypothesis, Tseng et
al.> found that eye movements indicative of top-
down attentional processes were more affected than
saliency-based eye movements indicative of bottom-
up attentional processes. These results suggest that
eye movements relying on the oculomotor loop alone
are relatively unaffected compared to eye movements
relying on prefrontal loop involvement.!® However,
this was the only study out of all reviewed to explicitly
separate volitional from automatic eye movements.
It is apparent from the summarized literature that
dissociating volitional from automatic eye move-
ments is particularly difficult during naturalistic eye
movement tasks compared to standard laboratory eye
movement tasks. Future research should aim to distin-
guish volitional and automatic eye movements during
naturalistic eye movement tasks to inform the role
of cognition in these tasks. For example, Tokushige
et al.”% successfully utilized naturalistic eye move-
ment tasks and DBS to distinguish volitional and
automatic eye movements. In line with our hypoth-
esis and findings by Antoniades et al.! volitional
internally guided saccades involving top-down atten-

tional control were more affected by DBS stimulation
than automatic externally guided saccades reliant on
bottom-up attentional processes.

Another important dissociation that needs to be
addressed by in future research is whether eye move-
ment abnormalities are driven by cognitive deficits,
motor deficits, or a combination of both. As it stands,
many studies included in this review did not ascer-
tain baseline cognitive and motor function nor did
they correlate eye movement parameters with cog-
nitive and motor function. Therefore, we cannot
ascertain whether cognitive or motor deficits are
driving the current findings. Additional measures
may therefore be needed to complement eye-tracking
data. For example, functional magnetic resonance
imaging could be used to explore prefrontal corti-
cal activity during specific eye movement behaviors.
However, many naturalistic tasks cannot be per-
formed inside a magnetic resonance imaging scanner.
Whilst functional near-infrared spectroscopy mea-
sures the hemodynamic response in a smaller area,
patients are less restricted and would therefore be
able to undertake more naturalistic tasks. Further-
more, electroencephalography signatures associated
with specific cognitive processes would allow for
better temporal resolution than either functional
magnetic resonance spectroscopy or functional near-
infrared spectroscopy. Electroencephalography and
functional near-infrared spectroscopy offer a unique
opportunity to utilize portable neuroimaging devices
in conjunction with portable eye-tracking devices.
Finally, DBS allows us to directly manipulate neural
circuits to generate and inform hypotheses regarding
the involvement of specific brain areas in eye move-
ment behaviors (see Antoniades et al.lo; Tokushige
etal.”%). DBS was utilized in only one of the included
studies.”’

Methodological heterogeneity among the included
studies is a significant limiting factor in the interpre-
tation of the presented results precluding attempts at
direct comparison. In general, standardized stimuli
were used most consistently in studies of facial emo-
tion recognition with two of the three studies using
Ekman facial stimuli finding abnormal scanning pat-
terns in PD compared to HC.%*%8 From the current
literature, the diagnostic and prognostic potential of
naturalistic eye movement evaluation in PD cannot
be ascertained and must be investigated further. To
do this, we advocate for the introduction of stan-
dardized stimuli (e.g., standardized image banks for
visual search tasks, standardized texts for reading
tasks, stimulus position) and protocols (e.g., stan-
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dardization of outcome measures, timing of stimulus
presentation, the number and arrangement of trials
in blocks) for different domains of naturalistic eye
movement tasks, see, e.g., Antoniades et al.”! Stan-
dardization will allow for more valid comparisons
of results to identify and determine the reliability of
potential diagnostic and prognostic naturalistic ocu-
lomotor biomarkers for PD.

Across the included reading studies, texts of a
range of languages were utilized, including German,
Swedish, Spanish, English, and Japanese. A deficit
in vertical eye movements during vertical reading
was uniquely observed by Watanabe et al.>? in ver-
tically orientated Japanese texts. Indeed, Watanabe
et al.> found that machine learning algorithms were
able to distinguish PD and HC with 82.4% accuracy
during vertical reading. Hence, some eye movement
deficits may only be detectable under specific condi-
tions that are not universally common. As previous
literature has demonstrated cross-cultural variations
in eye movements,”>~7> it is important to explore
eye movements across the global community to aid
accurate diagnoses of specific subpopulations.” Fur-
thermore, important differences in eye movement
behaviors, such as longer fixations, occur when one
reads a text in their non-native language.’®

Aside from variability between stimuli, it has
previously been reported that equipment produces
significant effects on eye-tracking measurements
despite calibration procedures.” The studies reported
in the present systematic review used a range of eye
trackers, including fixed and head-mounted devices.
The most popular device was the EyeLink 1000 video
oculometer used in 14 studies. With many products
already available or under active development, it will
be important to establish the effects of equipment on
results obtained in naturalistic tasks. Studies should
be designed to evaluate this in patients where equip-
ment calibration may have different requirements
than for use with healthy controls. Additionally,
future studies should keep source data (e.g., video
recordings) where possible, so that bias resulting
from different movement detection and classification
algorithms can be investigated. Furthermore, while
eye-tracking is widely available and would be rel-
atively easy to implement within clinical practice,
future work must ascertain which equipment is more
suitable for accurate detection to make reliable sug-
gestions for clinical practice.

The effects of medication on naturalistic eye
movement behaviors in PD is a particularly impor-
tant question that has been largely neglected

in the current literature. Of the reviewed stud-
ies, only three included off-medication patients
as a separate group.*>*3* Two of these stud-
ies found that antiparkinsonian medication reduced
the magnitude of observed differences between PD
and HC.*>->* Habibi et al.’® pooled results from
on- and off-state patients, complicating interpre-
tation of results. Dopamine replacement does not
restore normal electrophysiological activity within
the basal ganglia.”?>7” Furthermore, previous stud-
ies have found differential effects of levodopa on
non-naturalistic eye movements, in particular a
deterioration in the execution of visually guided
saccades.”® 7 Further study in off-medication and
medication-naive patients will allow the utility of nat-
uralistic eye movements in the initial diagnosis of
PD to be explored and counter the potential mask-
ing effect of medication. Studies comparing different
classes of antiparkinsonian medications in more nat-
uralistic contexts may also help to optimize future
management for individual patients based on their
functional goals.

Whilst the present review excluded papers in
which only patients who had PD with comorbid mild
cognitive impairment or PD dementia were stud-
ied, cognitive impairment is common in PD with
a prevalence of around 40%.808! A thorough dis-
cussion of the effects of cognitive status on eye
movement behaviors in PD is beyond the scope
of this work but should be addressed in a future
review. Several of the included studies explored
the effects of cognitive impairment in PD on eye
movements.*3-43:47:52.63.67 In most other included
studies, mild cognitive impairment was not an exclu-
sion criterion and so results were pooled with those
of cognitively healthy patients. A number of these
studies reported positive findings, meaning that this
should be a priority for research in this field.

Finally, in certain cases parkinsonian disorders
may be hard to distinguish leading to misdiagnosis.3?
This can be a challenge for clinical management
given their different underlying mechanisms, progno-
sis and potential therapeutic targets. Several attempts
have been made to ascertain reliable differential
biomarkers that can accurately distinguish these con-
ditions during the early stages of the disease course
(e.g., Saeed et al.83). Several studies included in this
systematic review explored eye movement abnormal-
ities in both patients with progressive supranuclear
palsy and multiple system atrophy during naturalistic
reading®'-3? and video-watching tasks.>° These stud-
ies revealed important differences in the naturalistic
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eye movements between PD, progressive supranu-
clear palsy, and multiple system atrophy that may
have differential diagnostic potential. For example,
vertical saccades,’? as well as macro- and micro-
saccades,”® were particularly affected in progressive
supranuclear palsy compared to both multiple system
atrophy and PD.>® However, machine learning algo-
rithms showed weakness in distinguishing PD from
progressive supranuclear palsy using eye movements
during vertical reading.>?

In summary, the reviewed literature has revealed
some differences in naturalistic eye movements
between PD and healthy aging, including longer fix-
ation durations, reduced saccadic amplitudes, and
different scanning patterns. We encourage future
work to build upon the studies summarized here by
considering the effects of disease duration, cognitive
status, motor symptom severity, and medication sta-
tus on naturalistic eye movements. Whilst noticeable
patterns were observed, the wide range of method-
ologies covered in this review makes comparison
between and replication of studies difficult. Longer
fixation durations and abnormal scanning patterns
are unique observations of naturalistic eye movement
tasks due to the unique potential of these tasks to pro-
voke these eye movements. Used in conjunction with
traditional paradigms, naturalistic eye movement
abnormalities may provide additional complimen-
tary discriminative power that may better illuminate
potential underlying cognitive mechanisms. How-
ever, we are currently unable to determine whether
naturalistic eye movement tasks allow for better
or worse discrimination between PD and HC com-
pared to traditional laboratory paradigms, which are
generally more standardized. Furthermore, due to
a lack of standardized outcomes across naturalis-
tic eye movement tasks, it is difficult to determine
whether naturalistic paradigms reveal more oculo-
motor abnormalities in comparison to traditional
paradigms, despite abnormalities being observed
across all categories of naturalistic eye movement
tasks summarized. We therefore encourage future
work to aim for standardization of naturalistic eye
movement protocols (e.g., by using or producing
standardized stimuli and procedures i.e., Antoni-
ades et a1.71). If standardization is achieved, we
believe that the rich and ecologically valid data
acquired during these tasks, in particular via a remote
and personalized set up, would allow for improved
discrimination between PD and HC compared to
traditional laboratory tasks. Improved ecological
validity may arise from these familiar eye move-

ments being more comfortable and less likely to
induce fatigue, therefore improving our interpreta-
tion of both motor and cognitive mechanisms in PD
and the potential future diagnostic utility of these
stereotyped eye movements.
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